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ABSTRACT 

Protein aggregation has been considered as undesired product, while incorrect folding of 

proteins. It is associated with the many of consequences like neurodegenerative diseases (e.g. 

Alzheimer’s and Parkinson’s) and non-neurodegenerative disease (e.g. Type II diabetes, 

systemic amylodosis), recovery of over expressed therapeutics proteins, and formulation for 

the protein drug. Protein aggregation occurs through different and complex pathway, forming 

intermediate products like oligomers. These oligomers further participate into amyloid fibril 

formation. Previously it has been considered that amyloid fibrils are responsible for 

amyloidogenic diseases. However recent finding indicates that oligomeric products are likely 

have a role in causing diseases like Alzheimer’s, Parkinson’s in late age. Apart from clinical 

significance of amyloid fibril, recent study impresses that amyloid fibers have a great 

potential to be used as biomaterials and nanodevices like nanovechicles, nano wire, 

nanopores and nanoscaffold. These intrinsic properties were developed because of its ordered 

cross β – sheet structure and self assembling property at a nanoscale. Hence, in this thesis 

some salient biophysical investigation was carried out on growth of hen lysozyme oligomers, 

amyloid fibers formation and its inhibition. 

It has shown that hen lysozyme forms amorphous and ordered (fibrillar) aggregates in 

pH 12.2 at room temperature. These aggregates later stabilized through intermolecular 

disulfide bond formation among aggregates. Subsequently, it was also studied that how 

surfactants (SDS, CTAB) and DTT affects the aggregation of lysozyme. For this 

investigation, the lysozyme was incubated in pH 12.2 at room temperature and aggregation 

was monitored at different incubation period. Size heterogeneity and morphology of hen 

lysozyme aggregates was monitored employing gel filtration chromatography and atomic 

force microscopy techniques. The size heterogeneity was observed based on the spectral 

profile of gel filtration elution volume. Here, it was found that at early time lysozyme 

spontaneously forms mixture of aggregates containing more populated small aggregates in 

pH 12.2 at room temperature. However as time of incubation increases nearly 120 hours the 

big aggregates predominate. However in presence of SDS, HEWL forms large molecular 

mass or unusual shape. In presence of CTAB lysozyme aggregate was found relatively 

smaller and compact compare to SDS. Although in presence of DTT lysozyme conformation 

was remain compact and its size/shape was comparatively similar to monomer. Further, 
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morphology of aggregates, in absence and presence of surfactant (SDS, CTAB) and DTT was 

monitored employing atomic force microscopy.  It was shown for the first time that HEWL 

forms both globular aggregates and fibrils in pH 12.2 at room temperature. We observed 120 

µM HEWL grow with heterogeneous population of aggregates including fibril after 5 days 

incubation in pH 12.2 at room temperature. In presence of SDS, formation of HEWL-SDS 

complex was seen, in such manner like bound outer surface of micellar SDS around HEWL. 

This complex is making as a big molecular mass with adjoining small clusters situated 

nearby. In presence of CTAB, the aggregates were seen unbound to CTAB and single 

aggregates were comparatively smaller. Interestingly in presence of DTT, HEWL was 

observed like monomer morphology. The native protein was seen like monomer in pH 7.0. 

These aggregates feature was matching with gel –filtration elution profile in presence and 

absence of surfactants (SDS, CTAB) and DTT. From these finding it was quite evident that 

DTT has a strong influence in halting the progress of HEWL aggregation at alkaline pH 12.2 

compare to surfactants. 

  After these studies, it was important to characterize the inhibition of hen lysozyme 

aggregation using small molecule. For this purpose HEWL was pre-incubated with its 

competitive inhibitor, chitotriose (or its smaller sugar derivatives) and NAG at neutral pH 7 

was used to investigate any influence on its aggregation and fibrillogenesis in pH 12.2. 

Interestingly following features like size of aggregates change in helical content, reduction of 

free sulfhydryl and morphology was observed. Sizes of aggregates were characterized using 

gel filtration. Based on the elution profile, it was observed that overnight (12 hour) pre-

incubation of HEWL with its competitive inhibitor, N,N′,N″-Triacetylchitotriose (chitotriose) 

at pH 12.2, significantly reduced presence of larger oligomers in comparison to samples 

containing absence of chitotriose. Subsequently in presence of NAG, at longer incubation 

times it was observed that mixture of large aggregates as well as moderately sized oligomers 

exist. This was similar to HEWL pH 12.2 aggregates feature. Using CD, helical structure of 

HEWL in presence of chitotriosoe was significantly retained whereas helical structures were 

reduced in presence of NAG and control HEWL pH 12.2 sample. Accessibility of sulfhydryl 

groups  using DTNP assay was indicated that free –SH reduced significantly in presence of 

chitotriose and NAG compared to control where all free –SH were accessible to DTNP. It 

seems that these additives protect the disulfide bond from breakage at alkaline pH. 

Employing AFM, morphology of HEWL aggregates in presence and absence of chitotriose 
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and NAG were investigated. Results were shown that in presence of chitotriose, HEWL 

appears as small oligomers without forming amyloid fibrils. However in presence of NAG 

and control HEWL samples contains large globular aggregates and fibrillar aggregates after 

prolonged incubation in pH 12.2.  

 After showing feature of aggregates like size and morphlogy at fixed HEWL 

concentration in absence and presence of additives like surfactants, DTT, chitotriose, NAG. 

It was imperative to investigate the aggregates feature like oligomer and fibril at different 

concentration. As it has been discuss previously, oligomeric states are found to be toxic to 

neuronal cell and responsible for neuronal dysfunction diseases. Can be possible to isolate 

oligomer based on size and morphology with varying the concentration?. Due to this reason, 

concentration dependent size, structure and dynamics of oligomeric state was studied in this 

part of thesis. The growth dependent changes in structure and dynamics of lysozyme at pH 

12.2 was screened from various HEWL concentration range 120 µM to 300 and 30 nM. For 

this investigation, various biophysical techniques such as fluorescence resonance energy 

transfer, ANS binding assay, Tryptophan quenching, steady state fluorescence anisotropy, 

fluorescence anisotropy decay kinetics and atomic force microscopy was employed. Based 

on these observations, different kinds of changes were found such that: (1) the reduction in 

size with decreasing the initial monomer concentration from 120-300 nM was observed from 

fluorescence resonance energy transfer, steady state and time resolved fluorescence 

anisotropy decay. (2) Exposure of deep hydrophobic interiors dependent on increasing initial 

monomer concentration range120 µM to 300 nM was found from emission maximum and 

blue shift of dansyl –HEWL conjugates spectra, ANS binding assay and tryptophan 

fluorescence quenching. (3) The growth of fibril was found at all concentration range 120 

µM to 300 nM and 30 nM, which was not dependent on initial monomer concentration. At 

very low concentration like 300 nM fibril was seen originating from oligomers and rate of 

fibril growth is different and in very fascinating manner. (4) At higher monomer 

concentration like 120 µM tightly branched fibril was seen. (5) Here occurrence of fibril was 

observed at all possible detecting range concentrations which suggest that fibril is forming 

through isodesmic mechanism. 

 In last part of thesis, work was focused on suppression of HEWL aggregation using 

strategy like alkylation of free -SH group with iodoacetamide. For this purpose free -SH was 

methylated using iodoacetamide, which block formation of further intermolecular disulfide 
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bond (S-S) in pH 12.2. The role of intermolecular disulfide bond was seen in stable growth of 

aggregates. Subsequently aggregation process were investigated employing various 

techniques as follows Thioflavin –T, ANS assay, atomic force microscopy, steady state 

fluorescence anisotropy, and fluorescence anisotropy decay kinetics and fluorescence life 

time. Our Thioflavin –T and AFM data were shown that methylated free thiol HEWL in pH 

12.2 unable to form a fibril, however moderate increase in Th-T intensity was found, 

possibly due to binding with intermediates like oligomers. With ANS data it was observed 

that methylated free –SH HEWL expose hydrophobic residues less compare to free –SH in 

aqueous environments. It was evident from increased fluorescence intensity and marginal red 

shift of spectra. We also observed low rss value of methylated free thiol HEWL- dansyl 

conjugates compare to control. The fluorescence anisotropy decay kinetics showed that 

methylated –SH HEWL-dansyl conjugates retains low longer rotational correlation time (φ2) 

compare to control HEWL-dansyl conjugates after 30 hours of incubation in pH 12.2 at room 

temperature. Morpholgy of thiol blocked HEWL was shown, results indicates that oligomer 

does not participate in further fibril formation.  All these investigations suggest that HEWL 

with blocked free- SH group forms only oligomers not fibril in pH 12.2 at room temperature. 
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1 Introduction 

 

1.1 Protein aggregation  

Proteins need correctly folded conformation for carrying out their specific biological 

functions (Anfinsen et al., 1973). However inside cells, the nature of protein synthesis, the 

high protein concentration, the action of molecular chaperones and proteases, the potential 

for post-translational modification, and the ‘‘molecular crowding effect’’ are all factors have 

a great potential to influence incorrect folding which leads to protein aggregation (Minton et 

al., 2001). Although out side cells, like in vitro condition, alterations of physicochemical 

parameters are responsible for incorrect folding which adopts non native conformation 

termed as misfolded and unfolded state. These non native states trigger the protein 

aggregation process. Protein aggregation process itself is a multi- complex phenomenon 

where different intermediates are formed. These intermediates are responsible for formation 

of soluble aggregates and insoluble aggregates. The insoluble aggregates characterized as 

well known ordered structure known as amyloid fibril. This amyloid accumulates as plaques 

extra cellularly in organs and intracellularly inside cells. These deposits induce cellular stress 

and affects immunity in neurodegenerative diseases, which cause neuronal dysfunction and 

loss. The accumulation of abnormal protein aggregates become toxic by disrupting 

intracellular transport, followed by protein degradation pathways, or disturbing vital cell 

functions. The current list of protein misfolding disorders includes, numerous 

neurodegenerative diseases such as Parkinson’s, Alzheimer’s and Huntington’s disease; 

Transmissible encephalopathies, Gerstmann Straussler Scheinker disease, fatal familial 

insomnia, multiple system atrophy, numerous synucleinopathies and taupathies, amyotrophic 

lateral sclerosis, and familial encephalopathy with neuroserpin inclusion bodies, as well as 

monoclonal protein systemic amyloidosis, reactive systemic amyloi-dosis, familial 

amyloidotic polyneuropathy, hereditary apoAI amyloidosis, hereditary lysozyme 

amyloidosis, senile systemic amyloidosis, isolated atrial amyloidosis, hereditary cerebral 

amyloid, Finnish hereditary amyloidosis, hereditary fibrinogen chain amyloidosis, insulin-

related amyloid, cataracts, medullary carcinoma of the thyroid, late onset diabetes mellitus, 

symptomatic (haemodialysis related) β2- microglobulin amyloidosis, arthritis, and many 
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other systemic, localized, and familial amyloidosis (Dobson et al., 2004, Sunde et al., 1998, 

Uversky et al., 1999, Uversky et al., 2006 ).  

In addition, the formation of inclusion bodies is known to exhibit a major problem in 

the recombinant production of therapeutic proteins (Fink et al., 1998). Formulation of these 

therapeutic proteins into delivery systems and their in vivo delivery are often complicated 

because of protein association and protein aggregation problem (Demidov et al., 2004). 

Thus, protein folding abnormalities and subsequent events underlie numerous difficulties 

with protein therapeutic applications. Current demographic trends indicate that need for age-

related and other degenerative disorders and macromolecule therapeutics will be at the 

frontline of future medical developments.  

1.1.1 History of amyloid deposits 

 The amyloid term was popular in 19th century due to its role in neurodegenerative diseases. 

Here it is very crucial to discuss in detail about history and feature of amyloid. The 

macroscopic abnormalities in liver (lardaceous and waxy liver) and spleen (spongy and 

“white stone” containing spleens) associated with proteinaceous misfoldings was perhaps 

reported first time in 1639 (reviewed by Cohen et al., 1986). From these concepts the history 

of amyloidosis was started from year 1854, when the German physician Rudolph Virchow 

introduced the term “amyloid” to examine a macroscopic tissue abnormality in cerebral 

corpora amylacea and the waxlike deposits in spleen, liver and kidney (Virchow, 1854). 

Thereafter, Friedreich and Kekule extracted amyloid rich segments from the spleen of an 

amyloidosis patient. They employed chemical analyses of the extracted material and 

concluded that the main substance was proteinaeous in nature (Friedreich et al., 1859). This 

was later confirmed by Hanssen, who showed that amyloids are digestable with pepsin 

(Hanssen et al., 1908). The role of abnormal deposits in the progress of neurodegenerative 

disorders began with a report by Alois Alzheimer (Alzheimer et al., 1907), which was 

examined as senile plaques and neurofibrillary tangles in the brain of a middle aged woman. 

They were carrying memory deficits and a progressive loss of cognitive function. This was 

the first published evidence of Alzheimer’s disease (AD) (Forman et al., 2004). The 

neuropathological hallmarks of Parkinson’s disease (PD), Lewy bodies (LBs), and Lewy 
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neuritis (LNs) were described briefly thereafter in 1912 by Friederich Lewy (Lewy et al., 

1912). 

  There are several proteins which bear no relation to protein deposition diseases even 

though they have been found to form amyloid like structure under in vitro condition,  This 

finding indicates that formation of amyloid structure is an inherent or generic property of any 

polypeptide chain and this type of assembly has found in nature also (Chiti et al., 2006). In 

support of the above statement, it has been discussed that functional amyloid like structure 

present in some organism which was evolved by self-assembly mechanism in nature. This is 

use for host defense for their survival. The well studied example of functional amyloid is 

formed from self assembly of protein curlin that is used by Escherichia coli to colonize inert 

surfaces and mediate binding to host proteins. This was consistent with the characteristics of 

other amyloid structures, 6–12 nm in diameter, containing extensive β-sheet structure. 

(Chapman et al., 2002, Fowler et al., 2007). Another example is filamentous bacterium 

Streptomyces coelicolor that produces aerial hyphae, which is a secreted protein called 

chaplins. This has been identified in the hyphae of this organism with the ability to form 

amyloid fibrils that act cooperatively to bring about aerial development (Mankar et al., 

2011).  

1.1.2 The Structure of amyloid fibrils 

The molecular structures of amyloid fibrils are interest of discussion, as atomic level 

structural information is crucial for an understanding of the interactions between the protein 

monomer that drive amyloid formation. These studies can facilitate understanding of 

fibrillization mechanisms and pathways, and for the design and development of fibrillization 

inhibitors. The low-resolution based methods were developed for the physical and structural 

characterization of amyloid fibrils, before   development of high resolution techniques for 

atomic structure study of amyloid. The eminent biophysicist William Astbury proposed that 

every protein might have a fibrous state as well as a globular state (Astbury et al., 1935). 

The amyloid fibril structured by secondary structure was first shown from tinctorial 

properties of amyloids in vivo, where Congo red exhibits yellow-green birefringence under 

cross-polarized light after binding with amyloid, indicating the presence of ordered structure 

in the amyloid aggregate (Westermark et al., 1999). Similarly, amyloid binding-induced 
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Thioflavin T fluorescence suggests the presence of ordered structure in the aggregates 

(LeVine, H., 1999). William Astbury was first biophysicist who obtained cross-beta fibril 

diffraction pattern, that was accepted as the classical signature of the amyloid state of 

proteins. Subsequently repetitive nature of the cross- beta-sheet structure of amyloids was 

assayed by X-ray fiber diffraction (Sunde et al., 1997). Other than X-ray fiber diffraction 

technique circular dichroism (CD) and fourier transform infrared spectroscopy (FTIR) are 

also used to measure the β-sheet content of amyloids (Fradinger et al., 2005), whereas 

electron microcopy (EM) was used to observed the boundaries and shape of the amyloid 

fibrils to a resolution of approximately 10–25 Å (Zhang et al., 2009). On the contrary 

electron paramagnetic resonance spectroscopy (EPR) (Margittai et al., 2008) and quenched 

hydrogen/ deuterium exchange coupled with mass spectrometry (Kheterpal et al., 2006) or 

two-dimensional nuclear magnetic resonance spectroscopy (NMR) was employed for 

providing significant details about the local structure of the amyloid fibrils (Hoshino et al., 

2002, Ritter et al., 2005, Toyama et al., 2007). These low resolution techniques were not 

relevant to study atomic resolution structures of amyloid. It was also stated that “amyloid 

fibrils cannot be characterized in detail at the molecular level because they are not crystalline 

yet. It is difficult to study by solution NMR spectroscopy due to its large mass. (Chiti & 

Dobson 2006). As amyloid research became advance and progressive, the first solid state 

NMR studies of amyloid fibrils were performed by Spencer and coworkers Griffin (Spencer 

et al., 1991). They proposed a structural model for Aβ (34-42) fibrils that contains anti 

parallel β-sheets with an alternating hydrogen bond arrangement (Lansbury et al., 1995, 

Griffiths et al., 1995, Costa et al., 1997). Afterwards Tyco and other groups have studied a 

detail structure of the amyloid fibrils Aβ peptide (Aβ1−40) at pH 7.4 and 24o C. Their 

structure shown using dipolar recoupling techniques, each Aβ1−40 molecule contributes a 

pair of β sheet approximately 12–24 residues  and 30–40 on both sides of the core region of 

the fibrils (see Fig.1.1.2 a). These strands, connected by the loop 25–29, are not part of the 

same β-sheet, however, but participate in the formation of two distinct β-sheets within the 

same protofilament ( Fig.1.1.2 a). The different Aβ molecules are stacked on to each other, in 

a parallel arrangement and in register, at least from residue 9 to 39 (Antzutkin et al., 2000, 

Balbach et al., 2002, Tyco, 2006 and Ahmed et al, 2010).  
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1.1.3 Structural studies using high resolution techniques 

With the help of high resolution techniques like X-ray crystallogarphy, illustrating three- 

dimensional and atomic structure of amyloid fibril is crucial for understanding the role of 

each and every amino acid in architecture of amyloid fibril. R. Nelsson and M.R Sawaya 

studied crystal structure of different amyloid protein (i.e. Sup35, insulin, Aβ, tau, and 

amylin) by X-ray crystallography (Nelsson et al., 2005, Sawaya et al., 2007). In the case of 

the Sup35p fragment, the crystal consists of pairs of parallel β-sheets in which each 

individual peptide molecule contributes a single β-strand (Fig. 1.1.2 c). The stacked β-strands 

are arranged in parallel in both sheets. The two sheets interact with each other through the 

side chains of Asn2, Gln4, and Asn6 in such orientation that water is excluded from the 

region between them. The remaining side chains on the outer faces of the sheets are hydrated 

and more distant from the next pair of β-sheets, suggesting that this minimal interaction 

perhaps represent a crystal contact rather than a feature of the fibrillar state. The important 

aspect of these structures found similar which was proposed from cryo-electron microscopy 

(EM) analysis of the amyloid fibrils. Where fibril formed from an SH3 domain and from 

insulin, in which the electron density maps were interpreted as arising from pairs of relatively 

flat untwisted β- sheets (Jimenez et al., 2002). Such similarities suggest that many amyloid 

fibrils could have core structures that have very similar features. The specific nature of the 

side-chain packing, including such characteristics as the alignment of adjacent strands and 

the separation of the sheets (Fandrich et al, 2002), which provides an information for the 

occurrence of variation of the structures for specific types of fibrils in the details. Recently, 

the atomic structures presented small molecule binders complex inside fiber-forming 

segments of Aβ, determined by X-ray micro crystallography. This structure reveals that small 

molecules bind between pair of β-sheets nearly parallel to the fiber axis. The structures also 

indicate that apolar molecules float along the fiber, which is reliable with the observation of 

nonspecific binding from variety of amyloid proteins. In contrast, negatively charged orange-

G binds specifically to lysine side chains of adjacent sheets (Landau et al., 2011). These 

structures would be beneficial molecular frameworks for the design of diagnostics and drugs 

for protein aggregation diseases. Recently Schneider and coworkers illustrated structure of 

ployglutamine fibrils using solid state NMR spectroscopy. Using Solid-state 29 NMR dipolar 

correlation experiments, they have found mostly β-strand character and tight interdigitation 

of hydrogen-bonded glutamine side chains from different sheets (Schneider et al., 2011). 
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Apart from the structural studies of amyloid at atomic level, interestingly in very recent 

oligomers structural polymorphism of human islet amyloid polypeptide (hIAPP) was studied 

using solid-state NMR and mass-per-length (MPL), They model a series of hIAPP oligomers 

with different β-layers (one, two, and three layers), symmetries (symmetry and asymmetry), 

and associated interfaces using molecular dynamics simulations. Their report explains that 

different hIAPP oligomeric models contribute a general and intrinsic nature of amyloid 

polymorphism, and which is driven by different interfacial side-chain interactions. (Zhao et 

al., 2011).  
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Figure 1.1.2: Three-dimensional structural models of fibrillar aggregates. (a) The 

protofilament of Aβ viewed down the long axis of the fibril. The segments 12–24 (red) and 

30–40 (blue). (b) The fibril structure from the C-terminal domain 218–289 of the fungal 

prion protein HET-s. The ribbon diagram represents the four β-strands (orange) and the long 

loop between β2 and β3 from one molecule. Flanking molecules along the fibril axis (gray) (c) 

Atomic structure of the microcrystals assembled from the GNNQQNY peptide. (d) The 

protofilament shown from amylin peptide. Green, yellow, and pink β-strands indicate 

residues 12–17, 22–27, and 31–37, respectively. The unstructured N-terminal tail is shown 

on the right of the panel along with the disulfide Bridge between Cys2 and Cys7. (e) The 

fibril from the NM region of Sup35p. The colored ribbons indicate residues 25–38 (red), 39–

90 (blue), and 91–106 (green). The unstructured regions 1–20 (red dashed lines) and 158–

250 (black dashed lines) are shown. Adapted from (Chiti et al., 2006). 
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1.1.4 The polymorphism of amyloid fibrils 

Before the study of molecular structure of amyloid fibrils, it was considered that 

morphological variation occurs between different fibrils formed from the similar peptide or 

protein (Bauer et al., 1995). Based on atomic level structural studies it was known that such 

morphological variations is associated with heterogeneity in molecular structure like change 

in the structural position of the polypeptide chains within the fibrils for example in peptide 

hormone glucagon, it was revealed that glucagon forms fibril at different temperature (25 ºC, 

50 °C) which are morphologically distinct with difference in the secondary structure 

(Pedersen et al., 2006). The Aβ (1-40) forms polymorphic fibrils through variation of atomic 

structure of peptides (Petkova et al., 2005). It was also observed that yeast prion protein 

Ure2p formed polymorphic fibril because of conformational variation in atomic structure 

(Baxa et al., 2005)   

1.1.5 Mechanism of protein aggregation 

Mechanisms of protein aggregation are still elusive due to its complex process that dependent 

on several parameters. Basically protein aggregation process follows polymerization reaction 

pathways either kinetically or thermodynamically. Monomer which may temporarily assume 

an amyloidogenic conformation in solution, changes free energy crossing free energy barrier 

that is required to initiate the nucleation process. This step does not kinetically favor 

aggregation and this could be remain like dimer or pseudo dimer form. It is very difficult to 

characterize structurally due to its very dynamic multicomponent system and even low 

experimental resolution. However the distribution of nuclei concentration isolated recently 

using back-calculation. The in vitro concentration of nuclei for the model hormone, 

recombinant human insulin, is accounted in the picomolar range. This may rough estimate; 

reason is that the back-calculation method is likely to overestimate the nuclei concentration 

because it does not take into consideration of fibril fragmentation, which would lower the 

amount of nuclei (Sorci et al., 2011).  

In the next steps these nuclei formed critical nucleus which prompt the fibril 

formation. The time taken for formation of critical nucleus from nuclei is considered as lag 

period which is slower process. This is known as the rate determining step (slow) that may be 

responsible for protecting normal individuals from amyloid formation. The time of the lag 
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phase is proportional to the steepness of the energy curve in the initial step (Fig. 1.1.5.1b), 

and protein concentration (Kumar et al., 2010). The dependence of the lag time on protein 

concentration is controlled by the rate of the association and dissociation of monomer as well 

as by the size of the nucleus (i.e. the number of monomers in the nucleus) (Kodaka et al., 

2004) 

 This slow process can be avoided or make shorten by modifying the aggregation condition 

or adding the preformed fibril called seeding (see Fig. 1.2.5.2).  Once a critical nucleus 

reaches, the conditions become favorable for aggregation with very fast kinetics and this is 

called elongation phase, from their any available monomers in the amyloidogenic 

conformation quickly participate in the fibril formation.  

Nucleation dependent polymerization process starts only above the define 

concentration similarly for the fibril formation certain concentration are required. This 

characteristic monomer concentration is referred to as the critical concentration. The critical 

concentration for different protein is defined in different aggregation condition (Mishra et 

al., 2007, Nag et al., 2011). At equilibrium, a finite amount of the monomer would exist in 

equilibrium with the polymer (Harper et al., 1997). The critical concentration is usually 

determined from a plot of the rate of polymer formation (or amount of polymer) versus 

protein concentration (Fig. 1.1.5.1 d). It is interesting to know that micelle formation also 

requires a critical concentration, known as the critical micelle concentration (CMC). It has 

studied that amyloid fibril nucleation is much slower than micelle formation, probably due to 

attaining the greater entropic barrier which is involved in organizing a fibrillar structure 

(Lansbury et al., 1995). 
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Figure 1.1.5.1: Indicates the kinetics of protein aggregation (b) Free energy barrier in an 

NDP reaction. (c) shows the characteristic kinetic features of an NDP reaction, namely, the 

presence of a lag phase (d) A critical concentration C*. Adopted from (Kumar et al., 2010).  

 

Figure 1.1.5.2: Kinetics of fibril formation is shown. The blue line indicates the formation of 

amyloid fibrils, beginning from a solution of monomer proteins. The red line represents a 

similar condition in which preformed fibrils are added, thus making the lag phase much 

shorter. Below the plot nucleus dependent scheme are shown.   

Adopted from (Merlini et al., 2003). 
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1.1.5.1 Nucleated growth dependent amyloid formation 

Nearly 50 years ago, in 1959 Oosawa first time proposed the nucleation based 

polymerization mechanism of G–F transformation of actin (Oosawa et al., 1959). Further it 

has been discussed extensively that amyloid fibril formation occurs via nucleated growth 

mechanism. In This mechanism protein conformation changes into amyloid ordered structure 

via various intermediates such as template and nucleation, linear colloid-like assembly of 

spherical oligomers and domain-swapping (Zerovinik et al., 2011, Ghosh et al., 2010). 

Non-amyloidogenic protein cystatin (Cysteine protease inhibitor), temperature dependent and 

concentration dependent rate kinetics was pursue nucleus based aggregation growth. Based 

on thioflavin T assay, their finding suggests that faster rate of aggregation (fibrillation) was 

dependent on increasing temperature and lowering the cystatin concentration (Skerget et al., 

2009).  

1.1.5.2 Structured Oligomers and protofibrils  

Nowdays, substantially effort has been put for identifying, isolating and characterizing the 

oligomeric species. It has major role in mechanism of fibril formation, Moreover; oligomeric 

species are implicated as toxic for neuronal cells which may be responsible for the 

complications of neurodegenerative disease (Winner et al., 2011, Kayed at al., 2003, 

Ahmed et al., 2010). Different mixture of oligomers of β-Amyloid (1-40) as individual 

subunit like small oligomers, has been studied using single molecules fluorescence 

techniques by directly counting the photobleaching steps in the fluorescence. They found 

heterogeneity among β-Amyloid (1-40) oligomeric aggregates (Ding et al., 2009). The 

morphology of soluble oligomers was found as spherical and invariant in shape with 2.7 to 

4.2 nm in diameter. The small oligomers can stabilize using low- temperature and low salt 

concentration. Ahmed and coworkers isolated the disc shaped oligomers (pentamers) using 

low –temperature and low salt concentration and it was found that these oligomers do not 

conatins β- sheets structure (Ahmed et al., 2010). Another form of aggregates exist like  

curvilinear with length of ~300 nm (Shekher et al., 2011, Harper et al., 1997) called 

protofibril which has characteristics feature like binding property to Thioflavin T dye, Congo 

red and it consist of β sheets confirmed by CD. One should not confuse with protofilament 

that is dissimilar to protofibril. The protofilament are constituents units of mature fibril. The 
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oligomers of all proteins like (α- synuclein, islet amyloid polypeptide, polyglutamine, 

lysozyme, human insulin and prion protein, tau protein) have common structural feature and 

follow common mechanism of toxocity which is confirmed by oligomer-specific antibody 

reaction (Kayed et al., 2003) and It is found different from fibril structure. It is obviously 

difficult to characterize the oligomers and for these purpose single molecules fluorescence 

techniques, monoclonal antibody –specific techniques have been used (Orete et al., 2008, 

Patterson et al., 2011). Patterson and his coworkers isolated dimeric species from tau 

oligomers. They found dimer forms higher oligomeric state by self associating mechanism 

and these dimer/oligomer presents as  pathological inclusion in Alzheimer’s diseases 

(Patterson et al ., 2011).  

1.1.5.3 Unstructured oligomers and protofibrils 

Some proteins form oligomers through covalent dimeriztion process like for example yeast 

prion Sup 35p. This dimer nucleates further to participate in formation of fibril. Basically 

covalent dimerization occurs if oligomer are maintained under oxidizing condition, where 

intermolecular disulfide bridges are created from cysteine residues (Krishnan et al., 2005).  

 In the case of Aβ 40, 42 soluble oligomers exist in rapid equilibrium between 

monomer and it was composed of 2-4 and 5-6 molecules, however these oligomers was 

disorganized and unstructured confirmed by CD measurements (Bitan et al., 2003). Another 

example addressed about unstructured oligomers, which formed through rapid unfolding of 

the SH3 domain of bovine phosphatidylinositol 3’ kinase at pH 3.6 and converted in thin and 

curly structured protofibril. It was concluded that structured protofibril species can form 

through reorganization or self assembly of small oligomers however disorganized oligomers 

that are formed quickly after the initiation of aggregation process (Chiti & Dobson, 2006).  

1.1.5.4 Protein aggregation through isodesmic polymerization 

Zhao and coworkers has discussed the isodesmic model in simplistic way and indicates that it 

is a simplest type of polymerization or aggregation process and which was considered as one 

dimensional polymer. This type of polymerization is assumed that any monomer can add to 

another monomer and fibril forms with identical free energy change, as a result while 

addition of monomer equilibrium constant for all steps are same (see Fig. 1.1.5.4 A ). Hence 

in this system there is no energy difference between adding a monomer to a polymer or to 
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another monomer can be observed (see Fig. 1.1.5.4 B). It can considered that isodesmic 

model based protein aggregation occurs without nucleation formation process, however it has 

also assumed, if equilibrium constant is larger at the first step (i.e dimerization ) than 

equilibrium constant of further monomer addition steps, the system considered to be as tight 

dimerzation which follow isodesmic elongation.  Another important factor for isodesmic 

model is presence of no critical concentration barrier is needed (Zhao et al., 2003). There are 

very few example are available in support of isodesmic model protein aggregation 

mechanism (Oosawa et al., 1962, Sekhar et al., 2011, Romberg et al., 2001, Frieden et al., 

2007, Kumar et al., 2010). 
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A 

 
Figure 1.1.5.4 A: Schematic of isodesmic polymerization. 

Polymerization of amyloidogenic yeast prion (Sup 35) has also suggested that prion (Sup 35) 

fiber grows by monomer addition and rapid polymerization occurs without intermediate 

formation. It was proposed that absence of oligomeric intermediates during fiber growth raises 

the possibility that agents designed to promote direct fiber formation and disfavoring oligomer 

formation, may help prevent the accumulation of potentially toxic oligomeric intermediates 

(Collins et al., 2004).  

B 

 
Figure 1.1.5.4 B: Qualitative plots of free energy as a function of degree of polymerization 

for isodesmic polymerization. Adapted from (Zhao et al., 2003). 

 

 

 

TH-1058_05610608



Chapter 1 

 15

1.1.6 Protein conformation versus protein aggregation  

1.1.6.1 Globular protein aggregation from partial unfolding 

In previous section system are found at structured and unstructured state prior to structured 

fibril formation. Here will be discussing some recent facts about globular protein 

aggregation. It was studied that globular proteins requires partially unfolding to form 

amyloid aggregates (Kelly 1998, Dobson, 1999). It was reported that globular protein have 

greater tendency to aggregate at such condition like high temperature, high pressure, low pH 

, high pH, and organic solvents in moderate condition where protein can partially unfold ( 

Gosal et al., 2005, Guijarro et al., 1998, Chiti et al., 2000, Villegas et al., 2000, Ferrao-

Gonzales et al., 2000, Homchaudhuri et al., 2006). 

 Based on the pathophysiological investigation, some famlial forms of diseases 

triggered through destabilization of the native structure. Destabilization native structure 

increases the population of non native state, through which natural mutations occurs and 

mediate the protein aggregation which responsible for the protein deposits disease 

(Hammarstrom et al., 2002). As an example aggregation human lysozyme and HypF-N can 

be started with less than 1% of partially folded population that remains in equilibrium with 

native conformation (Canet et al., 2002, Marcon et al., 2005) 

1.1.6.2 Aggregation through native like oligomers  

Recently some new study has strong evidence that globular proteins contains propensity to 

aggregates via small fluctuations in native structure (locally unfolded) like thermal 

fluctuations at physiological pH rather than destabilization of native structure. Interestingly, 

these oligomers containing native fluctuating conformations retain enzymatic activity and it 

has also native like topology (Chiti & Dobson, 2009). (see Fig. 1.1.6.2 a & b). 
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Figure 1.1.6.2: (a) Folding is shown according to classical thermodynamic and kinetic 

principles (b) a free energy landscape. Adopted from (Chiti et al., 2009). 

 

From figure 1.1.6.2, it has shown that conformation changes essential for triggering 

the protein aggregation. The unfolded state (U), consisting of a large ensemble of 

unstructured conformations, can collapse to a partially folded state (I) and then fold across 

the major free energy barrier for folding to the native folded state (N). Both figures can be 

seen backward with N unfolding to form I through the major free energy barrier for 

unfolding. One or more locally unfolded states (N*) may attain from N due to thermal 

fluctuations. Such conformational changes indicate high energy states with respect to N 

under physiological conditions, but normally separated from N by a low energy barrier. 

Although it form temporarily and are rarely populated at equilibrium. Protein molecules 

adopting the U, I and N* states or conformations can all self-assemble and consequently 

trigger amyloid formation. However, under physiological conditions, N* is both 

thermodynamically and kinetically more readily changeable from N than are I and U. 

Therefore it may represent a key precursor to protein aggregation. 
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1.1.6.3 Changes in sequence influences amyloid formation 

The polypeptide chains having different sequence can form amyloid at very different rates, 

either these processes occurs from fully or partially unfolded state (Chiti et al., 2006). The 

substitution in sequence affects the hydrophobicity of side chain, charge and secondary 

structure that influence the aggregation. It has been observed that change in sequence of 

amino acid affects the hydrophobicity, which may decrease or increase, playing a crucial role 

in aggregation (Otzen et al., 2000, Chiti et al., 2002, Wurth et al., 2002, Campioni et al., 

2010). 

 Effect of charge is another key factor which influences the aggregation like higher net 

charge either globally or locally may hinder self association for example AcP aggregation 

triggered by single amino acid substitution ( Chiti et al., 2002). The interaction of 

macromolecule which exhibits high compensatory charge can influence polypeptide chains 

aggregation (Fernandez et al., 2004, Giasson et al., 2003). Apart from charge and 

hydrophobicity, a low probability to attain α- helical structure and high probability to form β- 

sheet structure are also considered as important influential factor for protein aggregation ( 

Kollberg et al., 2001, William et al., 2004). 

1.2 Inhibition of protein aggregation 

Alzheimer's disease is a distressing neurological disorder that affects more than 37 million 

people worldwide. The economic burden of Alzheimer's disease has been enormous; in the 

United States alone, the estimated direct and indirect annual cost for patient care is at least 

$100 billion. Current FDA approved drugs against Alzheimer's disease provide only modest 

symptomatic relief.  

Therefore it is imperative and essential to discuss and address the different strategy 

which is implicated for suppression of the protein aggregation. 

Ross and his coworkers worked out on some effective therapeutic strategies. Based on the 

scheme from figure 1.2, the therapeutic strategy against the inhibition of protein aggregation 

would be beneficial at early steps of aggregation, because it may suppress the formation of 

potentially toxic oligomers or other intermediates. However in such polymerization where 

linear addition occurs without formation of oligomeric intermediates would be itself 

considered as toxic.  
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Figure 1.2: Scheme for therapeutic strategy (Ross et al., 2004). 
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In contrast inhibition at later stage could be disadvantageous for the reason that it may result 

in accumulation of toxic intermediates. Targeting intermediates steps for oligomeric 

inhibition can helpful for isolating the toxic species also and which would be helpful in 

development of better efficacy drugs molecules (Ross et al., 2004). Based on the schematic 

strategy represented by Ross and his coworkers, some small molecules characterized by 

Necula and group in 2006 has shown effect at step wise of aggregation process such as: a) 

Compounds that inhibit oligomerzation rather fibrillization for example azure C, basic blue, 

curcumin, Th T, indomethacin etc. b) Inhibitor for both oligomerization and fibrilization for 

example hemin, hematin, rhodmine B, phenol red, eosin Y etc. c) Molecules that inhibit 

fibrillization but not oligomerization for example apigenin, Chicagon sky blue, orange G etc 

( Necula et al., 2007). Another approach, chemical chaperones may be designed for blocking 

protein aggregation and including upregulation of molecular chaperones or aggregate 

clearance mechanisms (Rochet, 2007; Herczenik and Gebbink, 2008). The saccharide 

molecules like trehalose at very high concentration were used for suppression of 

polyglutamine diseases (Tanaka et al., 2004). Apart from this some small molecules have 

been developed to inhibit Aβ aggregation (Bohrman et al., 2000, Wood et al., 1996, 

Reixach et al., 2000), α-synuclein and prions (Lee et al., 2004, May et al., 2003). Further 

approach is proteolytic cleavage target like γ- secretase, β- secretase (Citron et al., 2002, 

John et al., 2003) for Aβ aggregation.  Some of drug molecules are under clinical trial which 

targets the γ- secretase, β- secretase of Aβ. Immunotherapy, use of specific antibodies are 

promising strategy for inhibiting or reverse the in vitro and in vivo fibril formation by 

amyloidogenic proteins or peptides (Schenk, 2002; White et al., 2003). Recently new 

approach have implemented like toxicity can be substantially reduced if the hydrophobic 

residues are incorporated to a greater extent within the interior of the oligomeric assemblies, 

even in the absence of an effective change in morphology, because it was observed that 

solvent-exposed and structurally disorganized hydrophobic residues within small protein 

oligomers are associated to pathogenesis of protein misfolded human diseases and can act 

significantly as important molecular targets for therapeutic purpose (Campioni et al., 2010). 

Furthermore, to reducing the toxicity of oligomers or converting into non-toxic 

conformers are of important approaches towards the therapeutic purpose. In this context few 

aromatic small molecules investigated which are applicable to remodel the aggregation steps 

of Aβ aggregates. These molecules categorized in three different classes such as Class I 
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molecules (e.g myricetin and NDGA) remodel soluble oligomers into large off pathway 

aggregates that are found to be non-toxic. The class II molecules converts soluble Aβ 

oligomers into fibrils but inactive against disintegration of fibrillar aggregates. Although 

Class III (e.g tannic acid, piceid molecule) disassemble soluble oligomers as well as fibril 

into low molecular mass species. Surprisingly these species found non toxic (Ladiwala et 

al., 2011).  

 

Table 1.2: Selected Alzheimer's disease drug development programs, information was 

collected (Rafii et al., 2009) 

 

Drugs Mecahanism of action Stage of development 

Trampirosate Direct Aβ binding to prevent 

Aβ aggregation 

Completed phase III/ 

Discontinued 

ACC-001 Active Aβ vaccine Phase II (Safety, proof of 

concepts) 

Bapineuzumab Anti- Aβ monoclonal 

antibodies 

Phase III (efficacy in 

AD) 

Rember Tau aggregation inhibitor Entering phase III 

(efficacy in AD) 

Tarenflurbil γ- secretase modulator Completed phase III/ 

discontinued 

Semegacestat γ- secretase inhibitor Phase III (efficacy in 

AD) 

 

1.3 Lysozyme aggregation 

In 1922, Sir Alexander Fleming isolated a substance from nasal mucus of a patient suffering 

from common cold that could kill certain bacteria like Micrococcus lysodeikticus (Fleming, 

1922). Later he coined the term of this substance ‘lysozyme’. It was also found in other body 

fluids like tears, saliva and blood serum. Other than human tissues, egg white was identified 

as a rich source of lysozyme. The early work like antibacterial property of lysozyme has been 
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reviewed by Thompson (Thompson, 1940), while an account of the discovery of lysozyme is 

also available (Maurois, 1963). However after the initial euphoria in the investigation of 

antibacterial substances, it had evicted that lysozyme had little clinical value as an 

antibacterial, before discovery of penicillin. Lysozyme was used poorly, until hen egg white 

lysozyme was isolated, purified and crystallized succesfully. Later hen egg white lysozyme 

treated as model protein for studying biophysical property and folding process of proteins. 

HEWL is a single polypeptide chain (14.3 kDa) of 129 amino acid residues with four 

intramolecular disulphide bridges (Jolles, 1960; Jolles, 1964) see figure 1.3 and an 

isoelectric point near ~11.3 (Vasilescu et al., 1999), having excellent solubility in aqueous 

medium (Wetter and Deutsch, 1951). Based on enzyme properties, HEWL catalyses the 

hydrolysis of β (1→4) glycosidic bond between N-acetylmuramic acid and N-

acetylglucosamine in peptidoglycan polysaccharide found in bacterial cell walls. The 

complete primary structure of HEWL was first elucidated in 1963 (Jolles, 1963; Canfield, 

1963) and  two year later  in 1965, the three dimensional structure of HEWL was established, 

the first for an enzyme (Blake et. al., 1965; Blake  et. al., 1967; Johnson & Phillips, 1965; 

Phillips, 1966; Blake et. al., 1967; Phillips,1967). The folding of this protein has been 

studied extensively (Dobson et. al., 1994). Investigations on self-association or aggregation 

of HEWL became imperative when it was reported by Pepys and co-workers that point 

mutations in human lysozyme (with which HEWL shares 60% sequence identity,) associated 

with hereditary systemic amyloidosis (Pepys et. al., 1993). This disease was symptomatic 

with deposition of amyloid fibrils of human lysozyme (sometimes in kilogram quantities) in 

kidneys, gastrointestinal tract, lymph nodes, blood vessels, spleen and liver. Studies in vitro 

condition, focusing on the molecular mechanisms leading to aggregation of HEWL and 

human lysozyme have received a lot of attention giving rise to numerous conditions that 

yield amyloid fibrils by different pathways  (Trexler & Nilsson, 2007).  
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A 

 

Figure 1.3: Structure of hen egg white lysozyme from PDB files 1HEW. It contains six 

tryptophan (Trp) residues marked with green color and eight cysteine (Cys) residues (red 

color) forming four native disulfide bonds (yellow color), that is, Cys6-Cys127, Cys30-

Cys115, Cys64-Cys80, and Cys76-Cys94, respectively. There are six hydrophobic clusters 

with the maximal hydrophobicity around the residues cysteine 6, tryptophan 28, leucine 56, 

leucine 83, tryptophan 108, and tryptophan 123, respectively. 

1.3.1 Aggregation of hen lysozyme in vitro   

Tertiary structure, protein folding mechanism and functions of hen lysozyme are almost 

identical from human lysozyme.  Due to inexpensively available, smaller size, excellent 

solubility in aqueous medium, stability and pI 11.35 (Vasilescu et al., 1999), HEWL can 

serve as a model protein to investigate protein aggregation in the context of developing a 

detailed understanding of lysozyme amyloidosis. Different conditions have been established 
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over the years where hen lysozyme likly to aggregates. Here some of conditions among these 

are discussed below:  

 1.3.1.1 Using alkaline pH  

In 1961, Sophianopoulos and Van Holde were investigated first time of reversible association 

of hen egg white lysozyme (1 mM with 0.15 M KCl) in alkaline pH from equilibrium 

sedimentation data (Sophianopoulos & Van Holde, 1961). They observed monomer-dimer 

equilibrium between pH 5.4 and 10. The same group had earlier shown that the protein is 

monodisperse at pH 5.4 (Van Holde & Baldwin, 1958). More detailed investigations by 

these group showed that dimer population of lysozyme was quite prominent with increase in 

pH between 5 and 9 (see Fig. 1.3.1.1). They hypothesize that dimerization is favored when 

two monomers have each lost a proton from a group with a pKa of 6.2 (Sophianopoulos & 

Van Holde, 1964). This ionisable group was later identified as carboxylate from Glu 35 in 

the active site (Sophianopoulos, 1969).  Moreover, at above pH 10, a steep increase in 

molecular weight was noticeable indicating formation of higher order oligomers, However it 

was not investigated further by them. They mention that exposure of lysozyme above pH 11 

likely to form amorphous precipitates (Sophianopoulos & Van Holde, 1964). However, it 

must be noted that the lysozyme concentrations were used by them near 1 mM. Obviously 

the formation of precipitates above pH 11 is not surprising because the isoelectric pH of 

HEWL was found 11.35 and protein concentration of 1 mM is higher, which could make 

easier to precipitates. Our group has initiated investigations of HEWL oligomerisation at pH 

12.2, which is slightly above its isoelectric point (pI). Initial studies employing fluorescence 

anisotropy of covalently labelled dansyl probe showed that aggregation of HEWL at pH 12.2 

proceeds spontaneously at room temperature (25 oC). The aggregation process follow by 

absence of a lag phase as concentration of the protein is varied between 4 and 200 µM. The 

dependence of the steady state anisotropy value on HEWL concentration reveals that 

probably size of aggregates formed are dependent on initial monomer concentration. 
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Figure 1.3.1.1: Change in apparent molecular weight against pH at 20°C. Protein 

concentration is 1.4 g per 100 ml, in 0.15 M KCl. MW and MZ denote the weight average and 

z-average molecular weights from sedimentation equilibrium experiment.  Adapted from 

(Sophianopoulos & Van Holde, 1964). 

Time-resolved fluorescence anisotropy decay analysis revealed a heterogeneous population 

of aggregates at 60 minutes after incubation in alkaline pH with a fast 1.4 ns rotational 

component suggesting significant freedom for local segmental motion of dansyl probe. With 

progress in time, this component rises to 5.3 ns at 100 minutes indicating loss of rotational 

freedom owing to dense molecular packing inside the aggregate, slowing segmental motion. 

After overnight incubation (~20 hours) in alkaline pH, this value settles down to 3.5 ns 

hinting at hindered rotational motion in the aggregate (Homchaudhuri et. al, 2006). Other 

than aggregation, Hameed and co-workers have found significant decrease in mean residue 

ellipticity, that confirms HEWL undergoes a structural transition like a molten globule 

between pH 11 and 13.5, having a midpoint near pH 12.8 (Hameed et. al., 2007). Some 

HEWL aggregation was reported at pH 9.2 in presence of SDS also (Moosavi-Movahedi et. 

al., 2007; Jain et. al., 2011). As previously has been already demonstrated that HEWL can 

dimerize at alkaline pH in absence of SDS (Sophianopoulos & Van Holde, 1961), 
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conversely anionic detergents like SDS are likely to bind to positively charged surfaces of 

HEWL and enhance amyloid formation by minimizing electrostatic repulsions (Moosavi-

Movahedi et. al., 2007).  Subsequently, HEWL in presence of 20% t-butanol at pH 12.75, an 

enormous increase in thioflavin T fluorescence intensity and large increase in hydrodynamic 

radius was observed in which suggests possibility of amyloid like fibrils (Hameed et al., 

2009). Apart from the alkaline pH lysozyme has a propensity to aggregates at several 

conditions like acidic pH, higher temperature, different solvent, different additives, some 

physical treatment like UV etc. It is imperative and useful to acquire detail information in 

this regard (Swaminathan et al., 2011).  

1.3.1.2 Using acidic pH  

In 2000, Krebs and co-workers (Krebs et. al., 2000) reported formation of amyloid fibrils 

from full length HEWL, its peptide (49-64) from β-sheet region and a mutant peptide (I55T) 

of same region. They have performed experiment using several conditions like elevated 

temperatures (37 and 65 oC), rapid heating and cooling followed by incubation at 37 oC, 

incubation at low pH (2.0 and 4.0) and pH 7.4 subsequent to addition of trifluoroethanol. 

They found at all the above conditions are suitable for fibrils formation, however the fastest 

rate of formation was observed with pH 2.0 followed by incubation at 65oC. Interestingly, the 

conditions required for forming fibrils from peptide above were relatively milder compared 

to intact HEWL protein. It was also shown that fibril formation is accelerated by addition of 

small aliquots of solution containing pre-formed fibrils (seeding). HEWL fibril formation at 

pH 1.6 and 65 oC has been investigated in detail by Mishra and co-workers who suggested 

fragmentation of 49-101 peptides from full length protein is essential for efficient amyloid 

fibril formation (Mishra et. al., 2007). Mature amyloid fibrils of HEWL are formed after 

nicked HEWL through a fibril shaving process resulting in fibrils composed of 49-101 or 53-

101 fragments. It was also shown that substituting intact HEWL in place of nicked HEWL 

can slow down fibril formation owing to presence of non-amyloidogenic regions, which act 

like molecular accelerates. The aggregation pathway of HEWL under acidic conditions has 

been proposed as follows:  amyloid monomers likely to associate into small oligomers of 

similar size, without a nucleation barrier. The protofibril nucleation begins after population 

of oligomers reaches a critical threshold concentration. Mishra and his coworkers has define 

the critical concentration >50 µM for HEWL aggregation at acidic pH 1.6 and 65 oC also and 
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for this confirmation they were done concentration dependent 50, 100, 200, 500 µM fibril 

formation kinetics (Mishra et al., 2007). By Hill and coworker’s fibril elongation and it 

maturity discusses similarly like protofibrils grow as polymers of oligomers, with oligomers 

adding to the ends of protofibrils. After reaching a contour length of few hundred 

nanometers, protofibrils apparently self-assemble into much longer and stiffer mature fibrils 

(Hill et. al., 2009).   Interestingly, in presence of 5% ethanol solution at pH 2 and 57 °C has 

been shown to form amyloid fibrils in 25 out of 38 proteins studied (Aso et. al., 2007). Three 

more proteins could be added to this list if 5% trifluoroethanol is employed instead of 

ethanol, making it 28/38 which implies that acidic pH and elevated temperature is closest to a 

universal condition to induce amyloid formation. Huang and cowrker suggested that in 

presence of lower SDS concentration ranging (0.06-0.1 mM) HEWL shows propensity of 

amyloid aggregates in acidic pH 2.0 (Huang et al., 2010). 

  1.3.1.3 Using ethanol  

In the same year, Krebs and co-workers reported formation of HEWL fibrils at acidic pH, 

however Goda and co-workers showed formation of amyloid protofilament and fibrils with 

HEWL in presence of 90% ethanol. They proposed that HEWL in ethanol solution shows an 

increase in helical and sheet content, followed by partial loss of helices and tertiary structure 

and later β-sheets interact each other to form amyloid protofilaments (Goda et. al., 2000). 

Further, in more detail of amyloid fibril formation in presence of ethanol was identified from 

Fujiwara’s group. They have extensively characterized the various structural states of HEWL 

(2-9 mg/ml) in presence of 0-90% ethanol using small angle X-ray  and neutron scattering 

along with  far UV CD (Yonezawa et. al, 2002). They proposed an elegant phase diagram to 

account for fibril formation in presence of different concentrations of ethanol and HEWL. In 

their mechanism for amyloid fibril formation they proposed that formation of dimers 

accompanied by large increase in β-sheet structure, and these dimers act as nuclei for 

protofilaments via a nucleation-dependent polymerisation, further steps followed like 

protofilaments laterally associates to form amyloid fibrils. In a later study, the same group 

has suggested a role for electrostatic interactions in fibril formation from protofilaments in 

90% ethanol solutions based on dependence with NaCl concentrations (Fujiwara et. al., 

2003). However, the role of salt has been reported later (Holley et. al., 2008), when it was 

shown that HEWL forms fibrils in 80% ethanol at 22 ºC with agitation in complete absence 
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of ions. Here a distinct lag phase of seven days followed by a slow growth phase of another 

seven days is observed. 

1.3.1.4 Using guanidine hydrochloride  

In a fascinating work, Vernaglia and co-workers have reported that HEWL can be induced to 

form amyloid fibrils within hours, with moderate concentrations (2-5 M) of GdnCl. At lower 

concentrations (0-1 M), the protein is not partially unfolded to trigger fibrils formation, while 

at higher GdnCl concentrations (5-6 M), the protein is fully denatured and fibrils may be 

disrupted while formation by GdnCl (Vernaglia et. al, 2004).  It is surprising to observe that 

the lag phase, and rate of fibril formation depend on GdnCl concentration confirmed using 

ThT assay. It was strongly believed that partially folded state triggers the formation of fibrils. 

 1.3.1.5 Using other conditions  

Cao and his coworkers studied amyloid aggregation using fully reduced hen egg white 

lysozyme (HEWL), which is a good model of random coil structure. Their findings suggest 

that in presence of 90% (v/v) ethanol, the fully reduced HEWL adopts β-sheet secondary 

structure at pH 4.5 and 5.0, and an α-to-β-transition is observed at pH 4.0. The pH 

dependence of the initial structure of the fully reduced HEWL in the presence of 90% (v/v) 

ethanol suggests that Asp and His residues may play an important role for inducing amyloid 

like structure. (Cao et al., 2003). Niraula and co-workers used a zero cysteine  (0SS)  mutant 

(Cys-6 replaced by Ser, other seven Cys replaced by Ala) of HEWL and observed formation 

of amyloid fibrils on incubation  in  pH 2.0-2.7, 4.0 and 7.5  at 25 oC  from weeks to months  

(Niraula et. al., 2004). They conclude that an unfolded state of HEWL can also form 

amyloid fibrils failing partially folded state. However the UV treatment based disulfide bond 

destabilization disrupt the native structure which participates in formation of amorphous 

aggregates (Xie et al., 2011) In 2007, Sasahara and co-workers demonstrated that HEWL can 

form amyloid fibrils treating with a combination of mechanical agitation (310 rpm), heating 

using differential scanning calorimetry, high salt (1 M NaCl) at pH 2-6 for 24 hours 

(Sasahara et. al., 2007).  Recently it has been found that HEWL can form amyloid fibrils in 

acidic protic ionic liquids (hydrated ammonium bisulphate) when heated to 60 oC (Byrne et 

al., 2009). It is important to know from their work that HEWL amyloid fibrils formed using 

ethanol or acidic pH can be completely dissolved in anhydrous protic ionic liquids like ethyl 
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ammonium nitrate (EAN). Further, enzymatic assays demonstrated that fibrils formed using 

ethanol could be redissolved in EAN recovering around ~72% activity. Based on the 

recovery of significant activity they have suggested that fibrilization could recommend an 

approach for long term strorage of proteins. It has also found that lysozyme is capable to 

form globular aggregates as well fibrillar aggregates at physiological pH with interaction of 

gold nanoparticle (Zhang et al., 2009).  

1.3.2 Inhibition of lysozyme aggregation   

Inhibition of protein aggregation and their deposition in different tissues is essential for 

therapeutic intervention against different protein misfolding diseases (PMDs), (Sacchettini 

& Kelly, 2002; Ross & Poirier, 2004). Since protein aggregation is a multi-steps process 

followed by multiple intermediate species, it is difficult to identify a single step or species 

where potential drugs targets could be used to stop protein aggregation and pathogenicity 

associated with it. Currently, main approaches against protein misfolding disorders discussed 

above, although there is no effective  cure against PMDs including systemic amyloidosis,  

there are several approaches explored to reduce the extent of aggregated protein in vitro or in 

vivo (Rochet, 2007; Herczenik & Gebbink, 2008). As it has been known that amyloid fibril 

formation is generally driven by hydrophobic interactions which are further stabilized by 

hydrogen bonds forming inter and intramolecular β-sheets of the fibril core. Small molecule 

compounds are preferred drug candidates as they are small enough to enter inside the fibril 

structure to destabilize both the hydrogen bonds forming β-sheet of fibril core and 

hydrophobic interactions among amino acid side chains (Vieira et al., 2006; Rochet 2007). 

Small aromatic compounds, 4-aminophenol (4AP) and 2-amino-4-chlorophenol (2A4CP) 

inhibit aggregation and disrupt the preformed fibrils from human and hen lysozyme at 

micromolar concentrations (Vieira et al., 2006) although, exact inhibitory mechanism of 

these molecules are not  known. Uses of specific antibodies are promising strategy for 

inhibiting or reversing the in vitro and in vivo fibril formation by amyloidogenic proteins or 

peptides (Schenk, 2002; White et al., 2003). Using antibody mediated inhibitory approach 

for protein aggregation; it was shown that a camelid antibody fragment which was raised 

against wild-type human lysozyme inhibits in vitro aggregation of its amyloidogenic variant, 

I56T and D67H lysozyme (Dumoulin et al., 2003; 2005). Employing chaperone mediated 

inhibition, Dobson and co-workers demonstrated that clusterin, a ~61 kDa glycoprotein 
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significantly inhibits aggregation of human lysozyme even at very low concentration 

(Kumita et al., 2007). They proposed that human chaperone, clusterin, binds with 

oligomeric form of protein but not with native or fibrillar form of protein. With the fact that 

clusterin is present throughout the human body, it will be really interesting to know the 

interaction of clusterin with lysozyme which may be used as a therapeutic agent against 

systemic amyloidosis. With the recent finding it is believed that oligomeric form of protein 

or pre-fibrillar aggregates are pathogenic in nature, it is crucial to target these species to fight 

against protein misfolding diseases (Haass & Selkoe, 2007). Using oligomer-specific 

antibody they were observed that oligomers of human lysozyme and other structurally 

distinct proteins can be detected and their cytotoxicity can be neutralized. On the basis of this 

observation authors proposed that soluble oligomers form different proteins may have a 

common structure and they may have common mechanism of pathogenesis (Kayed et al., 

2003). Protein aggregation is a generic property of polypeptide chains, such that almost all 

peptides or proteins undergo to self-associate in vitro under appropriate conditions (Chiti & 

Dobson, 2006). Since amyloid  fibrils and pre-fibrillar  aggregates  from  non-disease  related 

proteins  exhibit  similar morphological features and  cytotoxicity as  observed  for disease 

associated proteins  (Vieira et al.,  2007,  Bucciantini  et al., 2002)  understanding the 

aggregation mechanism of non-disease associated proteins  like HEWL shall help in finding 

inhibition approaches against systemic amyloidosis and other PMDs. Retarded growth  of 

HEWL aggregates and disaggregation of pre-formed fibrils by different indole derivative was 

observed at acidic pH (Morshedi et al., 2007). It is suggested that binding of indole 

derivatives with native protein hampers the formation of fibrils while interaction of indole 

ring with hydrophobic residues helps in disaggregating the pre-formed fibrils. Inhibitory 

effect of p-benzoquinone and endogenous neurohormone melatonin is also observed against 

HEWL amyloid formation at acidic pH (Wang et al., 2006). Although both compounds 

suppress lysozyme fibrillization in a concentration dependent manner, p- benzoquinone was 

found to be more potent inhibitor than melatonin. Comparing the effectiveness of rifampicin 

and its structural analogue p-benzoquinone against HEWL aggregation, rifampicin is found 

to be better inhibitor than and p-benzoquinone. Both compounds inhibit formation of β-sheet 

structure and also reduce the exposure of hydrophobic patches which drives HEWL 

aggregation (Lieu et al., 2007). Eight types of tea Catechins which is polyphenol induce the 

conversion of preformed hen lysozyme amyloid fibrils to amorphous aggregates (He et al., 
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2009). The ThT fluorescence assay indicated that the β-sheet content of lysozyme fibrils 

reduced upon catechin binding. As a result, the hemolytic effect of the fibrils on RBC was 

attenuated. Both antioxidative potency and hydrophobicity of tea catechins were positively 

related to the fibril-disruptive activity. Ascorbic acid, R-tocopherol, and phenol did not 

demonstrate any effect on lysozyme fibril. This fiding may be utilized for the design of novel 

antiamyloidogenic drugs with a polyphenolic structure. Interestingly, Catechins with a gallic 

ester bond represented high efficiency in converting lysozyme fibrils to amorphous 

aggregates. The heterocyclic structure acridine based compounds were identified as potent 

inhibitors of prion protein (Korth et al., 2001; May et al., 2003). Different planar acridine 

derivatives molecules effectively inhibit lysozyme aggregation (IC50 = 6.5-10 µM) by 

intercalating between the exposed hydrophobic residues which blocks the interaction 

between two adjacent β-sheets (Gazova et al., 2008).  L-Arginine, a basic amino acid which 

is well known additives being used in  the  purpose of refolding of recombinant proteins from 

inclusion bodies (Arora & Khanna, 1996; Umetsu et al., 2005). Although the exact 

mechanism of arginine during refolding is still unknown, it is proposed ball park estimate 

that it increases surface tension of water and favourably interacts with most amino acids side 

chains and peptide bonds (Arakawa et al., 2007). Moreover, the poor binding of arginine 

with protein surface is a critical factor in suppressing aggregation (Arakawa et al., 2007; 

Arakawa & Tsumoto, 2003). It was shown that in presence of 0.75 M to 1.0 M, L-arginine, 

nearly 95% active protein was recovered from denatured lysozyme (Hevehan & Clark, 

1997). It has also reported that L-arginine also suppress lysozyme aggregation and increase 

oxidative refolding of protein with concentration upto 1.0 M (Reddy et al., 2005). In another 

hypothesis of inhibiting lysozyme aggregation by arginine, it was proposed that arginine 

inhibits aggregation by slowing protein–protein association reactions. Preferentially it was 

excluded from protein–protein encounter complexes, but not from dissociated protein 

molecules (Baynes et al., 2005). Homchaudhuri and coworker have shown that arginine is 

also potent to inhibiting lysozyme aggregation induced at pH 12.2. This work was 

demonstrated using time-resolved fluorescence anisotropy of covalently tagged dansyl probe. 

They have shown that in presence of 0.9 M arginine, the dansyl segmental motion of HEWL-

dansyl conjugates was similar to that in absence of arginine at early times, however after 

nearly two hours this rotational component was significantly faster (3.3-1.9 ns) in 

comparison to that in absence of arginine (5.3-3.5 ns). The global rotational motion was also 
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significantly faster (13 ns) in presence of arginine compared to that in its absence (43 ns) at 

later times. This clearly indicated that arginine inhibits formation of higher oligomers at later 

times, retaining protein as loosely packed unfolded small oligomer (Homchaudhuri et. al, 

2006). Recently it was found that arginine controls the heat induced aggregation at isoelectirc 

point of HEWL (Tomita et al., 2011). Apart from small molecules surfactants have also 

been used as artificial chaperones to assist the refolding of denatured protein and improve the 

yields of recombinant protein (Rozema & Gellman, 1996). Ampiphillic surfactants can 

inhibit Aβ (1–40) amyloid fibril formation at physiological pH (Wang et al., 2005). It was 

also investigated that where ionic surfactants like sodium dodecyl sulfate (SDS) and 

cetyltrimethylammonium bromide (CTAB) protect rhodanese, (a mitochondrial enzyme) 

against thermal aggregation (Bhattacharyya & Das, 1999). Recently, it was shown that SDS 

at concentrations above 0.25 mM suppresses HEWL fibril formation at pH 2, while at lower 

SDS concentrations (0-0.1 mM), the SDS-HEWL ensemble is fibrillogenic and rich in β-

sheet conformation (Hung et. al., 2010). It has been considered that intramolecular 

disulphide bonds in HEWL are essential to retain its structural fold and catalytic activity. 

However improper disulphide bond formation leads to protein aggregation and fibrillization 

(Furukawa et al., 2006) which can be reduced or suppressed  in presence  of reducing agent 

like dithiothreitol (DTT) or cysteine (Yamamoto et al., 2008). To inhibit lysozyme 

aggregation, reduction of HEWL fibrillization with 2 mM DTT was observed by Wang and 

co-workers. They also observed that inhibitory effect of DTT was possible only if it was 

added within ~8 days of incubation (Wang et al., 2010).  From another group, Wang and co-

workers also demonstrated that thiol-free compound tris(2-carboxyethyl)  phosphine (TCEP) 

halt HEWL fibrillization through disulfide bond disruption and preventing the α helix-to-β 

sheet  transition of protein at acidic pH (Wang et al., 2009b). Stabilizing the native state of 

protein is another approach against misfolding and aggregation, since it may increase the 

activation energy barrier, thus slowing the aggregation kinetics and moving away from 

amyloidgenic state (Hammarstrom et al., 2003).  

Inhibition of HEWL dimerization at alkaline pH was first observed by Sophianopoulos where 

different glucose derivatives (NAG and its disaccharide and trisaccharide derivatives) 

displayed different degrees of inhibition against lysozyme aggregation (Sophianopoulos, 

1969). The order of their effectiveness against HEWL dimerization was also observed such 

as, trisaccharide>disaccharide>monosaccharide although, effect of these compounds on fibril 
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formation was not studied.  Besides above mentioned strategies, there are several other 

approaches where self-assembly of HEWL was inhibited in different experimental 

conditions. 

With Contradiction of several reports, where crowding agents favours aggregation, 

Liang and co-workers have shown that HEWL amyloid formation can not only be inhibited 

even significant amount of activity can be recovered at acidic pH by crowding the medium 

with BSA (100 g/l) either alone or mixed with Ficoll 70 (Zhou et al., 2008). Different 

chemical modifications of lysine residues in lysozyme have influence on amyloid formation 

in different manner. For example acetylation of the  lysine residues promote amyloid 

formation, while citraconylation (introduction of citraconyl groups to free lysine groups, in 

order to change their charge at neutral pH from positive to negative and make the adjacent 

peptide bond resistant to hydrolysis by trypsin)  was found to inhibit HEWL  aggregation  at 

acidic pH  (Morshedi  et al.,  2010).  

New reports suggest that nanoparticle have also promising inhibitory effect against 

the protein misfolding and protein aggregation  as for example magnetic nanoparticles of 

Fe3O4 (with mean hydrodynamic diameter of 26 nm), it was shown that amyloid formation 

of HEWL can not only be inhibited but it can be reversed or disaggregated in concentration 

dependent manner (Bellova et al., 2010). It was observed that IC50 (ability to inhibit 

formation of amyloids) of Fe3O4 was 0.654 mg ml−1 while DC50 (ability to destroy pre-

formed aggregates) was 0.163 mg ml−1. 
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1.3.3 Motivation and objectives of this work 

This thesis deals with the investigations of hen lysozyme aggregation and its inhibition 

employing various additives and applying strategies in pH 12.2 at room temperature. 

Motivation to work on this system was, this is a poorly understood aggregation process, 

particularly fibril formation and its suppression, characterization of ensemble size of 

intermediate product and its control. Except few, all such investigation has been reported in 

acidic pH at higher temperature (60-80 °C), requiring longer incubation time to convert into 

final products like fibrils, thereby making aggregates to form forcefully owing to large 

positive charge. In spite of, these conditions have own advantages. However, the system like 

pH 12.2 used for aggregation condition, where HEWL spontaneously aggregate at room 

temperature owing to near pI 11.3, close to pI it bears low net charge and act as driving force 

to initiate aggregation. Approaching this system, it can be used as model system for studying 

the inhibition of hen lysozyme, because hen lysozyme has been used in food industries to 

preserve fresh fruits and vegetables, tofu bean curd, seafood’s, meats and sausages, potato 

salad, cooked burdock with soy sauce, and varieties of semi-hard cheeses such as Edam, 

Gouda and some Italian cheeses, hen lysozyme added also to infant feeding formula making 

properties more resemble like human milk (Cunningham et al., 1991). Apart from this, it 

can use as model system for studying inhibition of human lysozyme aggregation which is 

responsible for systemic amyloid deposits. New application of this aggregation system can be 

for making protein nano particles, which can acts like carrier for drug delivery system.  

Based on these motivations objective of this work is as follows:  

1. Characterization of size and morphology of hen lysozyme aggregates in alkaline pH 
12.2. 

2. To develop effective strategies for blocking of hen lysozyme aggregation at alkaline 
pH 12.2. 

3. To probe the effect of monomer concentration on hen lysozyme aggregation kinetics 
and its size in alkaline pH 12.2. 
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Experimental materials, techniques and conditions
 

2.1 Materials used 

There different kinds of chemicals and materials used to carry out the work, as follows:  

Hen egg white lysozyme (HEWL, L6876/L7651) and NATA (N-Acetyl-L-tryptophanamide) 

were procured from Sigma-Aldrich Chemicals Pvt. Ltd., India. Thioflavin T, ANS (8-anilino-

1-naphthalene sulfonic acid ammonium salt), DTNP (2,2’-dithiobis(5-nitropyridine)), DTT 

(Dithiothreitol ), L-Cysteine, Iodoacetamide (I1149), N,N′,N″-Triacetylchitotriose, N-Acetyl-

D-glucosamine (NAG), Sephadex G-50, Blue dextran, and gel filtration molecular weight 

marker kit cat, No. MWGF 200-1KT fractionation range 12000-200000 kDa from Sigma–

Aldrich Chemicals Pvt.Ltd., India. Dansyl chloride (2-dimethyl aminonaphthalene-6-sulfonyl 

chloride, D-23) and Dabcyl SE (4-((4-(dimethylamino) phenyl) azo) benzoic acid, 

succinimidyl ester, D-2245) were purchased from Invitrogen, Molecular Probes™, USA. PD-

10 desalting column purchased from GE Health care Pvt. Ltd. India, SDS, and CTAB was 

purchased from Amresco (Solon, Ohio, USA) and all other chemicals used analytical grade. 

Sodium dihydrogen phosphate dihydrate, potassium iodide, sodium bicarbonate and sodium 

thiosulphate (Na2S2O3) were purchased from Merck Limited, Mumbai. The solvents like 

DMSO, DMF were purchased from Merck Limited, Mumbai.  For UV-Visible absorbance 

and fluorescence measurement, quartz cuvettes with 1 cm path length purchased from 

HELLMA.  AFM Cantilevers PPP-NCL-50 (Point probe Plus/ Non- contact/ Long cantilever, 

part 65-262P) was purchased from Molecular Imaging™, USA.  Muscovite mica, V-1 quality 

was purchased from Electron Microscopy Sciences, USA.   

2.2 Methods 

2.2.1 Stock solutions 

To investigate the hen lysozyme aggregation, concentration of stock solution of HEWL was 

measured using UV specrophotometric method. It is well known that lysozyme contains 

aromatic amino acids that absorb UV light at 280 nm.  The concentration of HEWL stock 

solution (10 mg/ml) made in deionised water was verified using extinction coefficient 38,400 

M-1cm-1 at 280 nm.   
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  To investigate the effects of additive on aggregation, various additives were used such 

as surfactant (SDS, CTAB) and DTT. These additives 14 mM SDS, 3 mM CTAB and 20 mM 

DTT were prepared in sodium dihydrogen phosphate buffer, pH 12.2 from their respective 

stock solution. Samples containing DTT were kept sealed to prevent air oxidation. 

 For characterization of HEWL aggregates after prior incubation with chitotriose and 

NAG, the 50mM chitotriose and 250 mM NAG stock solution was prepared in deionised 

water (MilliQ). 

 For the free -SH estimation, stock solution of 60 mM L-Cysteine was prepared in 

deionised water (MilliQ) and 32 mM DTNP was prepared in DMSO, It was vortexed 

vigorously for complete dissolution, and Stock solution of DTNP was made freshly for every 

analysis.  

2.2.2 Sample preparation for aggregation and control 

A different kind of buffer was used to carry out the work as follows: 50 mM Sodium 

dihydrogen phosphate pH 7.0 for control and pH 12.2 for aggregation study, was prepared in 

deionised water (MilliQ). For dye labeling 100 mM sodium bicarbonate pH 9 and pH 8.3 was 

prepared in deionised water (MilliQ). 

(A) Sample for aggregation: Diluting from stock solution (10 mg/ml), 120 µM HEWL sample 

was prepared in 50 mM phosphate buffer pH 12.2 and it was kept for aggregation at room 

temperature (25-28 °C). Precipitation was not seen while incubation at 25-28 °C for [HEWL 

< 200µM]. Control sample 120 µM HEWL was prepared in 50 mM phosphate buffer pH 7.0, 

kept at room temperature (25-28 °C). The sample for 0.3 µM and 0.03 µM (300 &30 nM) was 

prepared by serial dilution from stock solution. 

(B) Sample in presence of surfactants (SDS, CTAB) and DTT: Separately 14 mM SDS and 20 

mM DTT from their respective stock solution (stock solution in 50 mM phosphate buffer pH 

12.2) were added in 120 µM HEWL, desired volume was maintained from pH 12.2 buffer, 

whereas for 3 mM CTAB from stock solution (stock solution in 50 mM phosphate buffer pH 

12.2) added in 80 µM HEWL sample instead of 120 µM HEWL concentration. At 120µM 

concentration precipitation was observed in CTAB containing sample. Samples containing 
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DTT were kept under sealed to prevent air oxidation. All experiments were performed using 

various biophysical techniques at 25-28 ºC. 

(C) Sample in presence of chitotriose: 50 mM chitotriose stock solution was prepared in 

deionised water (MilliQ), immediately before starting the over night incubation in 10 mM pH 

7.3 phosphate buffer. Next 5 mM chitotriose was added in 300 µM HEWL with rest of the 

volume maintained with 10 mM phosphate buffer pH 7.3. This sample was kept at room 

temperature overnight. Later it was diluted to 100 µM HEWL containing >1.5 mM chitotriose 

(from over night incubated sample) in pH 12.2 buffer, and kept for incubation to observe the 

effect on aggregation. 

(D) Sample in presence of NAG: Stock solution of 250 mM NAG was prepared in deionised 

water (MilliQ), immediately before starting the over night incubation in 10 mM pH 7.3 

phosphate buffer. Next 25 mM NAG was added in 300 µM HEWL with rest of the volume 

maintained with 10 mM phosphate buffer pH 7.3. After making the sample it was kept at 

room temperature overnight. Later it was diluted to 100 µM HEWL containing >7.5 mM 

NAG (from over night incubated sample) in pH 12.2 buffer, and kept for incubation to 

observe the effect on aggregation. 

2.2.3 Labeling HEWL with dansyl and dabcyl probes 

HEWL was covalently labeled with dansyl chloride following the protocol recommended by 

Molecular Probes with minor modification as reported previously (Homchaudhuri et al., 

2006). HEWL was labeled with dansyl chloride follows: 

 

(2-dimethyl aminonaphthalene-6-sulfonyl chloride) 
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Step 1: HEWL (12 mg) was dissolved in 1 ml of freshly prapred 100 mM sodium 

bicarbonate pH 9.0 buffer in a glass vial. Dansyl chloride (2-6 mg) was carefully dissolved in 

100 µL of DMF in eppendroff tube. Dye stock solution wrapped with aluminium foil and 

direct light was avoided. 

Step 2: Dissolved HEWL was stirred using rice magetic beads and 100 µL dansyl chloride 

added slowly. For the complete reaction sample was stirred continuously for 3 hrs at 4 °C in 

cold room.  

.  

Reaction scheme 1: Adopted from Molecular Probes catalog for sulfonyl choride dye with 

HEWL. 

Step 3: After completing the reaction, conjugated HEWL-dansyl was separated using PD10 

column. (A) Before eluting the labeled sample, column was equilibrated with 25 ml of 50 

mM phosphate pH 7.0 buffer. (B) Then labeled sample was diluted adding 1.5 ml of sodium 

bicarbonate pH 9.0 buffer, and final volume was 2.6 ml of labeled sample. (C) The 2.6 ml 

sample was added to column and the flow through was discarded. (D) After the discarding 

the flow through, 3.5 ml phosphate pH 7.0 buffer was added. (E) Finally four fraction of 1 ml 

each was collected and it was stored at 4 °C. 

Step 4: The HEWL, dansyl concentrations were estimated by measuring the absorbance at 

280 nm (ε = 38,400 M-1 cm-1), 380 nm (16,000 M-1cm-1) The protein to dye labeling ratio in 

the conjugate were consistently between 2-3.   
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For labeling HEWL with dabcyl, the protocol suggested by Molecular Probes was followed 

 

 

(4-((4-(dimethylamino) phenyl) azo) benzoic acid, succinimidyl ester) 

Step 1: HEWL (16 mg ) was dissolved in 1 ml of freshly prepared 100 mM sodium 

bicarbonate pH 8.3 buffer in a glass vial. Dabcyl succimidyl ester (2 mg) was carefully 

dissolved in 100 µL of DMF in eppendroff tube. Dye stock solution wrapped with aluminium 

foil and direct light was avoided. 

Step 2: Dissolved HEWL was stirred using rice magetic beads and 100 µL dabcyl 

succinimidyl ester added slowly. For the complete reaction sample continuously was stirred 

for 2.5 hrs at room temperature. 

 

Reaction scheme2: Adopted from molecular probe catalog for succinimidyl ester dye with 

HEWL. 

Step 3: After completing the reaction, conjugated HEWL-dabcyl was separated using PD10 

column (Sephadex™ G-25 Medium for group separation of high (Mr > 5000) from low 

molecular weight substances (Mr < 1000) by desalting and buffer exchange). (A) Before 

eluting the labeled sample, column was equilibrated with 25 mL of 50 mM phosphate pH 7.0 
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buffer. (B) Then labeled sample was diluted adding 1.5 ml of sodium bicarbonate pH 8.3 

buffer, and final volume was found 2.6 ml of labeled sample. (C) The 2.6 ml sample was 

added to column and the flow through was discarded. (D) After the discarding the flow 

through 3.5 ml phosphate pH 7.0 buffer was added. (E) Finally four fraction of each `1 ml 

were collected and it was stored at 4 °C. 

Step 4: The HEWL, dabcyl concentrations were estimated by measuring the absorbance at 

280 nm (ε = 38,400 M-1 cm-1), and 453 nm (32,000 M-1cm-1), respectively. The protein to dye 

labeling ratio in the conjugate were found consistently 2-3.   

 2.3 Fluorescence measurements 

Fluorescence spectroscopy is widely used to track the molecular events due to its sensitivity, 

selectivity and wide range of time scale. For this reason, here various types of fluorescence 

techniques were used to track the HEWL aggregation event and its products. 

2.3.1 Fluorescence resonance energy transfer 

FRET technique was developed by Stryer and Hauglaivnd. FRET is an ideal probe to study 

protein–protein interaction (Stryer and Haugland, 1967). Therefore fluorescence resonance 

energy transfer (FRET) was employed to monitor aggregation. Based on the previous study, 

this technique is very sensitive to track early events of molecule- molecule interactions like 

association and aggregation. Since early event in protein aggregation is a type of self 

association, where monomer likely to forms dimers, trimers, and so on.  So this process can 

be tracked easily using the fluorescence resonance energy transfer. FRET, involves the 

transfer of the excited –state energy from the initially excited donor [D] to an acceptor [A]. 

The donor molecule emits at shorter wavelengths, which overlaps with the absorption 

spectrum of the acceptor and energy transfer occurs via non-radiative dipole–dipole 

interactions. This energy transfer efficiency is highly sensitive to the Forster radius (R0) 

ranging between 10–100 Å. The orientation of dipoles between donor and acceptor, rate of 

energy transfer depends upon the amount of spectral overlap of the emission spectrum of the 

donor with the absorption spectrum of the acceptor, distance between the donor and acceptor 

molecule. Forster radius (R0) is distance at which energy transfer is 50% efficient (i.e, 50 % 

of excited donor are deactivated by FRET). The magnitude of R0 is dependent on the spectral 
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properties of the donor and acceptor dyes. R0 can be written in terms of mathematical 

expression  

R0= [8.8x1023. κ 2.n-4.QYD. J (λ)] 1/6 Å                                 2.3.1.1 

Where κ2= dipole orientation factor (range 0 to 4, κ 2 = 2/3 for randomly oriented donors and 

acceptors, n= refractive index, J (λ) = spectral overlap integral. 

                     
4 3 1( ). ( ).( ) A DFJ d cm Mλ λ λλ ε λ −= ∫                                  2.3.1.2 

 Where εA = extinction coefficient of acceptor, FD = fluorescence emission intensity of donor 

as a fraction of the total integrated intensity. 

 

The rate of energy transfer kT (r) is written as  

                 
6

01( )T

D

Rk r
rτ

⎛ ⎞⎛ ⎞= ⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

                                                                                  2.3.1.3 

 Where r is the distance between the donor (D) and the acceptor (A) and τD is the life time of 

the donor in absence of energy transfer. 

 The efficiency of energy transfer for a single donor-acceptor pair at a fixed distance is  

                               
( )

( )6 6

6
0

0 r

R
R

E
+

=                                                             2.3.1.4 

The transfer efficiency is generally measured using the relative fluorescence intensity of the 

donor, in the absence of FD and presence of FDA of acceptor. 

 The transfer efficiency can also be calculated from the lifetimes and these respective 

conditions. 

                                1 1DA DA

D D

FE
F

τ
τ

⎛ ⎞ ⎛ ⎞= − = −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠                              2.3.1.5 

Experimental measurement of FRET: 

For HEWL monomer concentrations 3-120 µM, FRET samples were prepared by mixing 0.5 

µM dansyl (donor) and 0.5 µM dabcyl (acceptor) conjugated HEWL with unlabeled HEWL. 

For 0.3 µM samples, a ten-fold dilution of above concentrations dye conjugated HEWL was 
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employed with unlabeled HEWL.  In samples containing donor alone, the unlabeled HEWL 

concentration was adjusted to make up for absence of acceptor conjugated HEWL. Keeping a 

constant ratio of labeled to unlabeled dye was not feasible as that would require 40 µM dye 

for 120 µM HEWL. FRET experiments were performed using steady state spectrofluorimeter 

(Fluoromax-3, Jobin-Yvon Horiba Inc., USA).  Sample was excited at 380 nm (slit width 1 

nm) and emission collected between 400 and 700 nm (slit 5 nm). For 0.3 µM samples, slit 

width was kept 10 nm. To minimize photobleaching excitation light shutter was kept open 

only when recording fluorescence. FRET efficiency was calculated from average integrated 

total emission counts under emission curve of donor alone & donor-acceptor mixture after 

subtraction of blank. The FRET efficiency results reported are averaged from three sets of 

experiments.  R0 of dansyl-dabcyl pair is  3 - 4 nm (Miki and Remedios, 1990; Adair and 

Engelman, 1994). 

          

2.3.2 Steady state fluorescence anisotropy 

Fluorescence anisotropy is an excellent technique to monitor the rotational motion of 

fluorophores in the excited state following their excitation using plane polarized light 

(Lakowicz et al., 1999). Steady-state fluorescence anisotropy (rss) reflects time integrated 

average value of the rotational motion of molecules in the excited state that is weighed by 

quantum yield. This parameter is however dependent both on the fluorescence lifetime and 

rotational correlation time of the fluorescent probe. The extent of polarization of emission is 

used to calculate fluorescence anisotropy (r). 

At their excited state life time (~10-9s) Brownian rotational motion in fluorophores 

changes the extent of polarization and these changes can be detected in term of anisotropy as 

follows  

                   
0

0

( ) ( )

( )

I t r t dt
ss

I t dt

r

∞

∞
=
∫

∫
        ,           2ss
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Here rss is steady-state anisotropy, I  and I⊥ indicates the intensity of fluorescence emission 

when (A) both the excitation and emission polarizers are vertically oriented and (B) when 

emission polarizer is perpendicular to the excitation polarizer respectively. The factor 

HH

HV

IG
I

=  is the ratio of sensitivity of the detection system for vertically and horizontally 

polarized light. Anisotropy is an intensity ratiometric measurement and it is independent of 

the fluorophore concentration in the absence of artifacts, like scattering.                                      

Steady-state fluorescence anisotropy (rss) measurements (G-factor corrected and dark 

counts subtracted) were measured using Fluoromax-3 fluorimeter as described previously 

(Homchaudhuri et al., 2006). For HEWL monomer concentrations 3-120 µM, the 

concentration of dansyl conjugated HEWL was 0.6 µM, while remaining protein was 

unlabeled.  Similarly 0.3 µM HEWL contained 0.1-0.2 µM of the HEWL-dye conjugate.  

Dansyl-labeled HEWL was excited at 380 nm (slit width = 1 nm) and emission at 438 nm was 

collected with a slit width between 5-10 nm. Each measurement was done in duplicate, while 

data reported are averages of at least two such measurements.  

2.3.3 Time resolved fluorescence intensity decay and anisotropy decay 

Following the pulsed excitation, time dependent intensity decay of sample is measured using 

time correlated single photon counting (TCSPC) method. For the sample with single lifetime, 

intensity decay can be written as  

                        0( ) exp( / )I t I t τ= −                          2.3.3.1        

 Here I(t) is intensity at any time t, I0 is the initial intensity and τ is the fluorescence lifetime. 

As mentioned earlier, fluorescence lifetime is the average amount of the time spent by 

fluorophore in their excited state before emission. This can be calculated by averaging t over 

the intensity decay of the sample. 

  
0 0

0 0
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           2.3.3.2       
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After solving the equation 2.2.3.2 for a single exponential decay, the average time a 

fluorophore remains in the excited state is equal to the fluorescence lifetime τ.  

                                                       t τ〈 〉 =                                       2.3.3.3  

Now assume the case where decay consists of emission from more than one 

fluorophore or from the same fluorophore but in different environments, then decay is multi-

exponential and individual lifetime is needed to be resolved. In these cases 

                                      ( ) exp( / )i i
i

I t tα τ= −∑      i = 3                    2.3.3.4  

Here αi and τi indicates the ith fractional amplitude and ith lifetime respectively of the decay 

component. Sum of all fractional amplitudes is equivalent to unity, 1i
i

α =∑  

From the above parameters mean fluorescence lifetime τm can be calculated as:  

                                                
1

n

m i i
i

τ α τ
=

=∑       i = 1,2,3                           2.3.3.5  

. 

Since steady-state observation is an average of the time-resolved phenomenon over the 

intensity decay of the sample, it is thus imperative to understand the relationship between 

these two events. For a fluorophore that exhibits a single decay time τ, intensity decay can be 

represented as  

                                                            /
0( ) tI t I e τ−=                              2.3.3.6  

Now steady-state intensity (Iss) can be related with the decay time as follow, 

                           
/

0 0
0

t
ssI I e dt Iτ τ

∞
−= =∫                           2.3.3.7  

Being more sophisticated, time-resolved method is preferred over steady-state. It is 

independent of the concentration of the fluorophore.  

Time- resolved fluorescence anisotropy 

This technique has been used to study the rotational dynamics of the fluorescent probe or 

molecule to which it is covalently attached. Localized fast rotational dynamics of probe 

around covalently attached position called segmental motion. The other rotational motion in 
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solution arises contributes from tumbling of entire macromolecule known as global motion, 

which is also slow (see Fig. 2.2.3.1 

The fluorescence anisotropy decay of a rotating spherical body following pulsed 
excitation is given by  

                             
/ 6( ) t Dt

o or t r e r eθ− −= =                            2.3.3.7 
 

As mentioned above, or  is initial anisotropy at t = 0,  θ  is rotational correlation time of the 

sphere and D is the rotational diffusion coefficient. The rotational correlation time,θ , can be 

obtained by Stokes-Einstein equation as follows 

                                          
V

RT
ηθ =                                       2.3.3.8 

Where η is bulk viscosity, V is hydrodynamic volume of rotating sphere, R stands for gas 

constant and T  refers for temperature in Kelvin.  

For a system with multiple fluorophores or single fluorophore in with multiple rotational 

components, the anisotropy decay at time t is multi-exponential and will be written as  

                                            0( ) exp( / )j j
j

r t r tβ θ= −∑       j = 1 or 2        2.3.3.9 

Where 0r  is the initial anisotropy in the absence of rotational diffusion, the jθ  are the 

individual correlation times and jβ  are the fractional amplitudes of each correlation times in 

the anisotropy decay. Biomacromolecules shows multi-exponential decay due to multiple 

rotational components (see Fig. 2.2.3.1)  
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Figure 2.3.3.1: Depicting global and segmental motions in protein.  

 

2.3.3.1 Instrumentation for time-resolved fluorescence measurement 

Time-domain fluorescence lifetime or anisotropy decay measurement performed using a 

sensitive technique called time-correlated single photon counting (TCSPC). TCSPC measures 

the time interval between the exciting pulse and the emitted photon very accurately with a 

resolution of picoseconds time range. Repeating this "single photon experiment” several times 

gives the histogram of statistical distribution of arrival time of photons. This statistical 

distribution is then reconstructed to yield intensity decay of fluorophore(s).  

The advantage of the TCSPC technique is required less than one emitted photon per exciting 

pulse is sufficient. Being a digital technique, TCSPC contains essential components like light 

source, constant fraction discriminator (CFD), time-to-amplitude convertor (TAC), amplifier, 
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photomultiplier tube (PMT), and multichannel analyzer. Depending on the emission yield, 

either forward or reverse mode of TCSPC can be employed. Forward mode counting implies 

the excitation pulse as a start TAC whereas, in reverse mode emission pulse is used to start 

TAC and excitation pulse is used to stop TAC.   

The experiment starts with repetitive excitation of sample with pulsed light. The 

fluorescence intensity decay is collected at 54.7 degrees angle from the excitation polarizer. 

This angle is also called as magic angle. Following the excitation, amplified emission signal is 

passed through constant fraction discriminator (CFD), avoiding problems associated with 

pulse height variations and accurately measures the arrival time of the pulse. Now, each pulse 

is guided towards time-to-amplitude converters (TAC) which generate a voltage ramp that is 

proportional to the time between the excitation pulse and first arriving emitted photon. After 

arrival of the first photon from sample, multichannal analyzer (MCA) converts the voltage 

from TAC to the time channel using an analog to digital converter (ADC). Summing over 

many pulses the MCA builds up a probability histogram of counts verses time channel. One 

should continue the experiment until about 10,000-15,000 counts in the peak channel are 

collected.  

As stated earlier that in TCSPC less than one photon is detected per laser pulse, the 

detection rate is typically 1 photon per 20 excitation pulses. The dead time of electronics 

prevents detection of another photon resulting from same excitation pulse. Detection of larger 

number of photons leads to pile up and apparent decay becomes non-exponential. 
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Figure 2.3.3.1 Setup for time-correlated single photon counting. The figure has been adapted 
from Principle in Fluorescence Spectroscopy by J. R. Lakowicz, second edition, 1999. 
 

Time-resolved fluorescence intensity and anisotropy  (G-factor corrected)  

measurements  were carried out in LIFE SPEC II spectrometer (Edinburgh Instruments, 

Livingston, UK)  operating in TCSPC mode, collecting emission decay in 4096 channels 

using a microchannel plate PMT.  

(A) Measurement of tryptophan life time: 

 Mean fluorescence lifetime of tryptophan was measured by exciting samples with 295 nm 

nanosecond pulses (IRF fwhm was ~0.6 ns, Nano LED) and collecting subsequent emission at 

350 nm with a temporal resolution of 4.883 ps/channel. For tryptophan lifetime 

measurements, HEWL was diluted to 1.2 µM for monomer concentrations 3-120 µM. 

however sample containing 0.3 µM was measured directly without further dilution. 

(B) Measurement of dansyl-HEWL conjugates life time: 

HEWL-dansyl conjugates were excited with 375 nm (EPL-375, picosecond pulsed diode 

laser, IRF fwhm ~150 ps) and emitted fluorescence from dansyl probe was collected at 440 

nm with a temporal resolution of 24.414 ps/channel. For HEWL monomer concentrations 3-

120 µM, the concentration of dansyl conjugated HEWL was 1.0 µM, while rest of the protein 
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was unlabeled.  Similarly 0.3 µM contained 0.1 µM of the HEWL-dye conjugate. Each data 

reported is the average of at least two measurements.  

  Intensity decays were analysed by iterative reconvolution using the Marquardt-

Levenberg algorithm to extract life time( τι)  and (αi)     as given in equation below.      

 
/( ) i

ii

tI t e τα −=∑  Where i =1-3 and i
i

1.0α =∑                      2.3.3.10 

 

Mean fluorescence life time,
 

m iii
τ ατ= ∑                                                                            2.3.3.11 

 

(C) Measurement of dansyl-HEWL conjugates anisotropy decay: 

Before taking the time-resolved anisotropy measurements of HEWL aggregated sample, G-

factor was determined using the ANS in ethanol, where 0.13 ns rotational correlation time (φ1) 

was found. The raw (G-factor corrected) anisotropy decays were tail fitted using a sum of two 

exponential (see Eq. 2.3.3.12) two extract the slower rotational correlation time (φ2) 

corresponding to global motion of the HEWL aggregate. 

                             ( ) 1 2
1 2

/ /t tr t A e eφ φβ β− −= + +                         2.3.3.12 

Where, A is constant dépendent on G-factor, βi denotes the amplitude for φi, φ1 and φ2 refers 

the fast and slow rotational correlation times, respectively. As the 0.15 ns IRF pulse-width is 

negligibly small in comparison to the time scale of protein rotational motion (> 4 ns), So the 

extracted values of φ2 by this tail-fit approach are not affected by consequences of IRF 

convolution.  

2.3.4 Tryptophan fluorescence quenching 

The decrease in fluorescence intensity of fluorophore is known as fluorescence quenching. It 

can occur by many processes like, excited state reaction, molecular rearrangement, energy 

transfer, ground state complex formation and collisional quenching. There are wide ranges of 

molecules which decrease fluorescence intensity, acting as a quencher. Molecular oxygen is a 

commonly considered as quencher if > 0.5 mM present (dissolved oxygen in solvent 10 ppm 
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= 0.5 mM), which reduces fluorescence intensity possibly by their paramagnetic nature which 

promote fluorophore to undergo intersystem crossing to the triplet state, whereas heavy atom 

like iodide exhibit their quenching behavior by spin-orbit coupling. Due to its change and 

larger size iodide is used to study surface accessibility of fluorophore in macromolecules. 

Two types of quenching were considered i.e collisonal quenching or dynamic quenching and 

static quenching. Dynamic quenching is a ground state complexation phenomena. 

Collisional quenching occurs when the excited fluorophore experiences contact with an atom 

or molecule that can facilitate non-radiative transition to the ground state. Common quenchers 

include O2, I-, Cs+ and acrylamide.  

Collisional quenching of fluorophore is described by the Stern-Volmer equation 

                                   
0

01 [ ] 1 [ ]q SV
F

k Q K Q
F

τ= + = +               2.3.4.1      

In above equation F0 and F are the fluorescence intensities observed in the absence and 

presence of quencher respectively, kq is bimolecular quenching constant, τ0 is unquenched 

lifetime of fluorophore, and [Q] is the quencher concentration.  

 KSV is the Stern-Volmer quenching constant and represented as 

                                                           0SV qK k τ=                              2.3.4.2      

In the simplest case, a plot of F0/F versus [Q] should yield a straight line with a slope equal to 

KSV. The bimolecular quenching constant kq reflects the accessibility of the fluorophore to the 

quencher. For diffusion controlled quenching reaction, kq is close to 1x1010 M-1s-1. This value 

is considered as maximum possible value in aqueous solution. Smaller value indicates the 

shielding of the fluorophore or a low quenching efficiency.  

 

The tryptophan quenching experiment reveals the exposure of tryptophan on the 

surface of protein. The fluorescence of tryptophan was quenched by adding KI (0 to 0.8 M) as 

described earlier (Kumar et al., 2007). To prevent the formation of iodate (I-3), 0.1 mM 

sodium thiosulphate was added in stock solution of KI. A fixed concentration (1.2 µM) of 

aggregated lysozyme was diluted  in cuvette  for 120 µM or 3 µM monomer concentrations, 

while for  0.3 µM HEWL, KI was directly added. NATA (5 µM in pH 12.2 buffer) was used 

as a control. Steady state fluorescence of tryptophan in HEWL was measured by exciting at 

295 nm (1 nm slit) and collecting emission between 310–400 nm (slit 20 nm for 0.3 µM, 10 
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nm for rest). The slopes reported from Stern-Volmer plots were averaged from two sets of 

experiments.  

2.3.5 ANS binding 

The concentration of ANS stock (1 mg/ml )  in water was checked using extinction coefficient 

of 4,950 M-1cm-1 at 350 nm. The HEWL concentration dependent ANS binding assay was 

performed by employing a constant (3 µM) HEWL and (10 µM) ANS concentration in 

cuvette in pH 7 (3 µM) or 12.2 (3 to 120 µM). For 0.3 µM samples (in pH 12.2), ANS was 

directly added. Steady state fluorescence intensity was measured using Jobin-Yvon 

Fluoromax-3 spectrofluorometer after excitation at 380 nm (slit = 1 nm). Emission (slit = 16 

nm for 0.3 µM, 8 nm for rest) was collected in the range 400-600 nm. Background intensity 

from Raman scatter or buffer was negligible (<5%) compared to sample emission intensity 

under identical conditions. The integrated fluorescence is the average area of two independent 

emission spectra after subtracting the blank emission reported previously.  

2.3.6 Thioflavin T binding 

Stock solution (~3 mg ) of ThT was dissolved in ~3 ml deionised water (MilliQ). The ThT 

solution was filtered through 0.45 µM filter. Filtered solution was diluted in ethanol and again 

assayed by UV, taking OD at 416 nm and concentration was calculated using ε = 26620 M-1 

cm-1. Aliquot of ThT stock solution was kept in -20°C. While fibril binding assay 1mM ThT 

was maked in deionised water (MilliQ). Further it was diluted to 0.5 mM in 20 mM Gly-Gly 

pH 8.5 buffer from 1 mM ThT solution. Protein aggregated sample (70 µM –SH blocked and 

70 µM control incubated in pH 12.2) and control sample was diluted to 7 µM protein 

concentration and ~11 µM ThT was added into protein sample, 1ml sample volume was 

adjusted with 20 mM Gly-Gly pH 8.5 buffer. Binding to fibril, molar ratio of protein to ThT 

was ~1:2 as described previously (Wall et al., 1999). Sample was vortexed and spectra was 

taken immediately, exciting at 450 nm with 1 nm slit width and subsequent emission between 

470 and 550 nm was observed at 5 nm slit width using the Jobin-Yvon Fluoromax-3 

spectrofluorometer at different time intervals. Background fluorescence intensity was 

subtracted from blank. Integrated fluorescence intensity was plotted against time after 

averaging of independent measurements.  
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2.4 Atomic force microscopy 

2.4.1 Instrumentation and working principle 

To study the morphology of aggregates and fibrils structure atomic force microscopy has been 

employed. The atomic force microscope (AFM) or scanning force microscope (SFM) was 

invented in 1986 by Binnig, Quate and Gerber. Like all other scanning probe microscopes, 

AFM utilize is a probe, which is known as Tip, it is fabricated on the end of a cantilever 

which consists of silicon nitride. The sharp probe moves over the surface of a sample in a 

raster scan. While raster scanning images are obtained through measuring of the force on a 

sharp tip (insulating or not) created by the proximity to the surface of the sample. This force is 

set aside small and at a constant level via a feedback mechanism (see Fig 2.4.1), when the tip 

is moved sideways it follows the surface contours such as giving trace like topograph sketch. 

The cantilever with the attached stylus is mounted between the AFM sample and the 

tunneling tip, which is fixed to a small piezoelectric element called the modulating piezo, 

which is used to drive the cantilever beam at its resonant frequency. Cantilever bends under 

the force and these forces can be measured applying the Hook’s law formula. 

F = -k.X, where k is spring constant, X is displacement          2.4.1 

Magnitude of these forces (non covalent force like attractive and repulsive forces) between 

the tip and the respective sample detected through detector (photodiode) and magnitude of 

detector signal transfer to imaging system i.e. digital signal process see Fig. 2.4.1(Binnig et 

al., 1986).    

2.4.2 Operational Mode   

Contact Mode: In this mode vertical positioned tip raster over the sample with approaching 

and retracting force.  Moving to sideways it follows the surface contours such as giving trace 

like topograph sketch. 

Tapping mode (Ac mode): In this imaging mode stiff or beam type cantilever is preferably 

used. Basically cantilever vibrates at or near its resonance frequency by an electrical oscillator 

to amplitude up to 100 nm, So that it can bounce up and down exerting both repulsive and 
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attractive region of the tip-sample interaction. It also reduces the lateral (side to side) force on 

the sample because tip spends less time on the surface of the sample. Advantages of this 

mode, delicate sample can be image without distortion of sample. 

True non contact mode (Ac mode): The oscillating tip (at its resonance frequency) never 

touches the sample, keeping the distance between tip and sample around 10 nm within long 

range of Vander Waals attractive forces. It is not used for imaging in liquid medium. 

MAC mode (magnetic ac mode): Cantilever coated with magnetic material is required for this 

imaging mode. It oscillate near it resonance frequency by electromagnetic oscillator. It is 

suitable for both liquid and air imaging methods. 

2.4.3 Sample preparation 

Prior to preparation of sample, freshly cleaved mica was cleaned using cello tape as much as 

possible by peeling method. In next step HEWL samples (10 µl) were applied on to freshly 

cleaved mica in the presence of 10 mM Mg2+, after a few minutes, these were rinsed with 0.2 

µm filtered deionized water to remove unadsorbed sample and were dried under nitrogen. 

HEWL incubated in the presence of SDS and CTAB was eluted through Amersham PD-10 

columns to remove free surfactants before preparing the sample for imaging. Sample in 

presence of chitotriosoe and NAG were diluted 10 fold in incubating buffer prior to sample 

preparation. Remaing procedure was same like others sample. Samples were imaged in air 

under AAC or MAC MODE (non contact) in PICO PLUSTM AFM purchased from Molecular 

Imaging, USA. Cantilever type PPP-MFMR-20 (resonance frequency, 60-70 kHz; 

Nanosensors) was used for MAC mode, while type PPP-NCL-50 (resonance frequency, 150 

kHz; Molecular Imaging) was used for AAC mode. Images were acquired digitally at a scan 

speed of 1-2 lines/second with 256 data points per line. AFM images were acquired at least 

three times for every sample conditions 
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Figure 2.4.1: Top image represents AFM instrument containing individual component and on 

bottom electronics control system of AFM is shown. 
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2.5  Size exclusion chromatography 

2.5.1 Matrix preparation and column packing 

Sephadex G-50 (Fractionation range for globular protein 1.5 kDa- 30 kDa) was used for 

matrix. Accoding to the product information sheet provided by proprietor, Sephadex G -50 

swelling quantity is 1g in 9-11 ml of eluting buffer (50 mM sodium dihydrogen phosphate pH 

7). For making the slurry, quantity of sephadex G-50 was decided based on swelling 

information for the desired column packing volume. The slurry was prepared in 50 mM pH 7 

buffer having sodium azide and kept for 24 hours. After making it was ensured that it has 

swelled well under buffer, it was manually packed in column (1 cm×50 cm;Econo-column®, 

Bio-Rad ) under gravity flow. Finishing this step, newly packed column was equilibrated 

using 3-4 th column volume manually. After performing the experiment, column was stored in 

cold room to avoid the microbial growth. It was re equilibrated before using for next 

experiment. 

2.5.2 Eluting sample detection 

Size-exclusion chromatography experiments were performed using the Biologic LP 

Chromatography system (Bio-Rad) equipped with a peristaltic pump and UV optics module 

permitting detection of eluant using the absorbance at 280 nm. Void volume of column was 

calculated using blue dextran (2000,000 kDa). Typically ~250 µl of sample was injected for 

every run and low flow rate was kept like 0.120 ml / min, because setup was assembled with 

low pressure module. All gel –filtration experiment was carried out at 25 ºC. A matrix with a 

fractionation range up to~30 kDa was chosen to clearly distinguish the small oligomers of 

HEWL from the large assemblies that eluted through the void volume. For monitoring the 

aggregation of 120 µM HEWL in pH 12.2 in absence and presence of surfactants (SDS, 

CTAB) and DTT, The total volume of matrix in the column was 32 ml. However, matrix 

column volume was 39 ml for the characterization of aggregates size in absence and presence 

of prior incubation of chitotriosoe and NAG. The column was washed with the elution buffer 

(50 mM NaH2PO4 at pH 7), employing three times the matrix volume, before loading every 

fresh sample.  
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2.6  Free thiol estimation and blocking 

Presence of free –SH groups in HEWL was monitored by reacting 2,2′-dithiobis(5-

nitropyridine) with the protein as described previously (Kumar et al., 2008). Briefly, 50 µM 

of DTNP (diluted from 3mM stock in DMSO) was mixed with 5 µM of HEWL (diluted from 

100 µM HEWL in pH 12.2 buffer) in the reaction buffer (100 mM pH 7, phosphate). 

However, the concentration dependent accessibility of free –SH was estimated with 2 µM of 

HEWL diluted (from all three incubated concentration like 20, 50, 120µM) in 300 mM 

phosphate pH 7 buffer. Higher ionic strength buffer (300 mM) was used to counter the effect 

of higher pH 12.2 from small concentration sample on absorbance at 387 nm. The mixture 

was stirred in a vortex mixer for 15 min. The formation of the product 5-nitropyridine-2-

thione was confirmed from the characteristic absorption peak near 387 nm where the reactant 

(DTNP) has negligible absorption. The concentration of free –SH groups was determined by 

calibrating the absorbance at 387 nm with a standard plot generated using known 

concentrations of L-cysteine amino acid (0–100 µM) under identical conditions. 

 The –SH blocking with iodoacetamide procedure was followed as mention in B. Tech 

project thesis (Mohit 2011). Freshly made stock solution of iodoacetamide was used.The 

excess iodoacetamide (2 µL of 3 mM) was added to HEWL sample at every 2 hrs, 6hrs, 12 

hrs, 24 hrs of incubation time in pH 12.2. Sample containing HEWL with iodoacetamide was 

kept in dark condition for reaction. The degree of successful blocking was checked after 24 

hours using DTNP assay. This protocol was followed as used previously (Kumar et al., 2009). 

The 60-70% of blocked free –SH was achieved. 

Note: Circular Dichroism and Dynamic Light Scattering measurements were carried out with 

external help. 
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Monitoring hen egg white lysozyme aggregation in pH 12.2 at room 

temperature in absence and presence of additives like surfactants (SDS, 

CTAB) and DTT 

 

 

3.1 Introduction 
Previous study has shown that HEWL aggregates slowly (Homchaudhuri et al., 2006) in pH 

12.2 at room temperaure. Surfactants are known to act like an artificial chaperone is assisting 

the refolding of denatured protein and maximize the yields of recombinant protein (Rozema 

& Gellman, 1996). Owing to their ampiphillic nature, surfactants can also inhibit protein 

aggregation. It has been reported that ampiphillic surfactants can inhibit Aβ (1–40) amyloid 

fibril formation at physiological pH (Wang et al., 2005). Earlier reports also suggest that 

ionic surfactants like sodium dodecyl sulfate (SDS) and cetyltrimethylammonium bromide 

(CTAB) protect rhodanese, (a mitochondrial enzyme) against thermal aggregation 

(Bhattacharyya & Das, 1999). Other than surfactants some reports stated that in presence of 

reducing agent like dithiothreitol (DTT) or cysteine, fibrillation  of HEWL can be suppressed 

(Yamamoto et al., 2008). With this background some salient results on the size heterogeneity 

and morphology of hen lysozyme aggregates in pH 12.2 are presented below. 

3.2 Results and discussion 

3.2.1 Size of aggregates 

Characterization of size and shape of aggregates is essential as well as difficult owing to its 

heterogeneous population. Previously our lab has shown that steady growth of HEWL 

aggregates occur at concentrations 4, 40 and 200 µM in alkaline pH 12.2 at room temperature 

and formation of average size aggregates are concentration dependent (Homchaudhuri et al., 

2006). However change in size/shape and heterogeneity inside the aggregate population has 

not been shown earlier. Similarly effect of surfactants and DTT on the size/shape of HEWL 

aggregates in pH 12.2 was not investigated. Based on previous finding, size/shape of HEWL 

at pH 12.2 in absence and in presence of SDS, CTAB and DTT was investigated employing 

gel filtration experiment.  
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The elution volume of a protein species from gel-filtration experiment is a good indicator of 

the overall protein size and shape. Additionally the gel-filtration experiment itself takes a few 

hours to complete; therefore it was also chosen to monitor irreversible changes in protein 

size/shape in the timescale of days. Before monitoring the size/ shape of aggregates with and 

without additives column was calibrated using different molecular weight markers (see Fig. 

3.2.1 A) and void volume of the column was calculated using blue dextran (2000 kDa). After 

that HEWL in pH 7.0 sample incubated at various durations was eluted stepwise. The elution 

of HEWL incubated at pH 7 was observed as a gaussian profile with an elution peak at ~30 

ml. This yield a Ve/ Vo of indicating that eluted sample seems to be monomeric, but not 

exactly globular, HEWL (14.3 kDa). Figure 3.2.1B shows that that elution profile remains 

symmetric without change in elution volume even at longer duration like 6 days. Based on 

these results, it was concluded that HEWL at netural pH 7.0 does not have propensity to 

aggregate. 
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Figure 3.2.1: Gel filtration column calibration plot and elution profile of native HEWL and 

blue dextran (A) Calibration curve using three standard proteins, namely Lysozyme (14.3 

kDa), cytochrome C (12.4 kDa), carbonic anhydrase (29 kDa) and BSA (66 kDa), (B) Elution 

profiles of 120 µM lysozyme incubated in pH 7 at 298 K for different incubation times. (C) 

Blue dextran elution (2000000 kDa). 
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Figure 3.2.1: Gel filtration elution profile of lysozyme, incubated in 12.2 at 298 K for the 

times indicated, as monitored using absorbance at 280 nm. (D) The elution profiles of 120 µM 

HEWL. (E) The elution profile of 120 µM HEWL in the presence of 14 mM SDS. (F) The 

elution profile of 80 µM HEWL in the presence of 3 mM CTAB. (G) The elution profile of 

120 µM HEWL in the presence of 20 mM DTT. 
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Figure 3.2.1 D shows the elution profiles observed for 120 µM HEWL incubated at pH 12.2 

for different durations. At 24 h, a broad asymmetrical elution profile was seen with a peak at 

~26 ml. A tiny bump is noticed at ~15 ml, whereas at larger elution volumes between 37 and 

47 ml a tiny shoulder is also observed. Consequently it is interesting to observe the changes in 

this elution profile as the duration of exposure at pH 12.2 is gradually increased. At 48 h, the 

asymmetric distribution started acquiring a bimodal shape, likewise the elution peak had 

clearly shifted to ~22.7 ml, the shoulder at 37–47 ml is much less pronounced and the bump at 

~15 ml is now as distinct shoulder. At 72 h, a third species begin to exist as a small shoulder 

near ~18 ml, whereas the elution peak at ~22.6 ml remains. At 96 h, elution profile reveals 

two peaks one at ~15.7 and other at ~21.5 ml were evident. As incubation time progresses to 

120 h and later 144 h, the taller peak was appeared at ~15 ml; similarly the peak height at ~21 

ml was proportionally reduced. In continuation with elution profile, both of the peaks are 

marginally shifted to ~14.8 ml and ~21 ml respectively at 144 h. At 288 h, it has observed that 

the elution profile was fairly similar in shape which was observed at 144 h; however the peaks 

were now shifted towards ~14.5 ml and ~20 ml. It seems that the species eluted at ~14.5 ml 

must be a large aggregate, as it matches with the elution volume of blue dextran, which elutes 

through the void volume (15ml).  

Figure 3.2.1 E exhibit the elution profile of 120 µM HEWL incubated at pH 12.2 in 

the presence of 14 mM SDS. The concentration of SDS was used 10 fold higher to critical 

micelle concentration (1.36 mM). At 94 h, we observe a tall and narrow peak distribution at 

~14.5 ml, matching from the elution volume of blue dextran. This indicates elution of a large-

molecular-mass species through the void volume of the matrix. At 192 h, the tall peak profile 

was persistent although it is now shifted to ~15.7 ml. At 289 h, the elution profile is nearly 

alike comparing at 192 h, except that a minor shift to ~15.4 ml.  

Figure 3.2.1 F shows the elution profile of 80 µM HEWL incubated at pH 12.2 in the 

presence of 3 mM CTAB. The concentration of CTAB was used 10 fold higher than critical 

micelle concentration (0.27 mM). At 111 h., it was observed a broad elution profile with a 

peak at ~20 ml. A small shoulder is able to be seen between 30 and 40 ml, whereas another 

rising profile is observed from 40 ml onwards. At 208 h, the elution peak is seen slightly 

broader, otherwise fairly similar to that at 111 h except for the profile after 30 ml. At 304 h, 

the elution profile is seen also slightly broader, but other feature was similar to 111 h.  

TH-1058_05610608



Chapter 3 

 61

Figure 3.2.1 G exhibits the elution pattern of 120 µM HEWL incubated in the 

presence of 20 mM DTT. DTT concentration was used in 100 fold excess to compensate for 

losses pH 12.2. At 136 h, we observed a broad elution peak at around 23 ml with a tiny 

shoulder at ~15 ml. As incubation time reaches to 232 h, this broad peak shifted to ~25.5 ml, 

while a tiny peak is hardly visible at ~15 ml. At 327 h, this elution peak shifted further to 

~26.5 ml, whereas the tiny peak at ~15 ml was fairly intact. At all three time points it was 

observed a major elution peak consistent at approx. 43 ml that originated possibly from DTT 

molecules eluting later. At different time periods the peaks were observed between 23, 26.5 

ml and at approx. ~15 ml. This arises from HEWL in presence of DTT. The increasing trend 

of peaks from elution volume (23–26.5 ml) towards 136 to 327 h suggests that HEWL is 

attaining more compact structure as time progresses. An elution peak in the range of 23–26.5 

ml demonstrates that a predominant fraction of the HEWL population is expected to be 

compact and monomeric in the prolonged presence of DTT. A small fraction of HEWL 

aggregates or perhaps completely unfolded HEWL may account for the tiny peak at ~15 ml. It 

is quite evident that presence DTT has a strong influence in inhibiting HEWL aggregation at 

alkaline pH. 

3.2.2 Morphology of aggregates 

Subsequent to size heterogeneity analysis, it will be worthwhile to observe the morphology of 

HEWL aggregates in pH 12.2 in absence and presence of surfactant (SDS, CTAB) and DTT.  

For this purpose atomic force microscopy was employed. This is an excellent technique to 

demonstrate the morphological feature of aggregates.  Images of the HEWL samples using 

AFM were acquired at different conditions. 

Figure 3.2.2 A reveals topograph image of HEWL at pH 7 which appears monomeric 

as expected. The z- range (0-30 Å) indicates a flat profile.  

 Figure 3.2.2 B and C, Top and bottom topograph flattened images shows the 

heterogeneity in size and shape among aggregates of HEWL after 122 h, 136 h and 288 h of 

incubation at pH 12.2 in the absence of any additive. Morphology of HEWL indicates a 

mixture of aggregate population occurs at pH 12.2 and it exist as big aggregates at later time 

which is consistent with our gel filtration elution profile that eluted via void volume at later 

time. 
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 Figure 3.2.2 D, Top and bottom topograph images reveal well populated long thread 

like structures (~20 nm thickness) after continuous incubation for 172 hours in the absence of 

additives.  

However in figure 3.2.2 E bottom, amplitude images with z- range 0-50 nm were 

found well populated and dense fibrillar structure interwoven to each other and its, rarly seen 

in other condition. High z-range indicates that fibril is very long and interwoven.   They are 

similar to amyloid fibrils and characteristic to enhanced ThT fluorescence intensity. 

Interestingly, this is the first report of spontaneous formation of fibrillar structure of HEWL in 

pH 12.2 at room temperature.  

A 

 
 

Figure 3.2.2 A: Topograph AFM image of HEWL in pH 7.0 at 298 K, after 96 hours. 
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B 

 

 
 

Figure 3.2.2 B: On top topograph AFM image of HEWL in pH 12.2 at 298 K, after 122 

hours & bottom AFM image of HEWL in pH 12.2 at 298 K, after 136 hours. 
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C 

 

 
 

Figure 3.2.2 C: On top & bottom represents topograph AFM image of HEWL in pH 12.2 at 

298 K, after 288 hours.  
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D 

 

 
 

Figure 3.2.2 D:  On Top amplitude AFM image represents fibril of HEWL in pH 12.2 at 298 

K, after 170 hours. On bottom topograph AFM image of fibril at same condition.  
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E 

 

 
 

Figure 3.2.2 E: On top topograph & bottom amplitude AFM image of HEWL fibril in pH 

12.2 at 298 K, after 170 hours.  
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In the presence of 14 mM SDS (Fig. 3.2.2 F), Phase images of HEWL-SDS complex was 

presented like an outer layer of bound micellar SDS to HEWL aggregates. As well as series 

of small clusters among these big aggregates was also clearly evident. Unlike other samples 

in figure 3.2.2 F, the z profile was found 0.5V, and in figure 3.2.2 D top & E bottom, z- range 

was noticed 0-40 nm , whereas z height were noticed in the rage of 40-100 Å for all others 

images. These observations represent the presence of large species that eluted through the 

void volume in gel filtration analysis (see Fig. 3.2.1 C). 

 In contrast, Figure 3.2.2 G revealed comparatively smaller, unbound and single 

aggregates in the presence of CTAB, which is fairly matches with the higher elution volumes 

obtained in figure 3.2.1 F. 

 Figure 3.2.2 H shows that in the presence of DTT, the aggregates are mostly 

monomeric and compact similar to figure 3.2.2 A, which is native HEWL and consistent with 

the earlier results also.  
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F 

 

 
 

Figure 3.2.2 F: On top & bottom AFM phase image of HEWL in presence of 14 mM SDS in 

pH 12.2 at 298 K, after 120 hours.   
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G 

 

H 

 
 

Figure 3.2.2: (G) AFM image of HEWL in presence of 3 mM CTAB in pH 12.2 at 298 K, 

after 144 h and (H) in presence of 20 mM DTT in pH 12.2 at 298 K, after 120 h. 
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It is important to discuss the comparative investigation comparing with pH 7 

incubated samples, HEWL at pH 12.2 demonstrated time-dependent changes in the elution 

profiles that clearly reflect the presence of multiple aggregate species with varying size/shape 

redistribution of population among the different aggregate species with the progression of 

time. The steady growth and maturation of large aggregates was started prominently from 

120 h onwards. This remarkable reorganization among aggregate composition was not 

revealed from steady-state dansyl fluorescence anisotropy investigation (Homchaudhuri et 

al., 2006) possibly due to time and ensemble averaging. Resolving , the multiple (>2) 

rotational species occuring from a mixture of multiple- sized aggregates is not feasible using 

time-resolved fluorescence anisotropy, reason is limitations in data analysis and high signal- 

to-noise ratio required in data for that purpose.  Morphology of multiple aggregate species 

can discuss from AFM images. It was observed that HEWL forms globular like aggregates 

and spontaneous growth of fibrillar structure in pH 12.2 which is rarely seen in other 

condition. At higher concentration (mM) HEWL known to fibril formation at  mostly acidic 

pH with continuous heating and extra treatment (McAllister et al., 2005, Arnaudov et al., 

2005 and Krebs et al., 2005). Some group has found fibril at pH 9.2 in presence of 

surfactant (Moosavi-Movahedi et al., 2007). HEWL has forms fibril in some different 

condition also which was reviewed by Swaminathan and coworkers recently (Swaminathan 

et al., 2011). Here it is crucial to address that HEWL forms fibrils spontaneously in pH 12.2, 

which was not possible at other condition.  

In presence of anionic surfactants SDS, it is imperative to discuss the results obtained 

from figure 3.2.1 E, where shifts observed over subsequent days may perhaps be attributed to 

structural reorganization inside the HEWL–SDS complex making the SDS-aggregates 

complex more compact, which matches with  AFM figure 3.2.2 F (top & bottom). The minor 

peak at ~38 ml may be from elution of protein-free SDS molecules that exist. It is 

worthwhile discussing that, unlike previous studies (Stenstam et al., 2001), the surfactant 

(SDS) and the protein (HEWL), with a pI near ~11.3 (Wetter et al., 1951), are both 

negatively charged. In a similarly charged system, it has been shown previously (Moren et 

al., 1999), using NMR relaxation rates, that protein–surfactant micellar complexes are larger 

than protein-free micellar aggregates. From figure 3.2.2 F (top & bottom),   HEWL-SDS 

complex was presented like an outer layer of bound micellar SDS to HEWL aggregates. 

Aggregates appear physically large but their molecular packing loose and disorganized as 
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evidenced from the fast segmental motion of the dansyl group (Kumar, 2008). It has also 

been argued that the micelle-like interaction between SDS and HEWL at high pH is 

hydrophobic in nature (Chatterjee et al., 2002). The AFM images might be tracking the 

conglomeration of HEWL monomers in the presence of surfactants. The presence of such 

surfactant mediated protein networks have been discussed and proposed previously for the 

lysozyme–SDS complex system (Stenstam et al., 2001). 

 In presence of CTAB, It is likely that the HEWL–CTAB complex that is 

heterogeneous in size and shape accounts for the broad elution peak at ~20 ml. Overall, an 

elution peak at ~20 ml indicates that the protein is reasonably smaller and compact in the 

presence of CTAB, compare to SDS. A comparatively similar profile at three different times 

indicates that no major time-dependent changes in aggregate size/shape are taking place in 

the presence of CTAB. The elution volume observed beyond 35 ml is likely due protein-free 

CTAB molecules. Using AFM, Morphology of aggregates was also observed globular and 

smaller in size which is similar to gel filtration results. It is interesting to address that CTAB 

assist to HEWL aggregate in making compact and smaller size in pH 12.2 compare to SDS 

(see Fig 3.2.2 G and Fig. 3.2.1 F). Previously, it was shown that the formation of CTAB–

denatured lysozyme complex arise at the beginning stage of refolding, effectively inhibited 

the formation of aggregate, leading to an assist in refolding (Wang et al., 2005). In presence 

of DTT, shifting of elution volume near 23-26.5 ml and appearance of globular and smaller 

compact morphology from AFM image (see Fig 3.2.2 H) indicates that HEWL exist like 

more compact and smaller in size similar to native. It is likely that DTT is assisting to disrupt 

the formation of intermolecular disulfide bond. It is known that disulfide bonds distrupt under 

alkaline conditions (Anderson, 1975), subsequently these may get oxidized again with a 

different cysteine thiol group leading to disulfide scrambling and intermolecular disulfide 

bonds which leads to stable growth of aggreates in pH 12.2. 
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3.3 Conclusions 

1. HEWL in pH 12.2 forms multiple species of small and large aggregates. 

2. HEWL spontaneously forms fibrils as well as heterogeneous population of 

globular aggregates in pH 12.2 at room temperature. 

3. In presence of surfactant (SDS, CTAB) and DTT, fibril formation was not 

detected; however differences in size and morphology of globular aggregates 

were observed 

4. DTT has a profound inhibitory effect on aggregation of HEWL at alkaline pH 

12.2.  

5. Tight bunching among lysozyme fibrils was observed. 
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Characterization of HEWL aggregates after prior incubation with 

tri-N- acetylchitotriose and N-Acetyl-D- glucosamine (NAG) 

 

4.1 Introduction 

The aim of this investigation was to identify if small molecules like enzyme inhibitors can be 

used to inhibit the aggregation of HEWL at pH 12.2 and facilitate recovery of functional 

protein. Stabilizing the protein into its native state against misfolding and aggregation by 

increasing the activation energy barrier for unfolding, can slowdown the aggregation kinetics 

was studied (Hammarstrom et al., 2003). Previously inhibition of HEWL dimerization at 

alkaline pH was first observed by Sophianopoulos where glucose derivatives (NAG and its 

disaccharide and trisaccharide derivatives) displayed different degrees of inhibition against 

lysozyme aggregation (Sophianopoulos, 1969). The magnitude of their efficacy against 

HEWL dimerization was observed in order of trisaccharide> disaccharide> monosaccharide; 

however effect of these compounds on fibril formation was not studied. Does pre-incubation 

of HEWL with its competitive inhibitor, chitotriose (or its smaller sugar derivatives) at 

neutral pH 7 have any influence on its aggregation and fibrillogenesis in pH 12.2? In favour 

of this question important results are represented. 

4.2   Results and discussion 

4.2.1 Size of aggregates 

To get comparative information with respect to size and heterogeneity of HEWL oligomers 

in presence of additives, size-exclusion chromatography experiments were carried out. The 

elution volume of the eluting protein species is indicative of its size and shape in solution. 

Fig. 4.2.1 C shows the elution profiles acquired for control, NAG and chitotriose samples at 

early (column X) and late (column Y) time of incubation. HEWL at pH 7 showed a single 

elution peak at ~28 ml (see Fig. 4.2.1 A).  
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Figure 4.2.1A: Gel filtration elution profiles of lysozyme (100 µM), incubated in pH 7 at  

298 K. 
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Figure 4.2.1 B: Gel-filtration elution profiles of blue dextran 2 mg/ml. 
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Figure 4.2.1 C: Gel-filtration elution profiles of lysozyme (100 µM), incubated in pH 12.2 at 

298 K with or without (control) additives, for the times indicated, as monitored using 

absorbance at 280 nm. Column X indicates elution profiles at earlier times, while column Y 

shows the elution profiles after incubation period of ~144 h. 
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From figure 4.2.1 C, Column ‘X’ shows elution of a large aggregate tracked as a shoulder 

(~15 ml) in control, peak at  (~14 ml) in NAG and chitotriose samples. Subsequently, peaks 

at 17 ml (control) and 16 ml (chitotriose) are visible. NAG sample shows a shoulder at 16 ml. 

Later all three samples display a prominent peak between 21 and 22 ml, which may arise 

from oligomers of HEWL. At higher elution volumes, Only chitotriose sample shows a clear 

shoulder at ~26ml in contrast to NAG and control samples. This peak is quite closer to 

elution volume of native HEWL and is likely to be the sole functional fraction in the mixture 

of protein. Peaks observed later on at 37–38 ml, in NAG and chitotriose samples may 

originate from free species of NAG and chitotriose that were in excess. Column ‘Y’ in Fig. 

4.2.1 C reveals a fairly less heterogeneous elution profile after week-long incubation in 

alkaline pH. Both control and NAG samples show a prominent peak near 15 ml, while 

chitotriose sample reveals a small shoulder, consistent with SDS-PAGE data that revealed 

absence of large aggregates (Kumar et al., 2008). The prominent peak near 21–22 ml 

observed in column X and Y is present at almost identical position and similar intensity in all 

samples, suggesting that the oligomers are stable over several days. Possibly functional 

species eluting near ~26 ml observed in column X with appearance like shoulder in column 

Y as perhaps due to its diminished population. Unbound NAG and chitotriose from their 

respective samples show a rise in intensity at their elution (38–39 ml) in comparison to 

column X elution profiles. This can happen owing to loss of binding affinity between NAG or 

chitotriose and HEWL after prolonged incubation periods.  

4.2.2 Helical structure 

 It is worthwhile to observe the helical conformation of HEWL in presence of additives like 

chitotriose. Previous study has shown that HEWL activity changes in presence of NAG, 

chitotriose and control samples (Kumar et al., 2008). It means that HEWL may retain native 

conformations in presence of these additives. To investigate this in detail, the far-UV circular 

dichroism spectrum of HEWL samples was measured. Fig. 4.2.2 shows that after week-long 

incubation at pH 12.2, in presence of chitotriose HEWL sample shows a strong positive 

ellipticity near the 190 nm along and minimum at 208 nm, while in presence of NAG, HEWL 

sample shows a positive peak at 192 nm along and minimum near 208 nm. The control 
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sample shows a reduced positive ellipticity near 190 nm in comparison to chitotriose, 

likewise a minimum at 205 nm that is consistent with earlier data (Kumar et al., 2008). 

Beyond 210 nm, the CD spectra of NAG and control samples remains fairly similar. The 

chitotriosoe sample shows a negative ellipticity at 208 nm alongwith a positive band near 190 

nm coupled with absence of shoulder at 222 nm in comparison to native HEWL (Kumar et 

al., 2008). This suggests a low, but significant presence of helical content in presence of 

chitotriose. It apperas control sample possesses significantly reduced helical content in 

comparison to NAG and chitotriose samples. 

 

 

Figure 4.2.2: The far-UV CD spectra of HEWL (molar ellipticity against wavelength), are 

shown after incubation for 8 days in pH 12.2 at 298 K in presence of different additives as 

indicated and control. See ‘Materials and methods’ for more details. 

4.2.3 Accessibility of sulfhydryl groups 

 Earlier work from our group (Kumar et al., 2008), has indicated that intermolecular 

disulphide bonds between free thiol groups in HEWL play an important role for the stability 
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and assembly of aggregates at alkaline pH 12.2. Therefore based on this hypothesis, we 

proceeded to measure the accessibilty of free thiol groups of HEWL in presence of NAG and 

chitotriose. The concentration of free thiol calculated from the cysteine standard curve see in 

Fig. 4.2.3 A. Fig. 4.2.3 B shows that while control samples showed a maximum presence of 

free thiols after three days of incubation, while samples containing NAG or chitotriose 

revealed significantly lower concentration of free thiols. Moreover, while control samples 

displayed a steady decrease in concentration [–SH] with time (70–170 h), samples containing 

NAG and chitotriose showed an early drop of free [–SH] during period of 72–144 h prior to 

plateauing. The decrease in thiol concentration levels occurs due to formation of 

intermolecular –S–S-bonds and perhaps inaccessibility of –SH groups to DTNP owing to 

growth of aggregates. The minor increase in [–SH] for chitotriose samples in comparison to 

NAG is not significant. Thus it appears that reduced but significant growth of aggregates 

does occur in presence of NAG or chitotriose also. The thiol accessibility experiments show 

that concentration of free [–SH] is regionably lower at 72 h (Fig. 4.2.3B) in both NAG and 

chitotriose samples compare to the control.  
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Figure 4.2.3 A: Cysteine standard curve for thiol estimation. 

 

Figure 4.2.3 B: Changes in the concentration of free thiol groups in HEWL (5 µM) at 

different times subsequent to incubation in pH 12.2 with chitotriosoe and NAG or without 

additives (control) as indicated. 
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4.2.4 Morphology 

Employing the atomic force microscopy, morphology of HEWL aggregates like fibrillar 

aggregates and globular aggregates in presence and absence of chitotriose and NAG were 

investigated. In Fig. 4.2.4 A shows amorphous aggregates of HEWL (~200 nm, long 

uncorrected axis), while 4.2.4 B reveals ordered aggregates of HEWL resembling amyloid 

fibrils (~30 nm uncorrected thickness) in the absence of NAG and chitotriose. These 

observed different morphologies suggest that protein exist as a mixture of amorphous 

aggregates as well as fibrillar forms in the pH 12.2. Similarly, in presence of NAG at pH 

12.2, HEWL was shown a heterogeneous mixture of amorphous aggregates (100–300 nm, 

uncorrected long axis) in Fig. 4.2.4 C, along with clearly distinguishable  fibrils (~ 25 nm 

thickness) was visible in figure 4.2.4 D. These results are supported from the high 

fluorescence intensity observed with ThT in HEWL pH 12.2 and in presence of NAG 

(Kumar et al., 2008). In Figure 4.2.4 E and F, show morphology of HEWL with prior 

overnight incubated in pH 7 of chitotriose under alkaline condition for 41 and 26 days of 

incubation, respectively. But neither the ordered fibrillar HEWL nor large amorphous 

aggregates were exhibited in presence of chitotriose, although, small oligomers (~150 nm×50 

nm) were found.  
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A 

 
 
 

Figure 4.2.4 A: Topograph image of HEWL amorphous aggregates in pH 12.2 at 298 K, after 
incubation of 37 days. 
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B 
 

 
 
 
 

Figure 4.2.4 B: AFM topogarph image of HEWL fibrillar structure in pH 12.2 at 298 K after 

37 days of incubation. 
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C 
 

 
 

 

Figure 4.2.4 C: AFM topograph image of HEWL amorphous aggregates in pH 12.2 in 

presence of NAG, after 25 days incubation period. 
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D 
 

 
 
 
 

Figure 4.2.4 D: AFM topograph image of HEWL fibrillar structure in pH 12.2 in presence of 

NAG, after 35 days incubation time. 
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E 
 
 

 
 
 
 

Figure 4.2.4 E: AFM topograph image of HEWL oligomer in pH 12.2 in presence of 

chitotriose, after 41 days of incubation period. 
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F 
 

 
 
 

Figure 4.2.4 F AFM amplitude image of oligomer of HEWL pH 12.2 in presence of 
chitotriose, after 26 days of incubation period. 
 
 
 
It will be worthwhile to discuss the results where it was observed change in size of 

aggregates, exposure of free [–SH], helical content and morphology in presence of 

chitotriosoe, NAG and control.  The gel- filtration elution profile indicates prominently 

native like HEWL fraction (eluting near 26 ml) at 186 h of incubation, including at 86 h 

some small fraction seems to be native. With decreasing the size of aggregate, 

simultaneously helical content was retained, which appears from the CD data (see Fig. 4.2.2). 

Apart from these, AFM images reveal absence of fibril and the mixture of oligomers, which 

is consistent from the elution profile of chitotriose (see Fig. 4.2.1 C). All these results display 

that HEWL oligomerisation is not completely suppressed in prior presence of chitotriosoe, 

while control sample display fibrillar as well as big globular aggregates, incubated in pH 

12.2. Perhaps, in presence of chitotriose HEWL slows down the aggregation kinetics of 

HEWL at significantly, enabling recovery of a significant fraction of functional protein even 
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after one week of incubation at alkaline pH. This has also observed from activity of bound 

chitotriose and NAG to HEWL (Kumar et al., 2009). It was observed control sample 

possesses significantly reduced helical content in comparison to NAG and chitotriose 

samples. In presence of NAG, gel filtration data display heterogeneous size of aggregates, 

which could be both larger and smaller aggregates, even at later time of incubation (208 h). It 

also retains a lower extent of helical content in comparison to chitotriose sample. However 

different morphology of these aggregates (in presence of NAG) was observed like globular 

and well organized branched fibrillar structure (see 4.2.4 C & D), which was not seen in 

presence of other sugar molecule earlier. This is consistent with our gel-filtration result 

where big aggregates eluted near void volume (~15 ml), while no shoulder was observed 

near 26 ml.  

 The free [–SH] results of HEWL with NAG and chitotriose suggest that the presence low 

level of free [-SH] are either sufficient or does not have role in fibril formation rather larger 

aggregates formation. This could be due to stabilization of protein sufficiently against 

unfolding to minimize exposure of disulfide bonds to the alkali.  

 These findings clearly have evidence that trisugar like chitotriosoe are able to arrest 

further HEWL aggregation and fibrillization at pH 12.2, whereas the single sugar, NAG does 

not show any inhibitory effect. With reference to earlier findings, like Sophianopoulos work 

(Sophianopoulos et al., 1969), these finding on suppression of aggregation with NAG and 

chitotriose are consistent with earlier work and unlike his study, the present investigation was 

involved with a relatively more dilute protein (~100 µM) and a much harsh pH (12.2). 

Interestingly, it can address that most of  the investigation have been presented on inhibition 

of HEWL aggregation at acidic pH (~2) using small molecules like, 4-aminophenol and 2-

amino-4-chlorophenol (Vieira et al., 2006), rifampicin (Lieu et al., 2007), indole and its 

derivatives (Morshedi et al., 2007) and p-benzoquinone (Wang et al., 2006). Zhou and 

coworkers showed that crowding HEWL solutions at pH 2 with BSA with or without Ficoll 

70 inhibited amyloid fibril formation (Zhou et al., 2008). However our investigations 

demonstrate that inhibitor of lysozyme enzyme like chitotriose significantly suppress the 

fibrillization in pH 12.2. Putting altogether, our results emphasize to discuss that chitotriosoe 

could be the screen as inhibitor molecule against the human lysozyme systemic amylodosis. 

Interestingly, chititriose has shown the binding property to human lysozyme (Kuramitsu et 

al., 1975). 
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4.3 Conclusions 

1. The trisaccharide, tri-N-acetylchitotriose inhibits growth of big aggregates 

which could be used as specific suppressor molecule to arrest the HEWL 

aggregation at alkaline pH 12.2. 

2. The tri-N-acetylchitotriose inhibits for further fibrillation but N-acetyl-D-gluco-

samine favours the fibrillation process of HEWL in pH 12.2 at later incubation 

time. 

3. In comparison to tri-N-acetylchitotriose NAG was a less potent suppressor of 

HEWL aggregation. 

4. Free [–SH] level of HEWL with NAG and chitotriose suggest that the presence 

of reduced level free [-SH] was either sufficient or does not have role in fibril 

formation. However HEWL amyloidogenic inhibition mechanism not fully 

studied in presence of chitotriosoe.  This can investigate in future at very low 

concentration of protein where it likely to form oligomer as well as fibrillar 

structure. 
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Decrease in size of hen egg white lysozyme aggregates with decrease in 

monomer concentration from micro to nanomolar in alkaline pH 

 

5.1  Introduction  

The terminal products in the protein aggregation pathway, the ordered aggregates like mature 

amyloid fibrils, have been isolated and structurally characterized (Nelson et al., 2005). 

However, the intermediates in this pathway, like nucleated species and the ‘soluble 

aggregates’ or oligomers formed post-nucleation, have proved difficult to isolate and 

characterize. Ironically, it is these oligomers which are implicated to be toxic in vivo and 

responsible for cell death (Bucciantini et al., 2002, Lambert et al., 1998, Walsh et al., 

2006).  Knowledge of the factors favoring the growth kinetics of oligomers and amyloid 

fibrils are critical to develop strategies to control and arrest their formation. The normal 

physiological concentrations of proteins like Aβ are in the nM range (Lue et al., 1999, 

Nitsch, et al., 1995), yet majority of studies  in vitro  require concentrations that are far 

higher (~µM) to induce Aβ aggregation. In order to mimic physiological conditions, it would 

be worthwhile to investigate protein aggregation at sub-micromolar concentrations.  

Consequently, proteins and solution conditions that induce aggregation at nM concentrations 

are ideal models to study. Low monomer concentrations are also likely to facilitate isolation 

of oligomers which are important players in cytotoxicity.   Hen egg white lysozyme 

(HEWL), which has been shown to form amyloid fibrils in vitro under a plethora of 

conditions like acidic pH, alkaline pH, disulphide reduction, guanidine hydrochloride, 

ethanol, mechanical agitation and so on, is currently among the best known model proteins to 

investigate protein aggregation (Swaminathan et al., 2011).  Here in this work HEWL used 

as a model system to investigate the different oligomeric intermediates in HEWL aggregation 

pathway at pH 12.2 and this can be kinetically trapped and their structural features monitored 

at near equilibrium by varying the initial monomer concentration between 120 µM and 0.3 

µM. Such oligomers are shown to remain proficient to form amyloid fibrils. Our results 

reveal that average size of these oligomeric intermediates diminishes gradually when 

monomer concentration is reduced from 120 µM to 0.3 µM.  
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5.2  Results and discussion 

5.2.1 Onset of aggregation measured by fluorescence resonance energy transfer 

(FRET) 

The association of monomers is the initial step of aggregation. Tracking the initial steps in 

aggregation events require sensitive techniques and for this aim FRET was employed. 

Previously this event has been studied using FRET between dansyl (donor) and dabcyl 

(acceptor) probes labeled at N-terminus lysine (Adair et al., 1994). Using FRET, an 

aggregation event was monitored in pH 12.2 at sub-micromolar concentrations. The gradual 

decrease in emission intensity and change in λ max was shown in Fig 5.2.1C-F and no change 

was observed in pH 7, Fig. 5.2.1A-B. Based on the integrated area of emission intensity, 

intermolecular FRET efficiency was calculated (see Eq. in material and methods) from 

Figure 5.2.1G reveals the rise in intermolecular FRET efficiency with time when dansyl and 

dabcyl labeled HEWL were mixed with excess of unlabeled HEWL at pH 12.2.   The early 

rise in FRET (0-6 hrs) is followed by saturation after 10 hrs for all monomer concentrations 

from 0.3 to 120  µM, suggesting that growth of aggregates reaches at equilibrium after 10 

hours of exposure in pH 12.2. Here both the magnitude and rate of change in FRET 

efficiency are observed to increase with decrease in monomer concentration from 120 to 3 

µM. The apparent faster kinetics and higher magnitude of FRET efficiency at lower (3 and 

0.3 µM) compared to higher (50 and 120 µM) concentrations may be accounted to the effect 

of dilution. There are 4 unlabeled proteins for every donor/acceptor labeled HEWL at 3 and 

0.3 µM, while this number is 238 at 120 µM.  The presence of multiple acceptors in the 

neighborhood of a single donor, which can significantly enhance FRET, is unlikely 

especially at higher concentrations. For monomer concentrations 3 and 0.3 µM which 

possess the same ratio of donor or acceptor labeled HEWL to unlabeled HEWL, the marginal 

increase in FRET efficiency in 0.3 µM is perhaps due to relatively smaller size (more 

proximity) of oligomers compared to 3 µM. The faster rate of increase in FRET efficiency at 

0.3 µM hints appreciable aggregation kinetics at low concentrations. FRET efficiency for 50 

µM HEWL was significantly less at pH 7 compared to 12.2, highlighting the role of alkaline 

pH in promoting association of monomer. The error bars at pH 7 are higher because a small 

fraction of HEWL can form dimers at neutral pH as reported previously (Sophianopoulos et 

al., 1961). 
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Figure 5.2.1: (A) Spectra of 50 µM HEWL with 0.5 µM dansyl-HEWL at different incubation times 

in pH 7.0. (B) Spectra of 50 µM HEWL with 0.5 µM dansyl-HEWL and 0.5 µM dabcyl-HEWL at 

different incubation times in pH 7.0. (C) Spectra of 120 µM HEWL with 0.5 µM dansyl-HEWL. (D) 

Spectra of 120 µM HEWL  with  0.5  µM  dansyl-HEWL  and 0.5  µM dabcyl-HEWL (E) Spectra of 

0.3 µM HEWL with 0.05 µM dansyl-HEWL (F) Spectra of 0.3  µM HEWL with  0.05  µM  dansyl-

HEWL  and 0.05 µM dabcyl-HEWL. Fig. C-F samples were incubated in pH 12.2 at various times. 
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FRET data fitted using equation give below. 

                                  
0( ) ( ) kt

ss ss ss ssr t r r r e∞ ∞ −= − −  5.2.1 

 

             G 

 
 

Figure 5.2.1 G: FRET efficiency of HEWL labeled with dansyl-dabcyl pair at different time 

of incubation in pH 7.0 and pH 12.2.  
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5.2.2 Changes in local environment inside aggregates   

After probing the magnitude and rate of formation of aggregates, it was interesting to 

investigate the microenvironment in the aggregate interior. The non-polar nature of such 

interiors, arising from shielding of bulk water, is indicative of the aggregate architecture. 

 5.2.2.1 Using dansyl conjugated HEWL 

Naphthalene derivative, dansyl chloride is well known probe, energetically favors to bind 

inside a non-polar pocket of the protein. Dansyl probe emission intensity and peak 

wavelength are dependent on surrounding polarity (Brand, et al., 1972); therefore this probe 

was used for tracking the change in local environment inside aggregates. A fast and profound 

dip (blue shift) in emission λmax, was noticed for 120  µM HEWL, which is indication of a 

developing hydrophobic environment around the dansyl probe, (see Fig. 5.2.2.1 A), while 

lower concentrations show a more gradual and shallower dip trend in emission λmax with time 

that is noticed clearly concentration dependent.  The dip feature reflects growth based 

changing in molecular packing around dansyl probe inside the aggregate. Similarly, maximal 

increase in normalized total emission intensity was observed at pH 12.2 for 50 & 120 µM 

concentrations, while 2 µM & 0.3 µM shown marginal increase and slight dip line, 

correspondingly. Here too, the magnitudes of changes in quantum yield (0.9-1.4 fold) were 

clearly proportional to HEWL monomer concentration.   

 5.2.2.2 Using ANS  

A covalently conjugated dansyl probe does not enjoy full freedom to available 

microenvironments in the entire aggregate sample. Hence ANS was selected for monitoring 

exposed hydrophobic regions to entire aggregates, which is a well known  fluorescent probe 

which preferentially non-covalently  binds to the  exposed  hydrophobic regions  of protein 

displaying  enhanced fluorescence intensity  and blue-shifted emission  compared to water  

(Stryer, 1965 & 1968 ).  Figure  5.2.2.2 E shows a gradual decline (blue shift) in emission 

λmax of ANS (see Fig. 5.2.2.2 A-D for spectra) with time,  for concentrations 3-120 µM 

HEWL at pH 12.2, eventually decreasing gradually with  lowest value for 120 µM followed 

by 50, 10 and 3 µM in that order. HEWL at 300 nM is nearly insensitive to ANS perhaps due 

to lower protein concentration. HEWL at pH 7 is fairly insensitive to ANS due to non-
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availability of exposed hydrophobic sites in the native protein. In figure 5.2.2.2 F, the increase 

in good extent of total normalized intensity with time is displayed by 120 µM, followed by 

50, 3 & 10 and 300 nM in progressive order. The concentration dependent trends in both the 

blue emission spectral shift and increase in quantum yield of ANS with time are consistent 

with  a  quantitative increase in  number  exposed  hydrophobic pockets  inside  growing  

HEWL aggregates (which attract ANS) as one moves from 0.3 to 120 µM HEWL.   
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Figure 5.2.2.1: Dansyl-HEWL fluorescence emission. (A) Changes in emission λmax. (B) 

Integrated normalized emission intensity of dansyl-HEWL conjugates (0.05 µM for 0.3 µM 

HEWL, 0.5 µM for others) are shown at different time intervals subsequent to incubation of 

HEWL at concentrations 0.3, 2, 50 & 120 µM in pH 12.2 and 2, 50 & 120 µM in pH 7. 
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Figure 5.2.2.2: (A) Spectra of 10 µM ANS in absence and presence of HEWL  (3 µM in 

assay cuvette) taken from HEWL samples incubated for 6 hours in pH 12.2 at concentrations 

3, 10, 50 & 120 µM. (B) Spectra of 10 µM ANS in absence and presence of HEWL  (3 µM in 

assay cuvette) taken from HEWL samples incubated for 24 hours in pH 12.2 at concentrations 

3, 10, 50 & 120 µM. (C) Spectra of 10 µM ANS in absence and presence of 0.3 µM HEWL 

incubated for 6 hours in pH 12.2. The sample was excited at 380 nm (1 nm slit width) and 

emission collected with a slit width of 16 nm. (D) Spectra of 10 µM ANS in absence and 

presence of 0.3 µM HEWL incubated for 24 hours in pH 12.2. The excitation and emission 

slit width was 1 nm & 8 nm except 0.3 µM emission slit width was 16 nm. 
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Figure 5.2.2.2: (E) Changes in ANS emission λmax. (F) Integrated normalized emission 

intensity  of ANS (10  µM) in presence of  HEWL  are  shown  for different time intervals 

incubation of HEWL at concentrations 0.3, 3, 10, 50, & 120 µM in pH 12.2 and 3 µM in pH 

7.   
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5.2.2.3 Using tryptophan fluorescence quenching 

Tryptophan (trp) is normally buried in the hydrophobic interior of protein; hence accessibility 

of trp is a good indicator of exposed non-polar regions of a protein in solvent. The average 

accessibility of six trp residues during growth of HEWL aggregates in pH 12.2 was probed by 

quenching of trp fluorescence using KI (Eftink, et al., 1991). Figure5.2.2.3B reveals the 

change in bimolecular quenching constant kq at different times during the growth of HEWL 

aggregates (see figure 5.2.2.3A for Stern-Volmer plots and Table 5.2.2.1). Unlike ANS and 

dansyl probe data, variation in kq with time is less, perhaps due to averaging among trp(s) in 

varied locations. It is evident that HEWL likely formed oligomers at 300 nM concentration 

possess exposed hydrophobic residues (trps), confirming significantly higher kq at all 

incubation times, compared with oligomers formed with 3 & 120 µM HEWL. The kq 

observed for NATA is fairly close to value observed (Kumar et al., 2007) in 6 M guanidine 

HCl (2.4 x 109 M-1s-1). Taken together the trp quenching results clearly suggest that average 

exposure of trp in HEWL aggregates decreases as HEWL monomer concentration is 

increased. These results also corroborate the aggregates size dependent exposure of trp, which 

is seen more at lower concentration like 300 nM HEWL, expectedly due to presence of small 

aggregates, which posses accessible trp. Interestingly the mean fluorescence lifetime of trp at 

0.3 µM HEWL shows an increase from 1.9 ns to 2.7 ns over 24 hours (Table 5.2.2.1) unlike 3 

and 120 µM samples, indicating a change in environment around trp(s) for 300nM. 
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  A 

 
 

Figure 5.2.2.3 A: Stern-Volmer plots for quenching of tryptophan at pH 12.2 by iodide:  

Stern-Volmer plots for quenching of tryptophan in 0.3 µM HEWL are shown in top row for 

different incubation times in pH 12.2 starting from 0 h (leftmost) followed by 6, 12 and 24 hrs 

(rightmost). Similar plots are shown for 3 µM HEWL (second row from top), 120 µM HEWL 

(third row) and 3 µM NATA (bottom row). The dashed lines reveal the linear regression fit 

used to calculate the KSV (see Table 5.2.2.1) 
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Table 5.2.2.1: Calculation of bimolecular quenching constant kq from Ksv and fluorescence 
lifetime. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          

Condition 
 

Incubation 
time (hrs) 

τm (ns)    Slope 
(Ksv  M-1) 

kq 
(M-1s-1  x  109)

0 1.90 2.20 1.16 

6 2.15 
 

2.66 
 

1.24 
 

12 2.26 
 

3.49 
 

1.55 
 

 
 
 

300 nM 
HEWL 
pH 12.2 

 24 2.69 
 

3.19 
 

1.19 
 

0 2.06 
 

1.28 
 

0.62 
 

6 1.94 
 

1.34 
 

0.69 
 

12 
 

1.98 
 

1.25 
 

0.63 
 

   
 
 

3 µM  
HEWL 
pH 12.2 

 24 2.06 
 

1.65 
 

0.80 
 

0 1.95 
 

1.34 
 

0.69 
 

6 1.93 
 

1.35 
 

0.70 
 

12 1.97 
 

1.00 
 

0.51 
 

 
 
 

120 µM  
HEWL 
pH 12.2 

 24 2.20 
 

1.16 
 

0.53 
 

0 1.70 
 

3.81 
 

2.24 
 

6 1.64 
 

3.96 
 

2.42 
 

12 
 

1.77 
 

3.43 
 

1.94 
 

 
 
 

5 µM 
NATA 
pH 12.2 

 
 

24 1.82 
 

3.21 
 

1.76 
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            B 
 

 
 

Figure 5.2.2.3 B: Bimolecular quenching constant of tryptophan in HEWL (0.3 µM, 3 µM 

and 120 µM) and N-acetyl-L-tryptophanamide (NATA, 5 µM) are shown at different time 

intervals after incubation in pH 12.2.   
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Figure 5.2.2.3: (C) Fluorescence intensity decay of tryptophan in 300 nM HEWL in pH 12.2 at 0 h. (D) Fluorescence intensity 

decay of  NATA in pH 12.2 at 6 h. 
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Figure 5.2.2.3 E: Fluorescence intensity decay of tryptophan in 300 nM HEWL in pH 12.2 at 

24 h. 
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5.2.3 Size of aggregates is concentration dependent      

Does the growth kinetics and molecular mass of HEWL aggregate depend on monomer 

concentration? To know these answers, the rotational dynamics of the whole aggregate was 

investigated at different times post incubation in alkaline pH as a function of monomer 

concentration. The fluorescence anisotropy of covalently conjugated dansyl probe was 

employed to measure the Brownian rotational motion of whole aggregate.  The long 

fluorescence lifetime (~13 ns) of the dansyl probe is ideal to monitor the slow global rotation 

of the large aggregate over a time window of 0-100 ns.  

  Previous studies from our lab have demonstrated that changes in  fluorescence  

steady state anisotropy  (rss) of the dansyl probe is an excellent indicator for growth changes 

in HEWL  aggregate, since fluorescence lifetime of the conjugated dansyl probe remains 

fairly invariant with progress of aggregation  (Homchaudhuri et al., 2006, Kumar et al., 

2008). The variation of rss in dansyl–HEWL conjugates with time of incubation in alkaline 

pH for multiple monomer concentrations are shown in Fig. 5.2.3 A.  It was observed that at 

pH 12.2, rss increases gradually during 0-24 hours, for all monomer concentrations from 3 

µM to 120 µM, followed by saturation at later times. The magnitude of increase in rss is 

strongly concentration dependent, revealing the highest increase for 120 µM followed by 50, 

20 & 3 µM in that order.  In comparison at 0.3 µM however, the rss is at its lowest with 

comparatively little increase during 0-24 hours.  The control at pH 7 with 50 µM HEWL, 

reveals practically no significant change in rss consistent with earlier observations 

(Homchaudhuri et al., 2006).   The fluorescence lifetime of the same dansyl-HEWL 

aggregates were nearly constant under prolonged incubation times and across monomer 

concentrations (see Fig. 5.2.3 M and Fig. 5.2.3 N & O) under similar conditions. This implies 

that increase in rss occurs owing to slowing of rotational motion in HEWL-dansyl conjugates.  

The fitted parameters of increase in anisotropy in pH 12.2 for different HEWL concentrations 

are shown in Table 5.2.3.1. It is evident that rate constant, k, for increase in anisotropy (Eq. 

5.2.3.1) is almost invariant (0.22-0.27 hr-1) across monomer concentrations, suggesting that 

each addition of a monomer during oligomer elongation probably has an identical rate.  

Overall results clearly suggest that at pH 12.2: a) the rotational dynamics of dansyl probe is 

slowed down with time due to growth of aggregates and b) the growth-dependent slowing in 
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rotational dynamics of HEWL-dansyl conjugate is clearly proportional to HEWL monomer 

concentration.  

                                A 

 
 

Figure 5.2.3 A: Steady-state anisotropy  of dansyl-HEWL: Change in  steady state-

fluorescence anisotropy  of dansyl-HEWL conjugates at different time intervals in presence  

of 0.3, 3, 20, 50 & 120  µM  of HEWL incubated in  pH 12.2  and  50 µM in  pH 7 is shown  

along with fitted curve  (for pH 12.2 only). See table 5.2.3.1 for parameters extracted from 

fitting the growth curves. Using equation given below.  

                                    
0( ) ( ) kt

ss ss ss ssr t r r r e∞ ∞ −= − −                    5.2.3.1 

         Where, ssr∞  refers to ssr  at infinite time, 0
ssr  refers at time t=0 and k denotes the rate 

constant for increasing in anisotropy. 
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To further confirm these results, time-resolved fluorescence anisotropy measurements were 

performed.  Figure 5.2.3 B-K show the raw anisotropy decay curves for HEWL-dansyl 

conjugates, after 12 and 24 hours of incubation in alkaline pH 12.2, at multiple 

concentrations. The decays were tail fitted to a sum of two exponentials (Eq. 5.2.3.2), 

extracting two rotational correlation times. The slower correlation time (φ2) was interpreted to 

reveal the average global tumbling rate of the aggregate ensemble in the solution, which is 

directly proportional to its spherical hydrodynamic volume as per the Stoke-Einstein equation. 

Figure 5.2.3 L displays a comparative slower correlation time (φ2) and fitted slower 

correlation time (φ2) was shown in table 5.2.3.2& 5.2.3.3 after 12 and 24 hours. It was shown 

that at pH 7, φ2 is 4.4 ns, which is a good agreement with previous results (Nishimoto et al., 

1998), corroborating the predominantly monomeric nature of HEWL at this pH. Interestingly, 

At pH 12.2, we observe a progressive increase in φ2 as increase monomer concentration from 

0.3 µM (~7 ns) to 120 µM (~26 ns). No significant differences in φ2 are noticeable between 

12 and 24 hours. It must be emphasize that φ2 values reported here for higher monomer 

concentrations are more reliable compared to our earlier reports for 40 (Homchaudhuri et 

al., 2006) and 120 µM (Homchaudhuri et al., 2006) for two reasons: a) The anisotropy 

decay here is sampled over a larger time window (0-100 ns), following a complete decay for 

analysis, b) The decay here is acquired in 4096 time/channels with a better time resolution 

compared to earlier. Together with results obtained in Fig. 5.2.3 B-K, these data clearly 

conclude that size of HEWL aggregates increase as the monomer concentration is elevated. 
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Table 5.2.3.1: Parameters extracted (using equation no. 5.2.3.1) from fits for growth in 

steady-state anisotropy shown in figure 5.2.3 A 

 

 

 

 

 

 

 

 

Table 5.2.3.2: Tail fit analysis (using equation no. 5.2.3.2) of anisotropy decays shown in 

Figure 5.2.3 B-F & Figure 5.2.3 G-K 

 

Eq. used for fit, ( ) 1 2/ /
1 2

t tr t A e eφ φβ β− −= + +   5.2.3.2    

Where, A is constant dependent on G- factor, β denotes the amplitude for φi, φ1 and φ2 refer to 

the fast and slow rotational correlation times, respectively. As the 0.15 ns IRF pulse-width is 

negligibly small in comparison to the time scale of protein rotational motion (> 4 ns), the 

extracted values of φ2 by this tail-fit approach are not affected by consequences of IRF 

convolution. 

[HEWL] pH rss
∞ rss

0 k 
(hour -1) 

r2 

0.3 µM 12.2 0.070 0.062 0.274 0.46 

3 µM 12.2 0.142 0.093 0.240 0.98 

20 µM 12.2 0.172 0.098 0.231 0.97 

50  µM 12.2 0.206 0.102 0.218 1.0 

120 µM 12.2 0.254 0.117 0.224 1.0 

Figure 
5.2.3 

HEWL [µM], 
         pH 

Incubation 
time 

(hours) 

A φ1 
(ns) 

φ2 
(ns) 

β1 β2 χ2 

B 3, pH 7.0 12 0 0.16 4.5 0.08 0.92 1.03
C 0.3 , pH 12.2 12 0 0.12 7.4 0.07 0.93 0.97
D 3 , pH 12.2 12 0.006 0.54 11 0.03 0.97 1.02
E 20, pH 12.2 12 0.002 0.16 13 0.02 0.98 1.04
F 120 , pH 12.2 12 0 0.72 28 0.01 0.99 1 
G 3 , pH 7.0 24 0 0.14 4.3 0.08 0.92 1.1 
H 0.3 , pH 12.2 24 0 0.12 5.3 0.09 0.91 1.01
I 3 , pH 12.2 24 0.004 0.24 9.8 0.03 0.97 1.02
J 20 , pH 12.2 24 0.002 0.54 15 0.02 0.98 1.03
K 120 , pH 12.2 24 0 0.76 26 0.01 0.99 0.99
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Figure 5.2.3 B-F: Fluorescence anisotropy decay for various concentration of HEWL-dansyl 

labeled at 12 h, Fig. B for pH 7 and all others are pH 12.2 incubated samples.  
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Figure 5.2.3 G-K: Fluorescence anisotropy decay for various concentration of HEWL-dansyl 

labeled at 24 h, Fig. G for pH 7 and others all are pH 12.2 incubated samples.  
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Figure 5.2.3 L: Represents variation in long rotational correlation time (φ2) of dansyl-HEWL 

labeled with different concentration at 12 and 24 h in pH 12.2 and pH 7. 
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Table 5.2.3.3: Observed average of global rotational correlation time (φ2) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[HEWL], pH Time of 
incubation 

(hours) 

φ2 (ns) 

3 µM, pH 7.0 12 4.5 ± 0.0 

0.3 µM, pH 12.2 12  7.9 ± 0.8 

3 µM, pH 12.2 12 10.6 ± 0.4 

20 µM, pH 12.2 12 14.5 ± 2.4 

120 µM, pH 12.2 12 26.9 ± 2.3 

3 µM, pH 7.0 24   4.4 ± 0.0 

0.3 µM, pH 12.2 24   6.9 ± 2.2 

3 µM, pH 12.2 24  9.7 ± 0.2 

20 µM, pH 12.2 24 14.7± 0.3 

120 µM, pH 12.2 24 25.8 ± 0.8 
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Figure 5.2.3 M: Mean fluorescence lifetime (τm) of dansyl-HEWL conjugates: The variation 

in mean fluorescence lifetime of dansyl probe in dansyl-HEWL conjugates is shown against 

time of incubation in pH 12.2 for different HEWL concentrations. The filled symbols show 

the mean lifetime (τm), measured from emission collected at 438 nm using a monochromator, 

while unfilled symbols show mean lifetime measured from whole emission collected using an 

excitation cutoff filter. 
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Figure 5.2.3 N & O: Fluorescence intensity decay of labeled dansyl-HEWL incubated in pH 12.2 for 24 h.  
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Figure 5.2.3 P: Dynamic light scattering represents HEWL size distribution in pH 12.2 and 

pH 7 after 26 h incubation.  
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5.2.4 Accessibility of sulfhydryl group among aggregates  

Hen lysozyme contains four disulfide bonds which is prone to cleave after transferring in pH 

12.2 and can remain as eight free –SH group. In support of this, earlier work by us has 

revealed that aggregates in HEWL are stabilized by formation of intermolecular disulfide 

bonds in later time (Kumar et al., 2008, Kumar et al., 2009). However rate of extent of bond 

cleaving was unknown, whether it is dependent on monomer concentration or time of 

incubation in pH 12.2? For this purpose confirmation, presence of free thiol was measured in 

HEWL aggregate as function of incubation time for monomer concentration like 120, 50, 20 

µM (Experiment was not possible below concentration of 20 µM). Figure 5.2.4 A shows that 

within hours of exposure in alkaline pH, almost all –SH groups in HEWL are accessible to 

DTNP (see spectra in Fig. 5.2.4 B), which are independent of monomer concentration. These 

thiols continue to remains accessible to DTNP for duration of 96 hours. DTNP being 

uncharged, does have the ability to penetrate deeper inside the protein in comparison to its 

benzoic acid derivative DTNB.  The [–SH] concentration however reveals a downward trends 

suggesting loss of a few –SH bonds perhaps to form intermolecular –S-S- bond. The above 

results suggest that most if not all thiols in HEWL are free and accessible in the aggregates 

independently against monomer concentration in the range of 20- 120 µM.  
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Figure 5.2.4 A: Free –SH present in HEWL incubated in pH 12.2 at various times for 

different concentrations. 
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Figure 5.2.4 B: Spectra of DTNP in presence of free –SH present in HEWL incubated in pH 

12.2 at various time. Fig. 5.2.4 C: Cysteine std. curve against various concentrations for 

calculating –SH, for DTNP assay. 
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5.2.5 Morphology of aggregates is concentration independent  

The external appearance of aggregates can reveal a lot about the nature of the aggregate, 

including their origin. For this purpose, aggregates formed with different concentration of 

monomers namely, 0.03 0.3, 3, 50 and 120 µM were observed using AFM after 12 hours of 

incubation at 301 K in alkaline pH 12.2. In Fig. 5.2.5 A &B morphology of 3 µM pH 7 

incubated samples was shown. Its z-height and particle size dimension indicates the 3 µM in 

pH 7 exist mostly in monomer (Kumar et al., 2008). Figure 5.2.5 C reveals the rope like 

binding morphology of fibril in presence of 3 µM while another image in Fig. 5.2.5 D was 

presents globular aggregates. Other images depicts branched like fibrillar morphology (see 

Fig. 5.2.5 E & F) at 3 µM, which has seen also from HEWL in acidic condition (Arnaudov 

et al., 2005, McAllister et al. 2005). Figure 5.2.5 G - M represents the morphology of 

aggregates in presence of 0.3 µM HEWL in pH 12.2, and Figure 5.2.5 N-Q reveals 

morphology of aggregates in presence of 30 nM HEWL in pH 12.2. Here both types of 

aggregates like globular (see Fig 5.2.5 G & Fig. 5.2.5 O), and mostly long (1 to >3 µM) 

fibrillar aggregates was found. It is interesting to track the fibrillar aggregates of HEWL at 

nano molar concentrations like 300 nM and 30 nM. Figure 5.2.5 H and I depicts the 

germination of fibrillar aggregates observed at 0.3 µM monomer concentration. Image 5.2.5 

H highlight multiple instances where thin pointed structures (perhaps early fibrils) appear 

originating in multiple directions from globular aggregates. Some aggregate from another 

sample is shown in image 5.2.5 I, from where multiple fibrillar structures originate in a radial 

geometry. Image 5.2.5 J & K dictate fibrils from Fig. 5.2.5 I at higher resolution after a fresh 

scan. Here it is interesting to observe the twisted protofilaments in the fibril. Apart from 

different fibrillar feature, long fibrils were noticed at nM concentration range also.  From 

figure 5.2.5 N & P, at 30 nM HEWL concentration long fibril also was shown (1 to >3 µM).  

Figure from 5.2.5 R indicates crowded, wavy and branched like fibrillar structures, which is 

observed from 120 µM samples after 12 h of incubation. However from 50 µM HEWL 

sample unfortunately only globular aggregates was able to tracked (see Fig. 5.2.5 S). In 

contrast to pH 7, at pH 12.2, images show clumps of protein that resemble globular 

aggregates with a heterogeneous size distribution as well as long, thread like structures, 

resembling amyloid fibrils with noticeable branching.  These observations using AFM have 

shown a larger likelihood and predominance of amyloid fibrils at lower monomer 
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concentrations (≤ 3 µM) than higher at early times (~12 hours). Higher monomer 

concentrations (50-160 µM) revealed tightly bunched well populated amyloid fibrils at long 

duration (25-31 days) of incubation in alkaline pH 12.2, probably owing to higher 

concentrations and their origin in a radial geometry as mentioned above (see Fig. 5.2.5 T-V). 
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A 

 

B 

 
Figure 5.2.5 A & B: Topograph AFM image of 3 µM HEWL in pH 7.0 at 301 K after12 h of 

incubation. 
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C 

 

D 

 
 

Figure 5.2.5 C & D: Topograph AFM image of 3 µM HEWL in pH 12.2 at 301 K after 12 h 

of incubation. 
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E 

 

F 

 
 

Figure 5.2.5 E & F: Topograph AFM image of 3 µM HEWL in pH 12.2 at 301 K after 12 h 

of incubation. 
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G 

 
H 

 
Figure 5.2.5 G & H: Topograph AFM image of 300 nM HEWL in pH 12.2 at 301 K  

after 12 h of incubation. 

TH-1058_05610608



Chapter 5 

 125

I 

 

 
 

Figure 5.2.5 I: Amplitude AFM image of 300 nM HEWL in pH 12.2 at 301 K after 12 h of 

incubation. 
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K 

 
 

Figure 5.2.5: 300 nM HEWL in pH 12.2 at 301 K after 12 h of incubation. 

(J) Represents topograph AFM image (K) Represents 3 D of topograph AFM image  
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M 

 
 
Figure 5.2.5: 300 nM HEWL in pH 12.2 at 301 K after 12 h of incubation. 

(L) Represents topograph AFM image (M) Represents 3 D of topograph AFM image  
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N 

 

O 

 
Figure 5.2.5: AFM image of 30 nM HEWL incubated in pH 12.2 for 12 h  

(N) Amplitude image. (O) Topograph image. 
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Q 

 
Figure 5.2.5: AFM image of 30 nM HEWL incubated in pH 12.2 for 12 h 

(P) Amplitude image. (Q) 3D amplitude image. 
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R 

 

S 

 
Figure 5.2.5: (R) Topograph AFM image of 120 µM HEWL (S) Amplitude image of 50 µM 

HEWL. Both sample incubated in pH 12.2 for 12 h at 301 K.  
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U 

 
Figure 5.2.5: AFM image of HEWL in pH 12.2 at room temperature. (T) Amplitude image 

of 50 uM after 25 days (U) Topograph image of 75 uM after 30 days. 
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V 

 
 

Figure 5.2.5 V: Topograph AFM image of 160 µM HEWL in pH 12.2 at room temperature 

after 31 days of incubation. 

 
It is worthwhile to discuss that while FRET efficiency nearly saturates after 8 hours (Fig. 

5.2.1 G), anisotropy data reveal little change after 11 hours (Fig. 5.2.3 L), ANS emission 

exhibits profound changes between 0-24 hours for ≥ 3 µM HEWL. This result reflects 

dynamic rearrangements within the growing aggregate interior, leading to concentration 

dependent dense molecular packing, therefore favoring an increasingly hydrophobic core. 

Existence of such molecular packing inside HEWL aggregates after 6 hours has been reported 

previously from the slow segmental mobility of dansyl probe with 40 (Homchaudhuri et al., 

2006) and 120 µM (Kumar et al., 2008) HEWL. In support of   above validation, trp 

quenching data (Fig. 5.2.2.3 B) indicates two fold higher accessibility for trp(s) in 0.3 µM 

HEWL compared to aggregates from 120 µM. This argument is further strengthened by the 

systematic rise of global rotational correlation time (φ2) in dansyl-HEWL conjugates due to 
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rise in molecular volume arising from growth of oligomers (Fig. 5.2.3 B-K). The oligomers 

formed with 0.3 µM HEWL are probably growth stalled, small unstructured dimers/trimers 

with exposed tryptophans and fast rotational tumbling. Assays of free thiols in HEWL (see 

Fig. 5.2.4 A, B and C) reveal that formation of aggregates during 96 hours of incubation at pH 

12.2 are not stabilized by disulphide bonds unlike at later times (Kumar et al., 2008). In 

addition previous experiments with 150 mM KCl have demonstrated that electrostatic forces 

have no role in holding the aggregates together (Homchaudhuri 2005)., As ANS data 

suggest, It seems that the aggregates are held together predominantly by hydrophobic 

interactions. Indeed, aggregates stabilized by short-range attractive hydrophobic forces, have 

been shown to grow bigger in size (Sahoo et al., 2009) as observed here. Are HEWL 

aggregate(s) distributed among multiple/broad range of aggregate sizes OR does it form 

aggregates of a single/narrow range of sizes? Dynamic light scattering (DLS) experiments 

performed with 120 µM HEWL (lower concentrations like ~20 µM gave poor S/N ratio) 

incubated for 26 hours in pH 12.2 (see Fig. 5.2.3 P) reveal a broad heterogeneous size 

distribution (peaks at Rh ~2.0 (monomer), 12.5 & 17.4 nm and shoulders at Rh ~9.0 & 28.7 

nm) of the aggregates, clearly support against selective increase in population of a specific 

oligomer. A previous model of HEWL self-association at pH 6 and 298 K has proposed a two 

equilibrium association with monomers, dimers and trimers (Hampe et al., 1982). The 

discrepancy in sizes revealed by DLS and time-resolved anisotropy suggests that shapes of the 

oligomers could be irregular as seen by AFM images. The oligomers formed with different 

monomer concentrations represent stable equilibrium intermediates in aggregation pathway of 

HEWL at pH 12.2 that can be isolated and investigated further. The AFM images (Fig.5.2.5 

G-M) clearly show that ordered aggregates resembling amyloid fibrils can originate from 

small oligomers at 0.3 µM. From the low rss and fast φ2 for 0.3 µM samples, it appears 

unlikely that these fibrils are present in any detectable amounts in solution. Significant 

presence of fibrils would have resulted in longer correlation times as reported earlier (Jha et 

al., 2009). Interestingly formation of fibrils directly from globular aggregates suggesting 

absence of intermediate step like a protofibril. These widely recognized, curly worm-like 

intermediate structures were never observed by us during AFM imaging of HEWL samples at 

pH 12.2. Interestingly, the lengths of the fibrils, originating radially in figure 5.2.5 I different, 

suggesting different rates of their elongation. We observed that at short incubation times (~12 

hours), fibrils were more likely to be seen at lower monomer concentrations (≤ 3 µM) 
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compared to higher (≥ 50 µM) using AFM. Indeed it has been predicted that at high monomer 

concentrations, rate of molecular contact between a growing fibril and a monomer, varies 

inversely with protein concentration. Further monomer addition to fibril can be consider 

through dock-and-lock mechanism, such that the rate-determining step in the monomer 

addition is the lock phase in which both the preformed oligomer and the monomer undergo 

combined conformational changes that form a stable antiparallel higher-order oligomer 

(Straub et al., 2011). In view of their small size and unhindered dynamics, oligomers at low 

concentrations probably adapt their conformation more rapidly to enable locking onto the 

fibril. Perhaps, lower concentrations allow sufficient relaxation time for oligomers to attain 

right orientation to lock into ordered aggregates, like in protein crystallization (Zhang et al., 

2003).Generally, protein polymerization has been modeled as either nucleation-dependent 

polymerization (NDP) or isodesmic (linear) polymerization (Kumar et al., 2010, Frieden et 

al., 2007). The NDP model demands: 1) a lag phase whose duration depends on protein 

concentration, 2) a critical concentration below which polymerization does not occur, 3) 

disappearance of lag phase on addition of pre-formed nuclei (seeds), and 4) dependence of 

rate of polymer elongation on protein concentration. Figure 5.2.3 A clearly shows that 

features 1 and 4 of NDP model are NOT validated here. Further, investigations using AFM 

(see Fig. 5.2.5 N-Q) have revealed HEWL aggregation even at concentrations as low as 30 

nM. At this concentration (30 nM) globular and fibrillar aggregates was observed. hinting at 

absence of a critical concentration. Attempts to enhance growth of fibrils by seeding have not 

been successful either (data not shown). An isodesmic model has been proposed earlier for 

HEWL (2.8-10 mM) association at pH 4.6 in presence of 0.5 M NaCl with a much lower 

equilibrium constant of 118 M-1
 (Price et al., 1999). Our observations clearly demonstrate 

that pH 12.2 is an ideal condition to investigate HEWL aggregation at very low concentration. 
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5.2.6:  Model for HEWL aggregation at pH 12.2 

 
 

Figure 5.2.6: Represents the possible mechanistic pathway for aggregation in pH 12.2 

 
                                                                        pH 12.2 

                                                  M                              B       

 B +B  B2 →→→→  fibrils 

B2 +B  B3→→→→  fibrils 

B3 +B B4 →→→→  fibrils 

Bn +B Bn+1 →→→→ fibrils 

     

                                                             Scheme 1 
 
Figure 5.2.6 and Scheme 1 depicts a possible mechanistic model for HEWL aggregation at 

pH 12.2 based on the above observations. Exposure to pH 12.2 causes rapid partial unfolding 

of the native protein M, resulting in monomer B with exposed hydrophobic regions. This 

triggers the process of aggregation forward forming small oligomers (B2). Further 
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spontaneous addition of partially unfolded monomers enables the oligomers to grow bigger 

(B3, ..., Bn) in a concentration dependent way. Low concentrations of M kinetically trap the 

oligomeric intermediates (B2 and higher) by arresting their growth, however under 

appropriate conditions or after long times, these oligomers retain the ability to form fibrils. 

Previous reports based on aggregation and amyloid formation of HEWL at acidic pH 

stipulate incubation of high monomer concentrations (>1 mM) for several weeks at 37-57 ºC 

(Krebs et al., 2000, McAllister et al., 2005). Apparently, the electrostatic repulsions 

between large positively charged HEWL molecules act as a barrier against amyloid 

formation. In contrast, the net charge of HEWL at pH 12.2 is likely to be small owing to its 

pI at 11.3, thus enabling facile formation of oligomers and amyloid fibrils even at sub-

micromolar concentrations. Earlier on work with HEWL under acidic condition (pH 1.6 and 

65 oC) has shown no amyloid fibril formation with 50 µM lysozyme upto 170 hours, 

suggesting a critical concentration >50 µM at this condition (Mishra et al., 2007). It was also 

shown that fragmentation of the HEWL polypeptide by acid hydrolysis forming the 49-101 

peptides was essential for efficient fibril formation. In contrast, our earlier work (Kumar et 

al., 2008) has shown that significant fragmentation of HEWL at pH 12.2 occurs only after 16 

days; hence it is unlikely that fragmentation has any role in fibril formation at alkaline pH 

after 12 hours. In another work under acidic conditions (1.2 mM HEWL, pH 2.0 with 175 

mM NaCl), HEWL monomers have been shown to form uniformly sized oligomers (Rh ~3.8 

nm) which after reaching a threshold concentration triggered protofibril nucleation. Later 

protofibrils grew when oligomers added on to ends of protofibrils (Hill et al., 2009). It is 

thus obvious that changing to alkaline pH has a dramatic influence on the mechanism of 

HEWL aggregation. 
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5.2.6 Conclusion 

Taken together, our results clearly suggest that the following:  

1. Progressive decrease in HEWL monomer concentration causes progressive 

reduction in size of HEWL oligomers at pH 12.2. 

2. Growth of HEWL oligomers with higher monomer concentrations reveal deep 

hydrophobic interiors in contrast to those formed with lower concentrations of 

HEWL. 

3. Fibril formation of HEWL at pH 12.2 proceeds through an isodesmic mechanism.  

4. All oligomers, irrespective of the monomer concentration are competent to form 

amyloid fibrils. 

5. Length and thickness of fibril does not dependent of initial monomer 

concentration.  
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Structure and dynamics of s-carboxyamidomethyl cysteine derivative 

aggregates of hen egg white lysozyme in alkaline pH 12.2 at room 

temperature 

 

6.1 Introduction 

Our previous work has shown that free thiol groups play a role in stable growth of aggregates 

which follows covalent interaction based aggregation (Kumar, 2008). Other than lysozyme, 

like β- lactoglobulin undergoes intermolecular covalent aggregation (Carrotta et al., 2001). 

Hence objective of this work was to suppress HEWL aggregation at pH 12.2 through 

chemical modification of –SH groups instead of using any external inhibitor, which halts the 

formation of non native intermolecular disulfide bonds that arise from reduction  of –S-S- 

bonds. For this purpose free -SH was derivatised using iodoacetamide which block the 

formation of disulfide bond (-S-S-) in pH 12.2. We could successfully block the 50-70% of 

free –SH group (see Material and Methods), as confirmed by DTNP assay which gives color 

product reacting with free –SH. Subsequently aggregation phenomena were investigated and 

significant result presented here. 

6.2 Results and discussion 

6.2.1 Alteration of exposed hydrophobic regions 

Monitoring the alteration of hydrophobic regions is one of the important approaches to 

ascertain if the growth of aggregates either suppressed or accelerated. Hence it is worthwhile 

to investigate the exposure of hydrophobic regions of S-carboxyamidomethyl cysteine 

derivativatized HEWL, which can confirm whether aggregation was hindered or accelerated 

while incubating in pH 12.2. For this purpose ANS dye was chosen, which binds non 

covalently to exposed hydrophobic regions and shows enhanced fluorescence intensity with 

blue shift of emission λ max (Stryer 1965, Parker et al., 1970). Using 10 µM ANS dye, the 

extent of exposed hydrophobic regions in free thiol blocked HEWL and control HEWL in pH 

12.2 after 48 hours and 144 hours (see Fig. 6.2.1) was checked. After 48 hours incubation, 

considerably enhanced ANS fluorescence intensity was observed on binding with thiol 
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blocked HEWL and red shift of emission λ max was noticed at 498 nm in contrast to control. 

However at similar time of incubation, the control HEWL sample showed slightly reduced 

ANS fluorescence intensity compared to –SH blocked HEWL, where emission λ max was blue 

shifted to 471 nm. As incubation time progressed to 144 hours, the –SH blocked HEWL and 

control HEWL bound ANS fluorescence intensity substantially decreased, while  emission λ 

max of HEWL control was similar to 48 hours incubation time. However a marginal blue shift 

of emission λ max was noticed from –SH blocked sample. The 10 µM ANS alone has not 

shown enhanced fluorescence intensity and shift from 526 nm emission λ max in pH 12.2. 

buffer. These results demonstrate that s-carboxyamidomethyl cysteine derivative of HEWL 

harbours more ANS binding sites that are less non –polar compared to unblocked HEWL. 

The ANS peak shift from 526 nm to 498 nm indicates that ANS molecules are buried inside 

moderately hydrophobic sites (non polar environment) of –SH blocked HEWL (Turner and 

Brand., 1968). However control (HEWL pH 12.2) sample possess deeply buried, more non-

polar environment for ANS. These results suggest that both HEWL either thiol free or thiol 

metylated HEWL exist at partially unfolded state in pH 12.2 at 48 h, however the thiol 

modified HEWL attains slightly flexible structure owing to absence of S-S bonds. Due to its 

flexible structure ANS is not protected by hydrophobic regions enormously, as confirmed by 

only slight ANS blue shift.  
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Figure 6.2.1:  ANS spectra with thiol blocked HEWL and control, incubated in pH 12.2 at 

301 K for different time. 

6.2.2 Presence of oligomers/fibrils 

Does the S-carboxyamidomethyl cysteine derivative of HEWL affect aggregation steps in pH 

12.2, and if so which are the aggregation steps affected by this modification? To ascertain 

this question, Thioflavin T assay of HEWL S-carboxyamidomethyl cysteine derivative was 

performed after 48 hours. For detail assay method (see Material and Methods chapter). At 48 

hours, normalized ThT fluorescence intensity from derivatised HEWL was found almost half 

compare to control HEWL pH 12.2 sample (see Fig. 6.2.2), which are known to give enhance 

ThT intensity after binding with mature fibril with increase in incubation time (Kumar et al., 

2008). It is likely that reduced Th T signal occurs due to presence of oligomers alone in 

sample which are known to bind with ThT (Carrotta et al., 2001, Ahmed et al., 2010), 

TH-1058_05610608



Chapter 6 

 141

however it has also reported that positive charge of Th-T can interact with negative charge of 

protein molecules which have no fibrils (Khurana et al., 2005).  

 

 
Figure 6.2.2:  Thioflavin T assay of thiol blocked HEWL and HEWL (control), incubated in 

pH 12.2 at 301 K for different duration. 

 

Further, as incubation time progresses from 48 hr to 240 hrs, ThT intensity was remained 

steady. It has been also noticed that error bar of ThT signal is high and fluctuating between 

48 to 240 hours (see Fig. 6.2.2), which suggests a heterogeneous population of oligomers and 

fibril among different control (unblocked) samples. 

6.2.3 Size and dynamics of aggregates 

If –SH blocked HEWL likely to forms globular aggregates in pH 12.2., and then further 

investigation of size and rotational dynamics of entire aggregates is required. In this respect 

steady state fluorescence anisotropy of dansyl labeled –SH blocked HEWL and dansyl label 

HEWL (see Material and Methods) was monitored at different incubation time, to measure 
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the Brownian rotational motion that is proportional to the size of molecules. Since, It has 

been shown that dansyl is an ideal probe due to its long life time (`~ 13 ns) for measuring the 

changes in fluorescence steady state anisotropy which indicates the size dependent growth of 

aggregates (Homchaudhuri et al., 2006) From figure 6.2.3 A, we observed that initially rss 

value of dansyl probe relatively increasing in both condition thiol blocked HEWL- dansyl 

conjugates and HEWL conjugates. However the rss value of dansyl –SH blocked HEWL 

started saturating in between 12-24 hours and it remains steady (rss ~ 0.10) even at longer 

time like 72 hours. Interestingly, the rss values of dansyl probe conjugates with control 

sample (HEWL pH 12.2) keep rising and it started to saturate also beyond 24 hours and 

become steady with higher rss value (rss 0.14) at 72 hours. Hence it is worthwhile to explain 

the how change in rss affect the rotational dynamics of dansyl conjugates of HEWL. Figure 

6.2.3 F and G show the fluorescence intensity decay of thiol blocked and control HEWL-

dansyl aggregates. Table 6.2.4 show the variation of mean lifetime (τm) with time. It is clear 

that fluorescence life time of dansyl probe remains unaffected during the rise in rss  shown in 

figure 6.2.3 A. Hence change in rss must arise due to change in rotational dynamics of HEWL 

aggregates. It has also noticed that rate constant, k for increasing anisotropy (from Eq. 

6.2.3.1) is changing, as seen in table 6.2.1. It means that possibly addition of monomer while 

oligomerzation occurs at slower rate in thiol blocked HEWL compare to control.  
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A 

 

Figure 6.2.3 A: steady state fluorescence anisotropy of dansyl-HEWL thiol blocked and 

dansyl-HEWL (control) in pH12.2. 

Table 6.2.1: Steady state anisotropy fitted parameter recovered for Fig. 6.2.3 A using 

equation        
0( ) ( ) kt

ss ss ss ssr t r r r e∞ ∞ −= − −    6.2.3.1 

  Where, ssr∞ represents rss at infinite time, 0
ssr  represents rss at t = 0. k represents the rate 

constant for increasing in anisotropy. 

Condition 
HEWL in pH 12.2 rss

∞ rss
0 k (hour -1) R2 

Thiol blocked 0.10 0.06 0.14 0.97 
Unblocked thiol 0.14 0.06 0.09 1.0 
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For obtaining more information, time resolved fluorescence anisotropy decay kinetic 

measurements were performed to measure the rotational correlation time of aggregates. For 

this experiment similar dansyl- HEWL conjugates and thiol blocked HEWL conjugates were 

used and sample incubated in pH 12.2 at 301 K. Measurements were acquired at 32 and 48 

hours after incubation (see detail Materials and Methods).   

 Raw fluorescence anisotropy decay data was fitted using equation  

( ) 1 2
1 2/ /t tr t A e eφ φβ β− −= + +                             6.2.3.2  

Where, A is constant dependent on G- factor, β denotes the amplitude for φi, φ1 and φ2 refer to 

the fast and slow rotational correlation times, respectively. As the 0.15 ns IRF pulse-width is 

negligibly small in comparison to the time scale of protein rotational motion (> 4 ns), the 

extracted values of φ2 by this tail-fit approach are not affected by consequences of IRF 

convolution. 
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B 

 
 

Figure 6.2.3 B: Fluorescence anisotropy decay kinetics of unblocked dansyl- HEWL in pH 

12.2 at 32 h. 
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Raw fluorescence anisotropy decay data was fitted using equation 6.2.3.2 

C 

 
 

Figure 6.2.3 C: Fluorescence anisotropy decay kinetics of blocked dansyl- HEWL in pH 

12.2 at 32 h. 
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Raw fluorescence anisotropy decay data was fitted using equation 6.2.3.2 

D 

 
 

Figure 6.2.3 D: Fluorescence anisotropy decay kinetics of unblocked dansyl- HEWL in pH 

12.2 at 48 h. 
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Raw fluorescence anisotropy decay data was fitted using equation 6.2.3.2 

E 

 

 

Figure 6.2.3 E: Fluorescence anisotropy decay kinetics of blocked dansyl- HEWL in pH 

12.2 at 48 h. 
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Table 6.2.2: Decay parameter recovered from tail fit analysis for 

Fig. 6.2.3 B, C, D & E 

 

 

 

 

 

 

Table 6.2.3: Average long rotational correlation time (φ2) recovered from tail fit analysis 

Condition 
HEWL in pH 12.2 Time (hours) Average 

φ2  (ns) S.D 

Thiol blocked  32 11.7 ±1.2 

Thiol blocked  48 11.6 ±0.5 

Unblocked thiol 32 21.4 ±1.2 

Unblocked thiol 48 22.7 ±2.5 

 

Figure 6.2.3 B-E represents the raw anisotropy decay curves for thiol unblocked & blocked 

HEWL-dansyl conjugates, after 32 and 48 hours of incubation at alkaline pH 12.2. Using the 

raw data the decays were tail fitted to a sum of two exponentials (see Eq. 6.2.3.2), acquiring 

two rotational correlation times (φ). The slower correlation time (φ2) corresponds to the 

average global tumbling rate of the aggregate ensemble in the solution which is directly 

proportional to its hydrodynamic volume as per the Stoke-Einstein equation. The average 

slower correlation time (φ2) with S.D is indicated in table 6.2.3 and individual φ2 has shown 

in table 6.2.2. The average slower correlation time (φ2 ) was found lower such as 11.7 ns 

&11.6 ns for the thiol blocked sample after 32 and 48 hours incubation time compared to 

unblocked sample at similar time such as 21.4 & 22.7 ns. These data suggest that once free 

thiol of HEWL is blocked to abolish the formation intermolecular disulfide bonds, the growth 

Condition 
HEWL in pH 

12.2 

Time 
(hours) φ1 (ns) α1 φ2 (ns) α2 χ2 A 

Thiol blocked  32 0.19 0.02 11.58 0.98 0.969 0.005 

Unblocked thiol 32 0.3 0.01 20 0.99 1.08 0 

Thiol blocked 48 0.1 0.04 11.24 0.96 1.1 -0.001 

Unblocked thiol 48 0.07 0.01 20.89 0.99 1.07 0.001 
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of aggregates in pH 12.2 diminishes as compare to unblocked HEWL. Hence we may 

conclude that formation of intermolecular disulfide bonds is critical for formation and 

perhaps stabilization of larger aggregates. 
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F 

 

Figure 6.2.3 F: Fluorescence intensity decay of thiol blocked dansyl-HEWL in pH 12.2.  
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G 

 

 

Figure 6.2.3 G: Fluorescence intensity decay of thiol unblocked dansyl-HEWL in pH 12.2. 
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Table 6.2.4: Fluorescence intensity analysis  

Condition Time 
(hours) 

τ1 
(ns) α1 

τ2 
(ns) α2 

τ3 
(ns) α3 

τm 
(ns) χ2 

1 0.17 0.02 4.89 0.08 14.74 0.9 13.7 1.1 

6 0.26 

 

0.01 

 

3.92 

 

0.09 

 

13.37 

 

0.894 

 
12.3 

 

1.06 

 

12 0.2 

 

0.02 

 

3.79 

 

0.1 

 

13.78 

 

0.88 

 

12.5 1.1 

 

Thiol 
blocked 
HEWL, 

pH 12.2 

48 0.28 

 

0.014 

 

4.99 

 

0.12 

 

14 

 

0.87 

 

12.8 

 

1.1 

 

1 0.15 

 

0.02 

 

5.06 

 

0.08 

 

14.72 

 

0.99 

 
15.0 

 

1.15 

 

6 0.22 

 

0.01 

 

4.85 

 

0.11 

 

14.58 

 

0.88 

 

13.4 

 

1.16 

 

12 0.78 

 

0.02 

 

5.77 

 

0.14 

 

14.66 

 

0.84 

 
13.1 

 

1.04 

 

HEWL, 

pH 12.2 

48 0.27 

 

0.01 

 

5.42 

 

0.13 

 

14.46 

 

0.86 

 
13.1 

 

1.09 
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6.2.4 Morphology of aggregates 

After monitoring hydrophobocity, presence of fibril assay, change in size of aggregates, it is 

really essential to compare the morphology of 70 µM thiol blocked HEWL and 70 µM 

unblocked HEWL morphology. For this purpose atomic force microscopy technique was 

employed. (For detail experimental parameters see in materials and methods). The AFM 

images were acquired after incubation of thiol blocked and free thiol HEWL in pH 12.2 for 

various duration. Topograph image was  captured at 72 h, shown in Fig. 6.2.4 A, indicating 

presence of small globular aggregates in large population which appears in z-scale ranging 

from 0-5 Å. It means that aggregates are flat owing to less molecular packing inside 

aggregates (Kumar et al., 2008). However topograph image with 0-10 Å z-scale shown in 

Fig. 6.2.4 B at 11 days, indicating as incubation time progresses, small population of large 

globular aggregates are likely to be seen in thiol blocked HEWL. Interestingly fibrillar 

structure was not detected while scanning more than hundred spot multiple times. This 

finding is supporting Th T assay where Th T fluorescence has also seen reduced compare to 

control. The morphology of free thiol containing HEWL was found like mixture of large and 

small globular aggregates (see Fig. 6.2.4 C & D ) Our earlier report has shown that 75 µM 

HEWL forms very well matured fibril in pH 12.2 after 30 days (Swaminathan et al., 2011). 
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A 

 

B 

 
 

Figure 6.2.4:  (A) Topograph AFM image of thiol blocked HEWL in pH 12.2, after 72 h and 

(B) Topograph AFM image of thiol blocked HEWL in pH 12.2, after 11 days. 
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C 

 

D 

 
 

Figure 6.2.4: (C) Topograph AFM image of HEWL in pH 12.2, after 8 days and (D) 

Amplitude AFM image at similar condition mention in ‘C’. 
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 Finally it is imperative to discuss that after modifying the free thiol HEWL are able to 

form only small globular aggregates but not fibrillar aggregates. What could be reason 

behind this either role of hydrophobic exposure or abolishing the formation intermolecular 

disulphide bond? Xie and coworkers discussed that dissociation of disulfide bonds in HEWL 

disrupt the compact native structure of and triggers to expose of buried hydrophobic residues. 

These exposed hydrophobic residues interacts each other and self assemble quickly as result 

amorphous aggregates are formed (Xie et al., 2011). Our findings are also matching from 

this report such as owing to its flexible conformation, hydrophobic interaction minimizes the 

molecular interaction which leads to slow down the aggregation process conversely strong 

hydrophobic interaction actively participates in accelerates aggregation which is evident from 

HEWL pH 12.2 incubated sample (Xie et al., 2011, Chiti et al., 2006, Kumar et al., 2008). 

It can also justify that intermolecular disulfide bonds play important role to maintain the 

degree of hydrophobic exposure which favours interaction between the molecules.  Results 

found in Figure 6.2.3 A-E, clearly suggest that size of HEWL aggregates is smaller after 

blocking the free thiol. It matches the results obtained from AFM image (see 6.2.4 A) where 

z-height was found less comare to control. It means that aggregates are flat and small owing 

to less molecular packing inside aggregates (Kumar et al., 2008). It has also reported that 

free thiol group play a role in growth of HEWL amorphous aggregates (Xie et al., 2011). 

Recently it has reported that the thiol alkylated human lysozyme is likely to form 

fibril in pH 2 at different temperature after 24 hours (Mossouto et al., 2011). Contribution of 

disulfide bonds to stability, folding and amyloid fibril formation in PI3-SH3 domain protein 

was investigated (Graña-Montes et al., 20011).  Interestingly, ThT and AFM results are 

consistent and suggest that fibril formation was suppressed after alkylating free thiol of 

HEWL in pH 12.2 at room temperature. It seems that intermolecular disulphide bond play a 

role in fibril formation. 
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6.2.5 Conclusions 

1. Exposed hydrophobic residues are responsible for formation of globular 

aggregates as seen in –SH blocked and unblocked HEWL samples. 

2. Free -SH plays a vital role in growth and stabilization of both amorphous as well 

as fibrillar aggregates.  

3. Modification of free –SH is a useful strategy to inhibit HEWL aggregation at 

alkaline pH. 
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