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Chapter 1

Introduction




Protein folding, misfolding and fibrillation

1.1 Introduction

Protein needs to fold into a specific three-dimensional structure, known as native
conformation, for its biological function. Cellular responses such as heat shock response and
unfolded protein response (UPR), are activated in the event of misfolding which might result
in proper refolding of the protein or protein degradation. When proteins fail either to fold
properly or to remain correctly folded in their optimally packed and functional states, it results
in accumulation of misfolded/unfolded proteins due to failure or dysregulation of these
processes which in turn results in protein misfolding diseases, generally referred as protein
conformational diseases.>® According to the landscape model, misfolded intermediates are
protein configurations that are kinetically trapped non-native structures dominated by low free-
energy.® Folding from such conformations must proceed by slow reconfiguration travelling
uphill in the energy surface and thus becomes more unfolded in energetic sense before
proceeding to the native state. Aggregation doesn’t proceed via global unfolding, but rather
involves a locally unfolded state accessed through thermal fluctuations and should be only
separated by low free-energy barriers from the native state.

These biologically non-functional forms of the proteins may accumulate to form
deposits of insoluble aggregates. Virchow was the first in 1851 to show that the aggregates on
cerebral corpora amylacea upon stained with iodine showed blue which further turned into
violet by the addition of sulphuric acid. He then suggested that the abnormal deposits could be
cellulose in origin and named it ‘amyloid’.* The nomenclature is still retained, in spite of the
fact that in 1859 Friedrich and Kekule showed these mass deposits to be indeed protein
aggregates.* This process of protein aggregation which can damage the functions of cells and
tissues, and leading to disease conditions are named as amyloidosis. Amyloidoses are
heterogeneous disease conditions that it may involve one or more organs.>® In the case of local
amyloidoses, the fibril deposits are observed in the organ/tissue where the precursor protein is
synthesized as it is commonly found in Alzheimer’s, spongiform encephalopathies,
Parkinson’s, and Huntington’s disease conditions. In systemic amyloidosis, the deposition of
fibrils occurs at different sites from where the precursor protein is expressed as in the cases of
human light chain amyloidosis, familial amyloidotic polyneuropathy, and lysozyme
amyloidosis and they are extracellular fibril deposits.>® So far, more than thirty disease
conditions are identified related to amyloidosis.>>"® Aging, mutations or conformational
changes in precursor proteins, defective proteolysis, an increase in local concentration of
precursor proteins, and association of amyloid enhancing factor (AEF) are considered to be

common disease causing conditions for amyloidosis, though all may not operate together.®
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Protein folding, misfolding and fibrillation

1.2. Fibril formation — a generic property of proteins

Studies suggest that the proteins which are non-amyloidogenic under in vivo conditions
can form fibrils, if appropriate solution conditions are provided.®*° This even includes a-helical
proteins such as myoglobin,'* cytochrome c¢,'?* and some plant proteins.}*> Hence, it is
widely accepted that fibril formation could be a generic property of almost all the proteins
irrespective of their sequence and native structure. Anfinsen’s classic experiments has shown
that the amino acid sequence of a protein chain contains all the necessary information to attain
the functional fold.'® The question that is intriguing for past four decades in the field of
structural biology is “how the one dimensional sequence of a protein determines the
biologically active conformation?”. Since the number of possible conformations of a
polypeptide chain is astronomically large and as main chains have identical composition but
differ in the side chain composition, how does a given sequence find its specific native structure
in a finite time. “As the doubling time of bacteria is nearly 30 minutes it is clear that evolution
has found an effective solution to this combinatorial problem”. 17 It is also proposed that when
the native structure of a protein is destabilized, the partially unfolded conformation can
facilitate specific intermolecular interactions to form fibrils.!8° Distinguishing feature of
folding is the extreme heterogeneity of the reaction and complex interplay between entropic
and enthalpic contributions to the free energy of the system during folding. Urea and guanidine
chloride (GdmCI) are commonly employed denaturants to obtain unfolded state of a protein.
Denatured protein usually resembles ‘random coil’ in which local interactions dominate
conformational behaviour and is extremely heterogenous both globally and at individual
residues.?>2 Number of accessible conformers may approach the number of possible
conformations discussed as in Levinthal’s paradox.??

The new view of protein folding provides a simple way of understanding why the
paradox is not a real problem.}”?! Denatured and folded state are separated by a sizeable
enthalpic difference of up to 30-100 kcal/mol ' and to achieve folding it provides a sufficient
bias of conformational space to avoid the need to search through an impossibly large number
of configurations. Fast two-state folding can occur, if collapse involves only a small subset of
highly stabilizing native contacts in the core region or nucleus.?*2* If there are more uniform
or hydrophaobic attractions between the residues, there is a rapid collapse to a disorganized
globule with the slow step in folding involving reorganizational events within a compact
ensemble of denatured states. Irrespective of the native secondary structure and the globular
state of a protein, populating an intermediate with ordered secondary structure and non-native

tertiary interactions with the propensity to form cross p-sheets through self-assembly process

3
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can convert any protein into amyloidogenic.>® This common mechanism of fibrillogenesis
further suggests that the organisms might have adapted protein fibril formation through
evolution. In fact, in many organisms including humans, amyloid fibrils are found to be

involved in their cellular physiology which is referred as ‘functional amyloids’.? 2526

1.3. Functional Amyloids

Amyloid structures are also naturally found in many functional roles,?27-28 though they
have been primarily associated with pathological behaviour ever since their discovery.?®0
Bacterial coatings,! catalytic scaffolds,? agents mediating epigenetic-information storage and
transfer, Orb2 (neuronal RNA-binding protein participating in memory consolidation in
Drosophila) has amyloid-like structure in its functional form.3? Adhesives® and structures for
the storage of peptide hormones®* represent prominent examples of such functional amyloid
materials. Amyloids often are energetically more favourable compared with the soluble native
state?® and represents a more general ordered state for proteins. Not just single cell organisms
possess amyloid scaffold but a key physiological role has emerged in the biosynthesis of
melanin in humans.23* A further natural application of functional amyloids has been revealed
recently in the secretory granules in pituitary glands in the form of high density packing of
peptide hormones.®*

Moreover, the scaling of interactions in amyloid fibrils can be compared with materials
and provides a platform for designing novel nanobiomaterials.®>% The nature of the
fundamental intermolecular interactions that bind their constituents into larger scale
hierarchical systems reflect the mechanical properties of materials.®” Bio-nanotechnology field
has been in limelight by recent advances that helped the broadening of the applications and
scope of hybrid nanomaterials in biological field. Unique architectures and exceptional
physical properties of carbon nanomaterials (such as fullerenes, nanotubes and graphene)® and
amyloid fibrils have attracted great attention and are eminent examples of functional
nanostructure materials of undisputed impact in nanotechnology. Combination of these two
classes of nanomaterials into functional hybrids is far from trivial. For an example, inhibition
or promotion of amyloid fibrillation by presence of carbon nanomaterials that in turn depends
on their structural architectures and starting amyloid proteins or peptides considered.®
Hybridizing desirable properties of these nanomaterials open up new avenues for use in

electronics, actuators, sensing, biomedicine*%4142-43 and structural materials.
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1.4. Structural features of amyloid fibrils
The amyloid fibrils formed by proteins show common structural features despite having

differences in amino acid sequences, varying native secondary structure contents, and
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Figure 1.1 (A) Solution-NMR obtained 3D structure of amyloid-beta fibril (1-42) (PDB id: 2BEG). (B) Left-
The crystal structure of human prion protein peptide with 6 amino acids GYMLGS (PDB id: 3NHC). Center
The structure of yeast prion HET-s (PDB id: 2KJ3) and Right: a peptide from transthyretin (PDB id: 3ZPK)*.

biological functions. Homotypic polymerization of monomers of size ranging from 3 to 30 kDa
results in fibrils that are typically long, unbranched filamentous structure with 5-15 nm in
diameter and several micrometers in length.45:46

X-ray fiber diffraction patterns of amyloids obtained from different proteins show
meridional reflections of ~4.8 A and equatorial reflections of ~10 A suggesting a regularly
repeating, ordered structural form with the general characteristic of cross-p structures. Due to
this common diffraction pattern, the amyloid disease conditions are sometimes referred as -
fibrilloses.* The fibrils are composed of multiple thin fibers called protofilaments intertwined
with each other. A single protofilament may contain two to six f-sheets separated by a distance
of~10 A. The protofilament consists of multiple p-sheets running parallel to the fiber axis, with
individual B-strands perpendicular to the fiber axis. The B-sheets are found to be in parallel or

antiparallel orientation, however, in most of the cases parallel orientation is preferred.4’

1.5. Fibrillation Mechanism and Kinetics
Two major goals in modelling any protein aggregation include: 1) validation of a
plausible mechanism by reducing a given proposal to a kinetic scheme whose predictions such

as time course of a reaction, concentration dependence, etc., can be compared with experiments
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and 2) determination of molecular ingredients, once available scheme has been established i.e.,
what are the rate constants and what factors determine their observed values.*®4° The key
question in any molecular self-assembly process such as in the formation of filamentous
structures as amyloid fibrils is to establish relation between the bulk experimental assays and
the individual microscopic steps that contribute to the overall reaction.®® In all the assembly
processes, there is a competition between the formation of intermolecular bonds and the greater
translational and rotational entropy of monomers in solution.524° An aggregate is termed post-
nuclear, if for a given concentration of monomers, their addition increases its stability rather

than decreasing. In Kinetic terms, once the nucleus size is surpassed, rate of monomer addition

saturation

spectral change

time

Figure 1.2 Representative kinetic profiles of protein fibril formation by nucleation-dependent (black) and
nucleation-independent (gray) pathways.

to the aggregate exceeds the rate of monomer loss, but not before.>® Major advances in
understanding the mechanism of protein aggregation as in the case of many chemical reactions
has been achieved by studying rate laws that govern the overall assembly process.>? Rate laws,
the workhorses of chemical kinetics are in general challenging in a closed form expression for
complex assembly pathways since the system consists of number of molecular species that can
interconvert through a multitude of processes.?%

The kinetics of amyloid fibril formation is analysed using different mathematical
equations representing simple exponential to complex secondary processes to interpret the
changes measured from different biophysical techniques. Broadly, the fibrillation steps may be
characterized into lag phase, elongation phase and saturation phase (Fig. 1.2). However, each
macroscopic phase can consist of many microscopic events to contribute which are continuous
and mutually influencing each other. Further, experiments to understand specific event could

also be performed. For instance, to monitor the elongation phase alone fibril seeds were added
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into protein monomers and the fibril elongation on the seed surface was followed.>*% In
another instance, polymeric surfaces were used to follow the fibril assembly in order to
understand specific physical interactions affecting the fibril aggregation mechanisms.%6:57
Some of the major models proposed to study aggregation is discussed below in the order of
their complexity of the rate equation rather than the chronological development of different

kinetic models.

1.5.1. Simple exponential kKinetics

During fibril formation, some of the proteins show a simple exponential (de)increase
of spectroscopic signals. In such cases, fibril formation is assumed to be a nucleus-independent
event as the monomeric-native forms could be the highest energy species in those proteins.
Once partially unfolded, fibril-facilitating conformation is attained, the process becomes
downhill polymerization. In such cases, first-order rate equations can be used to calculate the
rate of fibril formation.®*%85% This assumption has also been used to investigate the effect of
mutations and small ions on the rate of fibrillation. Also, studies with the specific objective to
probe the fibril elongation rate alone have used a simple exponential function to analyse the
kinetic profiles. For instance, in the case of seeding-induced fibril formation reactions (Fig.

1.3) where initial nucleation phase is not observed, this analysis

e

+ —-
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[P] + [ «<— [F
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Figure 1.3 Seed-assisted fibril formation process: Addition of monomeric (P) proteins to pre-formed fibril seeds
(S) leads to the formation of matured fibrils (F).

provides simpler solution.®® Generally, the fibril extension kinetics of seeded-fibrillation
reaction is described by, Fext = (ke [P1- kopf)[S] (1.1)

where, [S] is the number concentration of the seed, [P] is monomeric protein concentration and

ker and korrare the apparent rate constants of fibril elongation and dissociation, respectively. In



Protein folding, misfolding and fibrillation

this relation, it may be assumed that kos << kes [P] in most of the conditions which further
simplifies the equation. At the same time, during the conditions of fibril dissociation, the single
exponential function may not be enough to explain the biphasic kinetic profiles. Therefore,
exponential-linear functions or double-exponential functions are used to derive the kinetic

parameters® such as,

Forp = Ap+ A4 exp_ké rt=t) 4 4, exp_k:’/ff (t=to) (1.2)
where, Ao, A1 and A; are coefficients and k'»# and k% represent the rate constants of biphasic
Kinetics. However, these analyses assume that the fibril elongation reaction is a homogeneous
process, while secondary nucleation and related processes might also contribute to the change

in kinetic mechanism.

1.5.2. Three-stage kinetic models

As proposed by Oosawa & Kasai,®! the transformation of a globular protein to fibrillar
aggregation could be viewed as monomers forming linear aggregates which above certain
critical concentration form helical aggregates (Fig. 1.4). In later studies, the initial aggregates
were essentially suggested to be primary nucleus during fibril formation. Based on the
thermodynamic assumptions of aggregation-nucleation, nucleus is a stable identifiable
intermediate on the reaction pathway and in equilibrium with its monomers. The nucleation
rate is said to be controlled by both the equilibrium constant of nucleus formation and the rate
constant of nucleus elongation. Thus, the extent of protein monomers converted to aggregates
is given by,

1
[Pagg] = > kgl Ky [P]Vmu*2t2 (1.3)

where [P] is initial concentration of monomeric protein, AN is the number of monomers
forming the critical nucleus, Kn: is the equilibrium constant between monomers and the
nucleus, and kesis second-order fibril elongation rate. It is assumed here that ke is identical for
both seeded and non-seeded fibril forming reactions. It is also interesting to note that
polyglutamine aggregation kinetics which could be analysed using equation 1.4 showed that
the critical nucleus contains only one monomer (Nzz=1). Hence, it is reasonable to assume that
the nucleus formation could be ‘“unfavourable protein folding reaction” rather than
aggregation.®? Further fibril elongation occurs by the interaction between the nucleus and other
unfolded polypeptide chains.

Another form of three-stage kinetic model was proposed by Lee et al. for the proteins

which are in such cases, oligomer dissociation is considered to be the fibril initiation process

8
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which is followed by nucleation and fibril assembly. In this model, dissociation of oligomers

may be replaced with protein misfolding

A
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Figure 1.4 Three-stage fibril formation model: (A) At above the critical concentration, monomeric protein forms
nucleus. The addition of further monomers with the nucleus leads to fibril elongation at an exponential rate. (B)
Relative free energies of different species in the fibrillation reaction.

event for other proteins which could further lead to fibril formation. For instance, fibrillation
of insulin is initiated by dissociation of hexameric protein (P*s) into monomers followed by
nucleation (Page) and elongation to form matured fibrils (F) as given in Scheme 1.5 The rate
of fibril mass balance could be calculated as,
dF/dt = (N?Knu+ — Nio Kip+)F? + (Kio+ [Pini] — 2 Nio Knu+ — ko) F + Knus [Pini]>  (1.4)

where, N is mean fibril size, [ P is initial concentration of monomer, knu+, km+ and km-are
apparent rate constants for nucleation, fibrillation, and fibril dissociation, respectively. The two
real roots of the quadratic equation, r1, and r2, correspond to steady-state fibril concentrations.

The solution for equation (1.4) is given as,

(ra—71)
Ttexp (E-to)/kel (1.5)

where, ke is the apparent fibril elongation rate and ¢-2 ke corresponds to lag time which can

[Fl=mr+

be calculated from the following relations:
1/ ket = (Nio keo+ - Neo 2Knu+) (r2-ra) and (1.6)
to = kel In ('rZ/r]_) (17)
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It is assumed here that knu+ km+ and km- are independent of the size of the nucleus. This
equation is similar to the empirical relation proposed by Fink et al.% to calculate lag time and
elongation time of fibrillation process by assuming three-stage kinetics of nucleation,

elongation, and saturation.

Y=o (1+exP_(J:it1/z)/kel) (1.8)
where, y is experimentally observed optical signal, y: and yr are the initial and final values of
the signal during kinetics, ti/2 is the time to reach half of the maximum signal, and ke is
elongation. The lag time or nucleation time (tiag) can be evaluated as (ti2 - 2ker). This equation

has been used in many experiments to calculate the kinetic parameters. 5465

1.5.3. Secondary-nucleation models

Understanding the microscopic events during the polymerization of proteins has been
of interest since the gelation of haemoglobin S (HbS) was characterized. HbS gelation is a
major event in sickle cell disease.*® Based on the concentration dependence of the kinetics, the
stochastic behaviour in small volumes and the auto-catalytic property of polymerization, HbS

aggregation was modelled using double-nucleation or secondary-nucleation mechanism.

®9

fragmentation

dlsmtegratlon g .
elongation
soluble oligomers/
monomers  nucleation  Protofilaments — (g -

fragmentation
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primary pathway secondary pathway

Figure 1.5 Schematic representation of different microscopic events during protein fibrillation reaction. Adapted
fromrefs [51, 65].

This model proposes that the polymerization is initiated by formation of primary homogeneous
nucleus. It is followed by the addition of oligomers on the surface of existing nucleus called
heterogeneous nucleation (or secondary nucleation)*® (Fig. 1.5). Though the loss of

translational and rotational entropies due to aggregation thermodynamically unfavours the
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polymerization, the intermolecular interactions favour the process. At a certain aggregate size,
the addition of monomers become favourable compared to the loss of monomers from the
aggregate which is referred as ‘critical nucleus’. The size of such a nucleus is generally
considered to be varying with respect to the protein and the environmental conditions. Further
addition of monomers on the surface of the nucleus and subsequent growth of the fibrils are
considered as irreversible steps. The kinetic models for HbS have also shown that the
mechanism, thus the kinetic parameters, could be better explained by assuming heterogeneous
size distribution of the nucleus. However, this model has limitations such as it does not include
the effect of ordering and the spatial orientation of the monomers.*8:4°

Secondary-nucleation model has been further extended to analyze the kinetic profiles
of the other proteins as well since this could explain the events involved in the sudden
exponential increase in the rate of fibril growth after a lag period. The kinetic equations have
been developed to address the mechanisms where fibril formation is a nucleation-dependent
process and the formation of primary nuclei is slower than the elongation rate. Further, the
secondary nucleation processes which assist the formation of additional nuclei from
protofilaments are also involved in the fibril growth. The importance of fibril fragmentation
as a part of the secondary process comes from the experimental results showing the sensitivity
of fibril growth rate against mechanical shear.

The kinetic equation incorporating all these microscopic events could be expressed in

terms of either number concentration #» or mass concentration [F] of fibril growth rate®®5 as

following:
= —Kt —ct _ Nnu knus [Peoe] Vru—")
E, = Cie™" + (e 2k, (1.9)
[F] _ 2kfrpy [Prot] € okt _ 2kppy [Pot] Cz ekt _ Knu+ [Proe |V
) ‘ Krb- (1.10)

where, C1 and C; are constants, NV is the size of the nucleus, [ Pr is total protein

concentration, and knu+, km+, and ks - are the rates of nuclei formation, fibril elongation, and

fibril fragmentation, respectively. ¥ (= v2ketk—Pror) represents the rate of multiplication of
filament.

The rate of filament multiplication «k is a crucial parameter and is influenced by both
fibril elongation rate kel and the fragmentation rate ks,-. The above equations assume that the
rate of nucleus fragmentation is independent of filament length. It was also noted that sigmoidal
growth Kinetics were observed as a result of secondary nucleation even in the absence of rate

limiting primary nucleation events. This is in contrast to the classical homogeneous-nucleation
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depended polymerization where the initial aggregation determines the lag phase of fibrillation
kinetics. This is further confirmed by the analysis of kinetic parameters which showed that the
maximal rate (tmax = x°* log [1/C+] where C- is integration constant during solving the Kinetic
equation) depends only on the rate of filament multiplication (k) and not on the other
parameters such as primary nucleation rate. However, at the concentrations where protein
monomers are sufficiently lower than the seed concentration; k could be essentially related with
lag phase by,
tiag = [log (1/C+) — exp+1] « * (1.12)

This could be understood in a way that in the absence of seeded-fibrillation, primary nucleation
is the essential step. However, when secondary-nucleation is active, the lag phase is determined
by the early growth rates of fibrils. Under these conditions as well, a correlation between the
lag phase and maximum fibril growth rate could be observed due to the fact that both of them
depend on a single parameter, i.e., the rate of filament multiplication (k).

Reaction order is another crucial factor in the rate equations. The order of aggregation
(n) during fibril formation can be obtained from the scaling behaviour of macroscopic kinetic
parameters (lag time, elongation rate, or half-time).>°

typ o0 [P]’ (1.12)

where y is the scaling factor. The slope of a log-log plot of half-time against protein
concentration gives the value of y. If the kinetics is dominated by primary nucleation pathway,
y is approximately equal to —n¢/2. On the other hand, if the kinetics is dominated by secondary
pathway, y =~ —(1+ny)/2 (where, nc and n represent the order of primary and secondary
nucleation processes, respectively). In a secondary nucleation dominated pathway, if n, = 0
(i.e., y = -%), it will suggest that the fibrillation is a monomer-independent secondary pathway.
If no > 0, it will suggest that the fibrillation is monomer-dependent. In the monomer-
independent process, the rate depends only on the existing fibrils and the rate limiting step
would be fibril fragmentation whereas in the monomer-dependent process the rate limiting step
includes the secondary nucleation of monomers on the existing fibrils’ surface.’® The
distinction between the dominance of primary and secondary nucleation pathways may be
identified by analysing fibrillation at the early stages, where the monomeric protein
concentration is nearly constant and aggregate formation is less. During this period, the relation
between reaction rate and aggregate formation could provide information on the nucleation
process. If the reaction follows a simple primary-nucleation process, the early changes in the

rate might be quadratic in time, ~t?. If some intermediate species are involved, it may attain a
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slightly higher order polynomial. However, the involvement of complex primary nucleation
reactions and the dominating secondary-nucleation reactions would lead to very higher order
or exponential functions. In those scenarios, the contribution of secondary-nucleation could be
studied only through separate experimental procedures such as seeded experiments. At the
same time, analysing the later part of the kinetics could predict the fibril growth mechanisms.

The combined mechanism of secondary nucleation along with the nucleation
polymerization could also occur during fibrillation.®” Following initial aggregates, protofibrils,
and the matured fibril formation by AB-peptide using AFM has shown that the protofibrils may
adapt different fibril elongation pathways such as lateral addition and fragmentation,
simultaneously. The concentration-dependent changes in the kinetic profiles and the analysis
of AFM images collected at different time points during the fibrillation process also support
this mechanism.®

Based on the above knowledge and framework, objectives have been designed to get
an understanding about the relation between the solvent-cosolvent environment and their effect
on fibrillation mechanism. Also, the relation between the effect of different kinds of small
molecules on kinetics and the associated rate constants can provide a larger picture about the
proteins’ capacity to respond to the surrounding environment which can be correlated with
some of the conditions prevailing in vivo. Small molecules such as surfactants®®, sugars,”
polyols,’%"2 jonic liquids,” salts,”* alcohols,” even variation of solution pH effect the protein
structure via various mechanism’s’®’""® and can significantly alter the various phases of
fibrillation013 79-80 The structure that will normally be adopted in the fibrils will be the lowest
in free energy and/or the most kinetically accessible. What is clear, therefore, is that the
interactions of the various side chains with each other and with solvent are crucial in
determining the variations in the fibrillar architecture even though the main-chain interactions
determine the overall framework within which these variations can occur. Though the final
fibril structure may have common features irrespective of the initial protein sequence and
structure, the mechanism of fibril formation may be different depending on varying intrinsic
and extrinsic factors. Probing all the microscopic events during this process is difficult.
However, the analysis of kinetic profiles of fibril formation obtained at different concentrations
and environmental conditions could provide more detailed insight into these processes. This
could further pave the way to rightly intervene during the fibrillation process and would also

help to design molecules for inhibition of fibril formation.
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Chapter 2

Concentration Dependent Switch in the Kinetic

Pathway of Lysozyme Fibrillation
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Lysozyme Fibril Kinetic Pathway

Abstract

Formation of amyloid fibrils has been found to be a general tendency of many proteins.
To decipher their role in amyloid diseases, investigating the mechanism and structural features
of the intermediates and the final fibrillar state has become crucial. Lysozyme readily formed
fibrils at neutral pH and showed two different kinetic pathways that depend on the urea
concentration employed. In 2M urea, lysozyme followed nucleation-dependent fibril formation
pathway which was not altered by varying protein concentration from 2 mg/ml to 8 mg/ml.
However, in 4M urea, the protein exhibited concentration dependent change in the mechanism.
At lower protein concentrations, lysozyme formed fibrils without any detectable nuclei
(nucleation-independent pathway). When the concentration of the protein was increased above
3 mg/ml, the protein followed nucleation-dependent pathway as observed in the case of 2M
urea condition. The different kinetic parameters such as lag time, elongation rate, and
fibrillation half-time showed linear dependency against the initial monomeric protein
concentration suggesting that under the nucleation-dependent pathway conditions, the protein
followed primary-nucleation mechanism without any significant secondary nucleation events.
The results also suggested that the difference in the initial protein conformation might alter the
mechanism of fibrillation; however, at higher protein concentrations lysozyme shifts to

nucleation-dependent pathway which could be kinetically preferable.

2.1 Introduction

Amyloid fibril formation by proteins has been implicated in more than 25 disease
conditions.28! Despite of the differences in their amino acid sequences and native three-
dimensional structure, the final fibril filaments formed by all of the proteins possesses a
common cross B-structure.*®#2 This common tendency of many proteins to form fibrils in vitro,
in optimized solution conditions,’® raises many intriguing questions on the guiding principles
of fibril formation such as protein stability, structural intermediates, and Kinetic mechanism.
The fibrillation could be generally initiated from mildly denaturing conditions of the proteins
without any additional biological factors which advocates for ‘protein-only’ hypothesis.?483
The necessity of initial partially unfolded state for fibril formation is further supported by
readily fibrillating tendency of intrinsically disordered proteins such as a-synuclein® and «-
casein.® Even stable globular proteins have been converted into fibrillar forms by denaturing

their native conformations.®*# This proposes that the amyloid fibril state could be another
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energy minimum state in the folding landscape of proteins which might be guided through

misfolded conformations of the proteins during folding.8"-8°

The studies carried out on the fibrillation of different proteins suggest that the proteins
initially form a nucleus which is a slow rate-limiting step. The nuclei upon further interactions
form fibrils at an exponential rate.8°° Under certain conditions, formation of nuclei may be a
non-rate determining step as found in the case of acylphosphatase.®* Formation of homogenous
aggregates or nuclei followed by elongation into fibrils is referred as primary nucleation
pathway. Apart from this, other secondary processes like nucleus fragmentation and secondary -
nucleation also contributes for overall fibril growth. These major steps further consist of many
microscopic events as well.*>18-20 In order to understand the different fibrillation pathways,
many experiments have been carried out to characterize the intermediates during the process.
Many intermediate states such as amorphous aggregates, oligomers, protofibrils, and annular
aggregates have been identified during fibril reaction.??2 Amorphous aggregates generally
consist of random coil structure and in certain cases they are found to be irreversible structural
conformations or off-pathway products during amyloid formation.®* Oligomers are simple
association of denatured monomeric species and are generally spherical in shape. This is a
polymorphic, metastable state and considered to be early key intermediates in the fibril reaction
before nucleus formation.?> Though no specific secondary structural element could be
attributed to their conformation, they possess some common properties such as interaction with
oligomer-specific antibodies.?® Protofibrils are kinetically late intermediates which consist of
similar B-structures and tinctorial property with thioflavin T (ThT) and congo red (CR) as
matured fibrils.?* However, they are shorter in length, thinner and do not have periodic
symmetry as fibrils.?> The determination of identified intermediates as on- or off-pathway
during fibril formation reaction and the relation between kinetic and equilibrium intermediates
are still elusive.#?! Structural characterization of the intermediates and the kinetics followed
by different methods have suggested different kinetic mechanisms on protein fibrillation
ranging from simple-exponential models to complex secondary nucleation processes. 1626 The
models are used to calculate the rate constants of different steps and the effect of various
parameters such as concentration, pH, temperature and ionic strength on the fibrillation
pathway.!>18.20.27.19 |n these studies, concentration dependent changes in the kinetic parameters
have been commonly used to define the kinetic mechanism of the protein at particular solution
conditions. However, to the best of our knowledge, concentration dependent change in the

Kinetic mechanism has not been identified in any of the studied conditions. Herein, we report
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the effect of protein concentration on the selection of fibrillation pathway between nucleation-
dependent and nucleation-independent Kinetic mechanisms by lysozyme. The results suggest
that the protein undergoes nucleation-independent pathway only at lower concentrations in the
presence of 4M urea at neutral pH whereas at higher concentrations it switches-over to

nucleation-dependent pathway which could be a kinetically-controlled reaction.

2.2. Materials and Methods

2.2.1. Materials: Hen egg white lysozyme (HEWL), thioflavin-T (ThT), and 8-
anilinonaphthalene-1-sulfonic acid (ANS) were obtained from Sigma-Aldrich. Urea,

Phosphate salts for buffer were from SRL, India.

2.2.2. Sample Preparation: Varying concentrations of the protein from 2 mg/ml to 8 mg/ml
was dissolved in either 2M urea or 4M urea solutions maintained at pH 7 using 20 mM of
phosphate buffer. The protein was heated at 60 °C for 10-12 hours to form fibrils. The fibril
formation was verified using 40 uM of ThT directly added into the protein solution and
monitoring the spectral changes of the dye, by measuring its fluorescence emission between

460 and 540 nm upon excitation at 440 nm, before and after heating.

2.2.3. Microscopic Images: For imaging under transmission electron microscope (TEM),
fibrils were dried under ambient conditions on 200 mesh carbon coated copper grids obtained
from Ted Pella, then stained with 2% uranyl acetate. Lysozyme fibrils were imaged using
Tecnai transmission electron microscope at an accelerating voltage of 200 kV. For atomic force
microscopic (AFM) images, the protein samples were kept on a freshly cleaved mica surface
for 15-30 min, washed with deionized water, and allowed to dry. Images were collected using
an SPA400 (Seiko) microscope under tapping mode at the scan rate of 1-2 Hz and a resonance
frequency of 110-150 kHz.

2.2.4. Spectroscopic Analysis: For kinetic experiments, 40 uM ThT was added in to the
protein samples with different initial concentrations in 2M or 4M urea at pH 7. The samples
were heated at 60 °C in the spectrofluorometer attached with Peltier. The ThT fluorescence
changes were followed at 485 nm at regular time intervals. The kinetic traces were fitted to an

empirical equation,?®
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Y = (y; — mx) + [(yy — mpx)/1 + expke=%o)] (2.1)

where, Y is fluorescence changes, (yi - mix) and (yr - mex) represents the initial and final
baselines, respectively. X, is the time needed to reach half of the total fluorescence change and
t (=1/ker) is elongation time constant. Lag time can be evaluated using the relation, tiag = Xo-2t.
Similarly, the initial nucleation was followed using the fluorescence change of ANS dye at 470
nm after exciting at 380 nm. The obtained kinetic traces were fitted to simple exponential
function to calculate the rate of initial aggregation. All of the experiments were carried out in

Horiba-fluoromax3 spectrofluorometer.

Circular dichroism (CD) spectra of lysozyme in different conditions were measured in
far-UV region using Jasco-1500 spectropolarimeter. The spectra of protein were obtained at
room temperature before initiating the fibril reaction, during lag period, and at the end of fibril
formation. It may be noted that the ellipticity changes could not be directly correlated to the
extent of fibril formation since the fibrils are partially insoluble, particularly at higher protein

concentrations.
2.3. Results

2.3.1. Lysozyme fibril formation: Lysozymes are glycosidases involving in the lyses of
bacterial cell walls. Two of its natural mutants 1le56Thr and Asp67His are known to cause
hereditary non-neuropathic systemic amyloidosis in human.?® Structural studies show that
these variants and the native form of the protein have similar structures. Also, the morphology
of the fibrils formed by these variants is similar to the fibrils formed by the native protein at
different conditions.3® However, the mutants have reduced activity at physiological conditions
and reduced stability against temperature.3! Therefore, structural and fibril studies of human
lysozyme and it mutants are considered as a good model to probe the fibril mechanism. The
human lysozyme has nearly 60% homology with the hen egg white lysozyme (HEWL), thus
considered as an effective alternate model to study the fibrillation mechanism of proteins in

vitro.

Hen egg white lysozyme is a 129-amino acid length globular protein and mainly
consists of alpha-helices. Different fibril forming conditions have been identified for lysozyme
by altering solution pH, temperature, and co-solvents.®2** Though studies were carried out

either under acidic or alkaline pH conditions, following the changes at near neutral pH would
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Figure 2.1 Effect of urea on HEWL fibrillation. (A) ThT spectra of HEWL in the presence of OM (black), 2M
(red), 4M (cyan) urea before (dashed lines) and after heating (solid lines) at 60 °C for 10-12 hrs. Inset shows the
photographic image of final protein sample in OM, 2M, and 4M urea from left to right direction. TEM images in
the absence (B) and presence of 2M urea (C) and 4M urea (D).

A 2M urea _- 4 (- B 4M urea -
3 mg/mL 3 mg/mL
- 5 mg/mL 5 mg/mL |

(3]
|

H

ThT flu intensity, AU
N w

-

wavelength, nm

Figure 2.2 Effect of protein concentration on HEWL fibrillation at 60 °C for 10-12 hrs. (A) Representative ThT

spectra of lysozyme ranging from 2mg/mL to 6mg/mL in 2M urea. (B) Representative ThT spectra of lysozyme
ranging from 2mg/mL to 6mg/mL in 4M urea.

be more insightful to correlate their role in both normal and aberrant biological processes.1%

To the best of our knowledge, only two solution conditions were identified for lysozyme
fibrillation at neutral pH.32:33
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Figure 2.3 TEM images of the HEWL fibril samples in different concentrations (parentheses) in 2M urea (A-C)
and in presence of 4M urea (D-F).

4M urea

Figure 2.4 Representative AFM images of HEWL fibrils formed upon heating at 60°C for 10-12 hrs in 2M (A
and B) and 4M (C and D) urea at neutral pH. The protein concentrations were 2 mg/ml in A&C and 7 mg/ml in
B&D. The bar scales represent the dimension of 100 nm.

Following the method of Wang et al.1®® HEWL in the presence and absence of urea at neutral

pH was heated at 60 °C for fibril formation. The protein turned turbid after heating for 10-12
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hin2 Mand 4 M urea, but no turbidity was observed in the absence of urea. All the samples
were assayed with ThT fluorescence. The samples with urea showed an increase in ThT
emission intensity, which is characteristic of fibril formation, whereas without urea the
intensity slightly decreased. The samples were imaged under TEM for further characterization.
The TEM images clearly showed that in the presence of urea lysozyme forms fibrils (Fig 2.1
C & D), but in the absence of urea the protein forms small aggregates (Fig 2.1B), which are
not characteristic of amyloid fibrils. Further, the effect of initial protein concentration on the
fibrillation process and the associated kinetic mechanism was monitored. Fibrillation of
lysozyme from different initial concentrations ranging from 2 mg/ml to 8mg/ml in 2M and 4M
urea solutions upon heating at 60 °C for 10-12 h was monitored using ThT. The increase in
ThT fluorescence after heating (Fig 2.2) suggested that the protein formed fibrils at all the
concentrations. For further verification, the fibrils were imaged using TEM (Fig 2.3) and AFM
(Fig 2.4). Though there were slight differences in the morphology of the fibrils, the images
clearly showed that lysozyme formed fibrils at all the experimental concentrations.

2.3.2. Kinetics of fibrillation: Lysozyme fibril formation was monitored at regular time
intervals using increase in ThT fluorescence as a probe. ThT specifically binds to the fibrils,
but not with the early aggregates.?* In 2M urea conditions, lysozyme showed a three-stage

kinetic profile (Fig 2.5A). Initially, there was no significant change in ThT fluorescence
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Figure 2.5 Lysozyme fibrillation monitored using increase in ThT fluorescence at 485 nm. Fibril formation in
2M urea (A) and in 4M (B) from different initial lysozyme concentrations are represented by circles in different
colors as shown in the labels, respectively. The solid lines represent the fit to equation (2.1). The inset shows the
fibril reactions at the lower concentrations of lysozyme in 4M urea which follow nucleation-independent
mechanism and the solid line represents the fit to simple-exponential function. The kinetic parameters obtained
from curve fit are shown in Table 2.1.
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2M urea 2M urea

4M urea 4M urea

Figure 2.6 AFM images of lysozyme captured after 60 mins upon heating at 60°C in 2M (A, B and C) and 4M
(D, E and F) urea. The protein concentrations were 2 mg/ml in A&D, 4 mg/ml in B&E, and 7 mg/ml in C&F. The
bar scales represent the dimension of 200 nm.

suggesting the absence of any early fibril or protofibril formation which is commonly refereed
as lag phase. After the lag phase, there was an exponential increase in ThT fluorescence called
elongation phase which arises from the formation of fibrils. Following the elongation phase,
there was no increase in the fluorescence of the dye suggesting the saturation of formation of
matured fibrils by the protein.

In order to verify whether the lag phase consisted of initial nuclei formed by aggregation of
unfolded lysozyme monomers, the protein samples were collected after an hour of initiation of
the fibrillation reaction and were analysed under AFM. The AFM images (Fig 2.6A-C)
evidently showed that the initial phase contained aggregation of the proteins, not matured
fibrils. The kinetic traces were fitted to the equation (2.1) to evaluate the major parameters:
fibrillation half-time (Xo), lag time (tiag) and elongation rate (k). The obtained values are
presented in Table 2.1.

However, in 4M urea, lysozyme showed concentration-dependent change in the kinetic profiles
(Fig 2.5B). At lower concentrations of lysozyme (below 3 mg/ml), the fibrillation process did
not show any lag phase and ThT fluorescence increased exponentially from the beginning of
the experiment. As the concentration of the protein was increased above 3 mg/ml, ThT
fluorescence showed three-stage kinetic profile as seen in the case of 2M urea conditions. The

early exponential increase in ThT fluorescence suggested that lysozyme might directly
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Table 2.1 Lag time and elongation rate of lysozyme fibril formation in 2M

HEWL Half time Lag time (min) Elongation rate Kagg
(mg/mL) (min) (mint) (%102 mint)

2.0 572.1 466.9 0.019
25 465.1 391.0 0.027
3.0 619.8 524.4 0.021
4.0 344.1 304.4 0.054 0.11
5.0 245.0 224.5 0.0977 0.19
6.0 223.9 206.5 0.1154 0.49
7.0 202.3 189.7 0.1583 0.53
8.0 189.8 176.0 0.1446 0.47

Table 2.1 Lag time and elongation rate of lysozyme fibril formation in 4M urea

HEWL Half time Lag time (min)  Elongation rate Kagg
(mg/mL) (min) (mint) (%102 mint)

20 170.0 0.0025

2.5 150.0 0.002

3.0 3717 307.1 0.031

4.0 343.9 304.3 0.050 0.40
5.0 345.0 224.5 0.0975 0.049
6.0 225.2 207.5 0.1129 0.10
7.0 201.5 189.1 0.1621 0.093
8.0 190.5 176.1 0.1394 0.15

form protofibrils followed by matured fibrils without any detectable nucleation processes. This
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was further verified by imaging the protein samples collected after an hour of initiation of the
fibrillation reaction. The AFM images suggested that protofibrils were detectable at lower
lysozyme concentration at early stages of fibrillation (Fig 2.6-D) whereas aggregated-nuclei
were found at higher concentrations of lysozyme (Fig 2.6-E and F). The kinetic traces were
fitted using simple-exponential and empirical logistic equation (eqn. 2.1), respectively and the

obtained parameters are presented in Table 2.2.

In order to understand the structural changes at the different stages of fibril pathway,
secondary structural changes of lysozyme were monitored in far-UV region using CD (Fig.
2.7). The ellipticity values gradually increased as the protein concentration was increased from
2 mg/ml to 8 mg/ml both in the presence of 2M and 4M urea. The ellipticity of lysozyme
samples were measured during the lag period of the fibrillation at the time points obtained from
Table 1. In 2M urea, during the lag period helical structure of lysozyme was significantly lost
at all the protein concentrations. Nevertheless, in 4M urea, at lower protein concentration (2
mg/ml) loss of helical structure was observed at the initial period and at higher protein
concentrations significant change in the spectral profile corresponding to the induction of more
B-sheets was noticed during lag time. Further analysis of the protein structure at the end of
reaction times in different conditions invariably showed the formation of high [3-sheet contents

corresponding to fibril formation. However, these ellipticity values
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Figure. 2.7 Secondary structural changes of lysozyme in 2M urea (A) and 4M urea (B) followed by ellipticity
changes at far-UV region. Representative protein concentrations presented are 2 (gray), 3 (cyan), 4 (green), 6
(pink), and 8 mg/ml (purple). The solid lines are the spectra obtained before initiating fibril reaction, dashed lines
are the spectra obtained during lag period (ref. Tables 2.1 and 2.2) and dotted lines are the final fibrils. The spectra
of 2, 3, and 4 mg/ml protein concentrations measured at lag time and at the end of fibrillation are presented in
insets.

25



Lysozyme Fibril Kinetic Pathway

could not be directly correlated to the fibril yield at different condition as the final fibrils were

found not to be completely soluble in most of the conditions.

2.3.3. Scaling factor and fibrillation pathway: Scaling factor or scaling exponent (y) is defined

by the relation, X, = mi¥ where, m; is the initial monomeric concentration of
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Figure 2.8 A double logarithmic plot of fibrillation half-time against initial protein concentration in 2M urea (A)
and 4M urea (B) conditions. The solid lines represent a linear fit and the slopes of the lines correspond to scaling
factor (y).
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Figure 2.9 Change in lag time against the increasing protein concentration in 2M urea (A) and in 4M urea (B)
conditions. The solid lines represent a linear fit and the slopes correspond to A-value. The insets show the linear
relation between elongation rates and initial protein concentration at the respective conditions.
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protein.'®1® The scaling factor can be determined using a double logarithmic plot of half-time
versus initial concentration.

The change in X, against lysozyme concentration in 2M urea showed a linear decrease
in Xo with increasing protein concentration (Fig 2.8A) with a scaling factor of 0.82. For the
fibrillation reactions in 4M urea, the X, values obtained from the conditions showing sigmoidal
kinetic curves (i.e., [lysozyme] >3 mg/ml) were only considered to evaluate the scaling factor
of nucleation-dependent kinetic reactions which was calculated to be 0.75 (Fig 2.8B). Further,
the values of lag time were plotted against the initial protein concentration (Fig 2.9). This
showed a linear relation with the slope (L) of 0.72 and 0.63 in 2M and 4M urea conditions,
respectively which were comparable with that of the insets). The value of scaling factors closer
to one and the linearity of the lag time and elongation rate against initial monomeric
concentration of the protein suggested that the fibrillation process might be dominated by
primary nucleation pathway and the influence of secondary nucleation events could be
insignificant®® at least acted as nucleus for further elongation into fibrils where the secondary

processes such as fibril fragmentation and secondary nucleation events were very minimal.

2.3.4. Initial aggregation rate: Considering primary-nucleation mechanism dominated
fibrillation pathway of lysozyme both in 2M and in 4M urea conditions, it could be reasonably

assumed that the initial lag time would be dominated majorly by the aggregation
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Figure 2.10 Fluorescence emission of ANS dye monitored at 470 nm for the lag period of fibril formation initiated
from varying protein concentrations ranging from 4 mg/ml (black), 5 mg/ml (red), 6 mg/ml (green), 7 mg/ml
(yellow) and 8 mg/ml (blue) in 2M urea (A) and in 4M urea (B) solutions. The solid lines represent curve fit with
simple-exponential function and the calculated initial rates are shown in Table 2.1 & 2.2
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Figure 2.11 The apparent rate of initial aggregation (kagg) evaluated using ANS fluorescence change is plotted
against the protein concentration in 2M urea (open circles) and in 4M urea (filled circles). The solid lines represent
linear fit and the slopes of the lines correspond to the order of aggregation (n).

reaction. Though this aggregation process may consist of many microscopic reactions, the
apparent rate of initial aggregation (kagg) could provide more insights into the early stages of

the fibrillation reaction.

Since the dye ThT specifically interacts with fibrils alone, it cannot be used to monitor
the early aggregation reaction. At the same time, other fluorophoric dyes such as ANS could
be used to identify the unfolded and aggregated forms of the proteins as their fluorescence
emission increases when they bind to hydrophobic protein surfaces.® However, ANS binds to
fibrils as well which also increases their fluorescence emission.® At the same time, it could be
assumed that the lag time calculated for the protein at different concentrations (Table 2.1 &
2.2) using ThT fluorescence changes and the equation (2.1) could be used to scale the time for
complete aggregation or nucleation to occur and above this point fibril elongation would be
the dominating process. With this assumption in place, ANS fluorescence was followed only
up to the aggregation time point (equivalent to lag time) and the kinetic curves obtained were
fitted into simple exponential equation to calculate the apparent initial rate of aggregation (Kagg)
in 2M and 4M urea conditions (Fig 2.10). The aggregation rates were found to be linearly
increasing with the initial concentration of the monomeric protein in both the conditions (Fig
2.11). The order of reaction (n) was calculated using the relation log mi = n log (Kagg). The n
values were found to be 2.3 and 1.8, respectively, suggesting that the fibrillation followed
simple primary- nucleation reaction pathway.?® The high order polynomial (n-value) or
exponential increase of kagg would have suggested that the nucleation reaction involved

complicated intermediated steps such as cascade nucleation. Further, the relation between n
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and y, i.e., y = n/2 further affirmed the fact that the fibrillation is primary-nucleation dominated

reaction.19:37

2.4. Discussion

2.4.1 Effect of protein concentration on the kinetic pathway:

In 2M urea, lysozyme followed primary nucleation pathway with nucleus formation as
a rate-limiting step at all the concentrations. However, in 4M urea, lysozyme showed
concentration-dependent change in the kinetic mechanism. At lower concentrations, the protein
formed fibrils without any spectroscopically detectable nucleus formation suggesting that at
these concentrations the protein followed nucleation-independent pathway which might be

accessible through lower energy barrier compared to the nucleation-dependent pathway.
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Figure 2.12 Change in the elongation rate against the increasing protein concentration in 2M urea (A) and in 4M
urea conditions. The solid lines represent a linear fit.

However, as the concentration of lysozyme was increased the pathway with slightly higher-
energy barrier could become accessible (Fig. 2.13). Comparative analysis of the kinetic
parameters for nucleation-dependent concentration conditions in the presence of 2M and 4M
urea showed that as the nucleation became rate-limiting step, only small changes were

observed in the parameters such as y and A. Further, the orders of initial aggregation at both the

conditions were found to be ~2. The relation between lag time and elongation rate (Fig. 2.12)

was also found to be similar in both the cases with comparable slopes. These factors suggest
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Figure 2.13 Energy diagram explaining the probable fibrillation pathways in 2M urea (on the right) and 4M urea
(on the left) conditions. The nucleation-dependent and nucleation-independent pathways are represented by solid
and dotted lines, respectively. Initial monomer and final fibril stages are highlighted for visual clarity. Though
smooth lines are drawn to represent the pathway, the energy surfaces are generally rough with many intermediate
stages.

that at the concentrations where lysozyme follows nucleation-polymerization mechanism, the
energy barriers and pathway might be similar in both 2M and 4M urea. Overall, these results
propose that nucleus formation followed by fibril elongation would be the more preferable
pathway, though it may be kinetically slower. Differences in the initial conformation of the
protein might influence the fibrillation mechanism, as observed in the other cases as well 273234
However, the increase in protein concentration drives the monomers to prefer nucleation-

dependent pathway.

2.5. Summary

The fibril formation by lysozyme from different initial protein concentrations has been
studied in the presence of 2M and 4M urea at neutral pH. In 2M urea, lysozyme follows
nucleation-polymerization mechanism at all the concentrations. In 4M urea, at lower
concentrations of the protein, fibrillation reaction follows nucleation-independent pathway
whereas at higher concentrations the protein switches over to nucleation-polymerization
pathway and this shift might be kinetically-controlled. Different fibrillation-related parameters
such as y, 4, and n obtained at nucleation-dependent conditions show similar values illustrating
that both in 2M and in 4M urea lysozyme follows similar kinetic pathway at sufficiently higher
protein concentrations, i.e. above 3mg/ml. The probable energy diagram for different reaction

pathways has been described.
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Chapter 3

Surfactant Induced Changes on Lysozyme Fibrillation:

Difterential Effects of Ionic and Non-ionic Surfactants
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Surfactants and a basic protein HEWL

Abstract
Fibril formation tendency is encoded in many polypeptide chains, though not all are

associated with diseases. Surface charge on the protein and the added co-solvents is one of the
key determinants of the path a protein takes during fibrillation and the associated kinetics. In
order, to understand the vital role of this phenomenon, the effects of anionic, cationic and non-
ionic surfactants on lysozyme fibrillation were studied. Our earlier studies on lysozyme
(chapter 1) showed that it forms fibrils in 2M and 4M urea solutions following nucleation-
dependent and nucleation-independent pathways, respectively, at neutral pH. Under these
conditions, the effects of sodium dodecyl sulfate (SDS), cetyltrimethyl-ammonium bromide
(CTAB), and triton X-100 (Tx) were investigated for their ability to alter the rate constants and
or switch the mechanism. The results indicate that there are differential effects of ionic and
non-ionic surfactants on fibrillation. Lysozyme could not form fibrils in the presence of SDS
and CTAB above their critical micelle concentrations (CMC). However, non-ionic Tx does not
inhibit fibril formation at all concentrations. Note that the time for complete fibril formation is
increased by Tx. The initial nucleation phase was increased by all the surfactants; however, the
extent of increase is less at near the CMC of the ionic surfactants and at above the CMC of Tx.
The rates of fibril elongation became faster in 2M urea conditions in the presence of same
surfactant class or in comparison to other surfactant type in 4M urea conditions. The results
suggest that the nucleation phase of lysozyme fibrillation is primarily controlled by charge
interactions and micellation of the surfactants, but multiple factors might influence the fibril
elongation. Furthermore, the surfactants do not alter the fibrillation pathway from nucleation-

dependent to nucleation-independent or vice versa in the studied conditions.

3.1. Introduction

Surfactants are surface active agents that reduce the interfacial tension between two phases by
acting at interfaces. Protein-surfactant interactions is not yet clearly understood that depends
on the protein under consideration and the nature of surfactant (charge on the head group and
length of tail). Denaturation in the presence of surfactants requires almost 1000 times less
concentration compared to chemical denaturants and does so by increasing the affinity towards
denatured state.%%1%77 Monomeric and micellar forms of surfactants interact differently with
proteins and their micellation is significantly affected in presence of proteins.®® It has been
shown that the aggregation propensity of proteins is also altered by surfactants though a general

mechanism cannot be attributed to how different forms of surfactants alter the protein assembly
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Figure 3.1 Cartoon diagram of hen egg white lysozyme obtained from the crystal structure (PDB id: 2HUB)

pathways.112*113'114'115'116'117

Lysozyme-surfactant complexes have been studied for long time to understand the
harboured charge and hydrophobic interactions. HEWL’s 18 cationic and 10 anionic sites give
it a surface charge of +8 at neutral pH and has pl of 11. This positive charge neutralization by
oppositely charged surfactant such as sodium dodecyl sulphate (SDS) has been studied to
understand the role of charge on solubility and stability of lysozyme. Lower concentrations of
SDS precipitates lysozyme that gets solubilized at higher concentrations'®®. Neutron
scattering®® and binding isotherms??° experiments showed that initial charge neutralization and
the subsequent hydrophobic interactions are the factors behind the solubility changes. These
characteristics further prompted the studies on the aggregation of lysozyme in SDS, most of
which were either under acidic or alkaline conditions. Probing the changes at near neutral pH
would provide better understanding of protein-surfactant interaction since charge interactions
are crucial and can alter fibril formation. Only two solution conditions have been identified at
near neutral pH for lysozyme fibril formation.1%1% These studies employed the most
commonly used denaturants urea and Gdmcl that populate partially unfolded states of
lysozyme at neutral pH that further rearrange to form amyloid fibrils in the temperature range
45 °C to 55 °C. However, Gdm an ionic denaturant can interfere with the charge interactions
between protein and surfactant. Also, the studies reported earlier were mostly limited to lower
concentration range of surfactants and mostly anionic surfactants. Our study reported in

previous chapter (chapter 2) showed that HEWL forms fibrils at neutral pH in the presence of

34



Surfactants and a basic protein HEWL

moderate concentrations of urea. In 2M urea the protein adapts a nucleation-dependent
pathway whereas in 4M urea fibrils are formed via nucleation-independent pathway. Under
these solution conditions, work done in the present objective considers how anionic, cationic
and neutral surfactants in a wider concentration range affect the kinetics and mechanism of
fibrillation. The results showed that ionic surfactants inhibit fibrillation in the concentration
range above CMC whereas non-ionic surfactants do not inhibit at any concentration range.
Further surfactants affect nucleation and elongation phases distinctly and points towards the

role of charge interactions between protein and surfactant.

3.2. Materials and Methods
3.2.1. Materials: Chemicals and the necessary reagents were procured as mentioned in section
2.2.1.

3.2.2. Sample preparation: Different concentrations of surfactants ranging from 0.1 to 25 mM
SDS, 0.01mM to 20.0 mM CTAB, 0.001 mM to 10.0 mM of Tx were prepared in phosphate
buffer at pH 7. Desired protein concentration of 170 uM or 15 uM was achieved by adding
lysozyme directly to the aliquots for fibril or unfolding studies respectively. Fibrils were
formed by incubating the protein in presence of urea at 60 °C for 10-12hrs. Kinetics were
followed in presence of 40 uM ThT by heating the samples inside the spectrophotometer using
an air-cooled Peltier. Earlier studies showed that micelles of the dye bind more efficiently to
fibrils and so the concentration was kept well above its CMC of 4 uM 2!,

The exposure of hydrophobic residues in HEWL were followed by external
fluorophoric probe TNS (p-toulidino-naphthalene sulphonic acid). Samples with varying
concentrations of SDS, CTAB, and Tx were prepared in the presence and absence of urea with
40 uM of TNS in 10mM of phosphate buffer at pH 7. The fluorescence of TNS was measured
after exciting the samples at 320 nm and recording the emission between 380 nm and 500 nm.
Then, HEWL was added to the samples in such a way that total volume change is < 1% only.

Emission was recorded again after equilibrating the samples for an hour.

3.2.3. Spectroscopic measurements: ThT emission spectra were recorded as described in
section 2.2.1. For the kinetics measurements, method described earlier in section 2.2.3 was
followed. The protein’s fluorescence changes were measured by exciting the samples at 280

nm and the spectra were recorded from 300 nm to 400 nm. All the spectra were obtained using
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a Horiba Jobin Yvon -fluoromax-3 spectrofluorometer. Ellipticity changes at the far-UV region
were measured in a Jasco-810 spectropolarimeter. The ellipticity changes could not be
followed for lysozyme in Tx due to its interference in the measurements, probably because of
its weak absorption at 280 nm.*?2 Thermal denaturation studies were carried out by following
the ellipticity changes at 220 nm at temperature intervals of every one degree from 20 to 90
°C.

3.2.4. Microscopic Imaging: TEM and AFM were performed following the same protocol as

mentioned in section 2.1.2 to obtain the images of fibrils.

3.3. Results

3.3.1. Effect of surfactants on HEWL fibrillation: HEWL forms fibrils in moderate
concentrations of urea either through nucleation-dependent mechanism (2M urea) or through
nucleation-independent mechanism (4M urea). These solution conditions standardized were
taken as a control upon which the effects of the surfactants, SDS (anionic), CTAB (cationic),
and Tx (non-ionic) on the fibrillation were analysed to determine the interplay between protein
surface charge and surfactant type. The surfactants exist as monomers at lower concentrations,
and form micelles at higher concentrations (above CMC). The concentration at which a

surfactant forms micelles is generally affected by the buffer conditions and the co-solvents
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Figure.3.2 (A) Fluorescence emission of safranine measured at 570 nm, after excitation at 420 nm in varying
concentrations of SDS in the presence (filled circles) and the absence (open circles) of HEWL. (B) Fluorescence
emission of TNS measured at 445 nm, after excitation at 320 nm in varying concentrations of CTAB in 2M urea
in the presence (filled circles) and the absence (open circles) of HEWL. The arrows represent the CMC of the
surfactants in the presence (filled) and the absence (open) of the protein. (C) Graphical representation of the
changes in CMC of surfactants.
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Table 3.1 Critical micelle concentration (mM) of surfactants in the presence and absence of urea

Surfactant SDS CTAB Tx
No urea 35 0.2 0.3
2M urea 4.0 0.4 0.4
4M urea 4.6 0.6 1.0

Figure 3.3. HEWL in different surfactant solutions. Solution conditions are given below in the table 3.2

Table 3.2 showing the solution conditions for the images in Fig. 3.3

Row 1 2 3 4 5 6 7 8 9
A No urea | No urea No urea No urea No No urea | No urea 2M 2M urea
No SDS 0.5mM 10mM 0.1mM urea 0.1mM | 5mM Tx urea 5.0mM
SDS SDS CTAB 5mM Tx 5.0mM SDS
CTAB SDS
B Nourea | No urea No urea No urea No No urea | No urea
No SDS 0.5mM 10mM 0.1mM urea 0.ImM | 5mM Tx
SDS SDS CTAB 5mM Tx
CTAB
C 2Murea | 2Murea | 2Murea | 2M urea 2M 2M
0.5mM 10mM 0.1mM 5mM urea urea
SDS SDS SDS CTAB 0.1mM 5mM
Tx Tx
D AMurea | 4Murea | 4Murea | 4M urea 4M 4M
0.5mM 10mM O0mM 5mM urea urea
SDS SDS SDS CTAB 0.1mM 5mM
T Tx
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added; in particular, the CMC of surfactants increases with the addition of urea.?3124
Therefore, the CMC of the selected surfactants in the presence of 2M and 4M urea were
calculated using fluorescence probes, such as safranin and TNS for the buffer conditions used
in our experiments. The fluorescence intensity of these probes increases steeply when the
surfactants form micelles. This property was used to measure the CMC of the surfactants in
the presence and in the absence of lysozyme (Fig 3.1). There is early micellation in the presence
of protein and more prominent in the case of SDS (Fig 3.2A) that bears opposite charge
compared to the changes observed in the presence of CTAB (Fig 3.2B) (has same head group
as proteins surface charge) or Tx. This suggests that polypeptide chain acts as nucleation site
for the aggregation of monomers to micelles. The results show that all three surfactants form
micelles at higher concentrations in the presence of urea (Table 3.1 and Fig 3.2C). Furthermore,
at lower concentrations of SDS, lysozyme formed a precipitate, which dissolved into solution
at higher concentrations of SDS, as found in earlier studies.!*® We then examined whether this
transition occurs in the presence of urea and in the case of other surfactants, CTAB and Tx,
aswell. The protein solutions prepared in CTAB and Tx did not show any turbidity. Moreover,
the protein showed complete dissolution at lower concentration of SDS in the presence of 2M
and 4M urea (Fig. 3.3A).

In order to evaluate the effect of the surfactants on lysozyme fibrillation, different
concentrations of the surfactants, ranging from their monomeric to micelle concentrations,
were added to the protein solution in the presence of 2M or 4M urea and heated at 60 °C for
10-12 hrs. The ThT fluorescence intensity was measured before and after incubating the
samples at the higher temperature and the increase in ThT fluorescence was considered to
indicate the formation of fibrils. ThT is known to show higher fluorescence in the presence of
SDS micelles, but not in CTAB or Tx.'2! To avoid the surfactant’s effect, the fluorescence
intensities were normalised, with the fluorescence of the respective samples measured before
heating. In the presence of 2M urea, ThT showed an increase in fluorescence intensity for the
lysozyme samples containing lower concentrations of SDS and CTAB. However, in the
presence of higher concentrations, that is above the CMC of SDS and CTAB in 2M urea, the
fluorescence intensity was similar to the samples measured at room temperature (Fig. 3.4A &
B). Lysozyme, in the presence of all the concentrations of Tx, showed an increase in ThT
fluorescence upon incubation at the higher temperature. There were also considerable changes
in the visual appearance of the samples. In the presence of lower concentrations of SDS and

CTAB, the samples showed turbidity, but in the presence of micellar concentrations of these
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Figure 3.4. Effect of surfactants on HEWL fibrillation in 2M urea. Dashed and solid lines represent ThT spectra
measured before and after heating at 60 °C. (A) ThT fluorescence in presence of 0 (black), 0.1 (pink), 1.0 (cyan),
10 (blue), 20 (green) SDS. (B) 0 (black), 0.01 (pink), 1.5 (cyan), 5 (blue), 10 (green) CTAB. (C) 0 (black), 0.01
(pink), 0.2 (cyan), 2.0 (blue), 5.0 (green) TX.

Figure 3.5. (A-C) Representative AFM images and (D-F) the TEM images of the protein fibrils formed in
presence of 0.1 mM SDS, 0.3 mM CTAB, and 5.0 mM Tx.

EOOnm

surfactants, the samples were clear and transparent. In T, irrespective of the surfactant
concentration, lysozyme showed a turbid insoluble component (Fig. 3.3C). The insoluble
components with a turbid appearance might be due to fibril formation of the protein under these
conditions. For further characterization, the samples were imaged under AFM and TEM. The
TEM images showed that the samples contained long and twisted fibrils, similar morphologies
were obtained from AFM also (Fig.3.5A-B). The same experiments were repeated for
lysozyme in the presence of 4M urea. The results were found to be similar to the 2M urea

samples. The ThT fluorescence of lysozyme samples in the lower concentrations of SDS and
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Figure 3.6. Effect of surfactants on HEWL fibrillation in 4M urea. Dashed and solid lines represent ThT spectra

measured before and after heating at 60 °C. (A) ThT fluorescence in presence of 0 (black), 0.1 (pink), 2.0 (cyan),

10 (blue), 20 (green) SDS. (B) 0 (black), 0.05 (pink), 0.2 (cyan), 5 (blue), 10 (green) CTAB. (C) 0 (black), 0.01

(pink), 0.1 (cyan), 2.0 (blue), 5.0 (green) TX.

~o Th-tfluorescence (AU},

100 nm

Figure 3.7 (A-C) Representative AFM images and (D-F) the TEM images formed in presence of 0.2 mM SDS,
0.5mM CTAB, and 5.0 mM Tx.
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Figure 3.8 TEM images of HEWL heated at 60 °C for 10-12 hours in (A) 5mM Tx 100 without urea, (B) 5mM
CTAB and 2M urea, and (C) 20mM SDS and 4M urea.

40



Surfactants and a basic protein HEWL

CTAB and in all the concentrations of Tx showed an increase in intensity, but above the

micellar concentrations of SDS and CTAB, Th- T did not show any increase in the fluorescence
intensity (Fig. 3.6 A—C). Moreover, the samples with higher fluorescence intensity were turbid
(Fig. 3.3-D). The AFM and TEM images of these samples also showed long and twisted fibrils,
but with slightly different morphologies (Fig. 3.7A-C and Fig. 3.7D-F). The experiments

carried out in the absence of urea did not show any significant change in the sample appearance
(Fig. 3.3-B) or ThT fluorescence. The TEM images of the representative samples at different

conditions that did not show any characteristics of fibrils are presented as shown in fig 3.8.

3.3.2. Kinetics of Fibril formation: The fibril formation was followed using the change in ThT
fluorescence. Lysozyme in the absence of urea did not show any significant change in ThT
fluorescence over time, whereas in the presence of 2M and 4M urea showed different kinetics
profiles (Fig. 3.10 & 3.11). The Kinetics traces were analyzed using egn (2.1)'% and the
resultant parameters are presented in Table 3.3. In 2M urea, lysozyme showed an initial
nucleation or lag phase, followed by a fibrillation or elongation phase. In the absence of any
surfactant molecules, lysozyme showed ~2 h of initial lag phase in 2M urea. The initial lag
phase was extended for lysozyme in the presence of all three of the surfactants under the fibril
forming conditions, except in SDS near the CMC. For SDS and CTAB, even with
concentrations below the CMC, two distinct regions were observed. The lag phase was longer
at the lower concentrations compared to the lag time at the concentrations near the CMC. In
Tx, the lag phase of lysozyme was extended at concentrations below the CMC, compared to
the lag time at the micellar concentrations. However, the rate of fibril elongation did not change
significantly in the presence of any of the surfactants, although slower rates were observed in
higher concentrations of SDS (~2 mM). Above the CMC of SDS and CTAB, no increase in
the fluorescence of ThT was observed, which is consistent with the results discussed in the
previous section.

In4 M urea, lysozyme fibrillation did not show any lag phase (Fig.3.11A-C). The ThT
fluorescence exponentially increased from the onset of the kinetics, suggesting the presence of
only a fibrillation phase. In the lower concentrations of SDS and in the higher concentrations
of CTAB and Tx, lysozyme fibrillations lowered down. In other concentrations of the
surfactants, the fibrillation rate was not significantly affected (Table 3.3 and Fig. 3.11C).
Similar to the results observed in the 2 M urea conditions, the micellar concentrations of SDS

and CTAB did not increase the ThT fluorescence, reiterating the absence of fibril formation at
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Figure 3.10. (A-C) Representative Kinetic curves of
HEWL fibrillation in 2M urea followed by changes
in ThT fluorescence. The color corresponding to the
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Table 3.3. Lag time and elongation rate of lysozyme fibrillation

_ 2 M urea 4 M urea*
Concentration i
Surfactant Lag time Rate Rate

(mM)
(min) (min') (min™)
- 0 125.4 0.027 0.0053
0.1 188.2 0.019 0.0011
SDS 0.2 136.2 0.037 0.0018
2.0 67.4 0.005 0.0074
0.01 398.5 0.025 0.0065
0.05 386.2 0.029 0.0076

CTAB

0.2 278.9 0.034 0.0076
0.7 315.4 0.020 0.0031
0.001 367.0 0.021 0.0059
0.01 421.3 0.021 0.0050
0.1 422.2 0.020 0.0049
TX 0.2 308.9 0.028 0.0025
0.5 282.3 0.036 0.0029
2.0 307.6 0.028 0.0022
5.0 313.8 0.031 0.0023

*-no lag phase is observed

these concentrations. The amplitude of ThT fluorescence was similar in the case of the CTAB
and Tx samples, but varied in SDS concentrations. This could be due to the varying interaction
of SDS with ThT, which alters the fluorescence emission of ThT.*?* However, the amplitude
change between the samples with 2 M and 4 M urea might be due to the differences in the
morphology of the fibrils formed under these conditions.

Furthermore, to characterize the protein in the lag phase and elongation phase, TEM
images were obtained during the fibrillation process i.e., after 80 minutes of the initialization
of the kinetics. The images showed that the protein formed aggregates at the initial stages of
the kinetics in 2 M urea, which could represent the nucleation for further fibrillation. However,

in the 4 M urea condition, the formation of thin fibrils at the early stage suggested a nucleation
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Figure 3.9 TEM images of HEWL heated at 60 °C for 80 mins, i.e., at the early stage of fibrillation in (A) 2 M
urea and (B) 4M urea.

independent pathway (Fig.3.9B). These results further affirm the facts observed in equilibrium
experiments, the differences in the kinetics pathway adapted and the role of morphology of the
fibrils formed under different conditions employed, in the presence and absence of urea as well

as in the presence and absence of surfactants.

3.3.3. Surfactant-induced denaturation: To investigate the conformational changes of
lysozyme in the presence of surfactants, changes in the intrinsic fluorescence of the protein
were measured. HEWL has six tryptophan residues, among which four of them are in the a-
domain and the other two are in the loop region connecting the a- and B-domains. Upon

excitation at 280 nm, and in the presence of surfactants, lysozyme invariably showed an
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Figure 3.12. Changes in the fluorescence emission of HEWL followed at 350 nm in (A) increasing concentrations
of SDS in 2M urea (blue triangles) and 4M urea (dark pink squares), and in (B) iincreasing concentrations of
CTAB in OM (black circles), 2M (blue triangles) and 4M urea (pink squares).
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emission maximum at 350 nm. The fluorescence emission intensity changes are presented in
Fig. 3.12. However, due to the insolubility of lysozyme in SDS at lower concentrations in the
absence of urea, the fluorescence changes could not be measured for those samples. When
lysozyme was titrated against SDS in the presence and in the absence of 2M and 4M urea, it
showed a two-state cooperative transition (Fig. 3.12A). Up to 0.4 mM of SDS, the fluorescence
intensity was not altered; while further increases in the SDS concentration increased the
intensity cooperatively up to ~5 mM. Increasing the surfactant concentration above 5 mM (in
4 M urea) or 6 mM (in 2 M urea) or 6.5 mM (without urea) did notalter the fluorescence
emission. However, in the case of CTAB, the pre-transition region was also affected by the
presence of urea (Fig. 3.12B). The lysozyme fluorescence emission was not changed up to 0.1
mM of CTAB, but it increased after the addition of CTAB up to 0.7 mM. Further additions of
CTAB did not change the fluorescence in the absence of urea. The fluorescence intensity of
the protein started to increase from 0.2 mM and 0.4 mM of CTAB concentrations in 2M and
4M urea, respectively. There were no fluorescence changes observed above 0.95 mM and 1.4
mM of CTAB in 2M and 4M urea, respectively. Fluorescence changes in the presence of Tx

could not be measured because of its strong absorption at 275 nm and 283 nm.%?

3.3.4. TNS Fluorescence: Furthermore, to investigate the interaction between HEWL and the
surfactants, TNS was used as an external fluorophoric probe. The fluorescence quantum yield
of TNS increases when it interacts with hydrophobic surfaces, compared to polar
surroundings.** This property was used to probe the exposure of the hydrophobic residues of
proteins upon their interaction with denaturants.?6 27 In general, the fluorescence emission of

the dye varies with varying the concentration of surfactants.*?* Therefore, the emission
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Figure 3.13. Differences in the fluorescence intensity of TNS before and after addition of protein in varying
concentrations of (A) SDS and (B) CTAB (C) Tx and in presence of OM (black circles), 2M urea (blue triangles)
and 4M urea (pink squares).
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intensity of TNS was measured in the presence and in the absence of the protein at different
concentrations of the surfactants. In order to understand the change in TNS fluorescence due
to the protein—surfactant interactions, the change in fluorescence intensity of TNS after the
addition of HEWL into the surfactant solutions was calculated (Fig. 3.13). Since the protein
was insoluble at lower concentrations of SDS in the absence of urea, data could be obtained
for the SDS concentrations above 1 mM only. The TNS fluorescence increased when HEWL
was added into 1 mM of SDS. However, the intensity came down upon increasing the SDS
concentration, and no change in dye intensity was observed above 6.5 mM of SDS. In the
presence of 2M and 4M urea, TNS fluorescence increases at the concentrations of SDS above
0.2 mM and 0.3 mM, respectively. In both cases, the addition of SDS above 0.6 mM reduced
the florescence intensity, up to 6 mM, and no difference in fluorescence was observed at
concentrations of SDS above 6 mM. TNS fluorescence at the lower concentrations of CTAB
decreased upon the addition of HEWL in the absence of urea, but increased as the concentration
of CTAB was increased above 0.1 mM. At concentrations above 0.8 mM of CTAB, TNS
fluorescence decreased, and above 3 mM of CTAB, there was little fluorescence change. Inthe
presence of 2 M and 4 M urea, TNS fluorescence was not altered up to 0.2 mM and 0.4 mM of
CTAB concentrations, respectively, by the addition of HEWL. Above these concentrations,
TNS fluorescence increased with increasing the CTAB concentration, which again decreased
above 1 mM and 2 mM of CTAB upon the addition of the protein in the presence of 2 M and
4 M urea, respectively. At concentrations above 4 mM of CTAB, no change in the TNS
fluorescence was observed in both the cases. In the case of Tx, the difference in the TNS
fluorescence before and after the addition of protein was insignificant, both in the presence

and in the absence of urea.

3.3.5. Secondary structure analysis: To analyze the changes induced by the surfactants on the
secondary structure of lysozyme, changes in the ellipticity of the protein was measured at the
far-UV region in varying concentrations of the surfactants. The changes in the ellipticity at 220
nm are shown in Fig 3.14. SDS, in the presence and in the absence of urea, increased the
ellipticity of the protein up to 1.5 mM; however, the protein lost this increased ellipticity upon
further addition of SDS. It was also observed that in 4M urea, the extent of the increase in the
secondary structure of lysozyme is less compared to the samples in 2M urea and in the absence
of urea. Contrary to the SDS case, CTAB showed no significant change in the secondary

structure of the protein in the absence and in the presence of 2M urea. In the presence of 4M
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Figure 3.14. Changes in the ellipticity of HEWL followed at 220 nm with (A) increasing concentrations of SDS
in OM urea (black circles), 2M urea (blue triangles) and 4M urea (dark pink squares). (B) increasing concentrations
of CTAB in OM (black), 2M (blue) and 4M urea (pink).

urea, and up to 3 mM of CTAB, the ellipticity of lysozyme slightly increased. However, further

additions of CTAB destabilized these secondary structures, and thus decreased the ellipticity.

3.3.6. Thermal denaturation: Though the addition of urea did not show any considerable

UL L DL L L 1.2 T T | T T T T T
! ! ! @ 25° B
0} ‘- ® 60°C m1'0 | no urea
L = <] - @ L 2m
<08 |-
8-10 2 M
T .-
= £0.6
£-20 ‘S 0.4
L2 =
2 -%0.2
=-30
[ ©
= 0.0
_4011|1||11|l1|1|l11|1l|11| 0.2 | 1 1 1 1 N 1 N
215 220 225 230 235 240 20 40 60 80
wavelength, nm temperature, °C

Figure 3.15. (A) Far-UV CD spectra of HEWL followed both at room temperature (solid lines) and at 60 °C
(dashed lines). Inset shows changes plotted at 220nm. (B) Changes in the HEWL structure by thermal denaturation
followed at 220 nm in the absence (black circles) and in presence of 2M (blue triangles) and 4M urea (pink
squares).
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change in the overall structure of the protein, it altered the fibril-forming propensity of HEWL.
In order to evaluate the stability changes implied by urea, changes in the ellipticity of the
protein in the far-UV region at higher temperature were compared with the spectra obtained at
room temperature. The results suggested that at room temperature lysozyme did not show any
considerable changes, but at higher temperatures the protein displayed a relatively higher loss
of the secondary structure in the presence of urea (Fig. 3.15A). For further evaluation, the
thermal denaturation of lysozyme was followed using ellipticity changes at 220nm in the
presence and in the absence of urea (Fig. 3.15B). As the concentration of urea increased, the
thermal denaturation midpoint (Tm) decreased to 70 °C and 64 °C in 2M and 4M urea,
respectively compared to the Tm value of 74 °C for lysozyme in the absence of urea at pH 7.

3.4. Discussion

3.4.1. Lysozyme fibril formation at pH 7:

Though the fibril formation of lysozyme has been extensively characterized at non-
neutral pH conditions, the studies at neutral pH are very limited.'%12 Since our study aimed
to probe the effect of surfactants on the fibril formation and to determine the role of the charge
interactions, it was considered advantageous to monitor the changes at neutral pH. The change
in pH alters the surface charges on the protein and the micelle-forming concentrations of the
surfactants. However, lysozyme does not form fibrils at neutral pH under normal conditions.
Our earlier studies showed that the addition of 2—4 M urea to lysozyme at higher temperature
induced fibril formation. These conditions were used for analysing the effects of the surfactants
on the fibrillation. In 2M urea, lysozyme shows an initial lag phase, followed by a fibril
elongation phase, suggesting a nucleation-dependent fibrillation pathway. However, in 4M
urea, the protein loses slightly more secondary structural contents at higher temperature, but
does not show any lag phase and follows a nucleation-independent fibril formation. The
nucleation-independent pathway is observed in HEWL at pH 2 and in high salt concentration
conditions,” as well as in a few other proteins, such as bovine serum albumin.*?® This pathway
might occur through a classical coagulation or via a downhill aggregation mechanism?*°,
Analysing the effects of the surfactants under both these conditions could provide valuable

information on the role of the surfactants at different stages of fibril formation.

3.4.2. Lysozyme-surfactants interaction:
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Conformational changes followed by the intrinsic fluorescence of lysozyme show that
SDS has no considerable effect up to 0.4 mM. However, as the concentration of SDS increases,
the protein fluorescence displays a cooperative increase in intensity (Fig. 3.12), which might
arise from the tertiary structural changes of the protein. Further insights on the structural
changes with an external fluorophoric probe, TNS, (Fig. 3.13) suggest that at the lower
concentrations of SDS the hydrophobic residues of the protein are partially exposed, which are
then occupied by TNS molecules, thus enhancing the fluorescence. As the SDS concentration
is further increased (above ~0.6 mM), the SDS molecules interact with the protein through
hydrophobic interactions and replace the bound TNS. The TNS molecules released from the
protein surface to the solvent reduces its fluorescence intensity. Above 6.0 (£0.5) mM of SDS,
the protein’s surface could be completely occupied with SDS micelles, and thus any further
increases in the surfactant concentration will not provide any conformational change of the
protein. Under these concentrations, free micelles of SDS (i.e., not interacting with the protein)
could also be found in the free solvent. TNS might bind to these free micelles, and thus its
fluorescence would not be altered compared to its fluorescence in the absence of HEWL.

The far-UV CD spectra (Fig. 3.14A) demonstrate that for up to ~1.5 mM of SDS, the
secondary structure content of the protein is increased. This could be due to the property of
SDS to induce helicity of lysozyme at lower concentrations.!3! Increases in the SDS
concentrations above 1.5 mM destabilize these additional secondary structures. Further
increases in the concentration of SDS (>6.5 mM in OM urea; >6 mM in 2M urea; >5 mM in
4M urea) does not affect the secondary or tertiary structure of the protein. By comparing these
results with the earlier studies 118:120.132.133,119,134 o |ysozyme—SDS interactions, it could be
inferred that lysozyme interacts with SDS through ionic interactions at concentrations below
0.5 (£0.1) mM, and that it initiates the protein-associated early micelle formation of SDS
(critical aggregation concentration - CAC!813%)  Above this concentration of SDS,
hydrophobic interactions predominate between lysozyme and SDS molecules, which affect the
tertiary structure of the protein. These tertiary structural changes are accompanied by a change
in helicity of the protein. Such protein—-SDS complexes, including for lysozyme, have been
well characterized by various techniques.119126:136.137 Though the presence of urea decreases
the concentration needed for complete protein—micelles complex formation, it has an
insignificant effect on the critical aggregation concentration. Moreover, the slopes of the
denaturation curves are similar in the presence and in the absence of urea (Fig. 3.15B),
suggesting that urea at the studied concentrations has less interference on the SDS interactions

with the protein.
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Protein-induced early aggregation is also observed in CTAB (Fig. 3.12B). In the case
of CTAB, the slope of the denaturation curve is similar for all the urea concentrations, but the
CAC is notably higher at higher urea concentrations. In 2M and 4M urea, the CAC values are
0.2 and 0.4 mM, respectively, compared to 0.1 mM in the absence of urea. Urea also increases
the concentration of CTAB required to form the complete micelles around the protein. This is
evident from the saturation of lysozyme fluorescence, which occurs at 1.0 and 1.5 mM of
CTAB in 2M and 4M urea, respectively, whereas in the absence of urea it is observed at 0.8
mM of CTAB. These results are further verified by the change in TNS fluorescence in CTAB
upon the addition of HEWL (Fig. 3.13B). In the absence of urea at above 0.1 mM of CTAB,
the TNS fluorescence increases with increasing the CTAB concentration upon the addition of
HEWL, suggesting a partial exposure of the hydrophobic residues of the protein. The CTAB
concentration at which the TNS fluorescence starts increasing is also shifted to higher
surfactant concentrations in the presence of urea (0.2 and 0.4 mM in 2 and 4M urea,
respectively). This might be due to the simultaneous ionic and hydrophobic interactions of
CTAB on the protein surface at lower surfactant concentrations, which could be affected by
urea. Studies 133134 on the interaction of lysozyme with CTAB and dodecyl trimethyl
ammonium bromide (DTAB — a cationic surfactant similar to CTAB) using calorimetric
methods propose that the initial interaction between HEWL and cationic surfactants at lower
concentrations is due to the simultaneous electrostatic and hydrophobic interactions, whereas
at higher concentrations, hydrophobic interactions predominate. These interactions expose
some of the hydrophobic sites of the protein, which leads to conformational changes. This
could be correlated with the spectroscopic changes observed for HEWL in the presence of
CTAB. In the absence of urea at above 0.8 mM of CTAB, the TNS fluorescence decreases.
This might be due to the occupation of the exposed hydrophobic sites of HEWL by CTAB
through hydrophobic interactions by replacing the bound TNS. A similar effect is observed in
the presence of 2M and 4M urea, as well at the concentrations of CTAB above 1.0 and 2.0
mM, respectively. Furthermore, CTAB does not show any significant secondary structural
changes in the protein, except in the presence of 4M urea. In 4M urea, it is noted that CTAB
slightly increases the secondary structure content of the protein, which is then destabilized with
further increases in the surfactant concentration. These results suggest that the lysozyme—
CTAB interaction mostly affects the tertiary interactions only.

Tx, a non-ionic surfactant, also showed a cooperative transition, which could
correspond to the tertiary structural changes of the protein. Interestingly, urea has no notable

effect on the CAC of Tx in lysozyme, which is 0.2 mM in all the cases, nor does it affect the
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concentration of the complete micelle formation by Tx around the protein (at 2 mM). In other
words, the presence of urea has little or no effect on the protein—non-ionic surfactant
interaction. Moreover, the change in the TNS fluorescence intensity in Tx upon the addition of
HEWL is minimal, both in the presence and in the absence of urea. This suggests that the extent
of the protein denaturation is minimal in the presence of Tx. In the presence of all the studied
surfactants, the fluorescence emission maximum was observed at around 350 nm. The absence
of any wavelength shift during the titrations against surfactants suggests that the extent of the
unfolding is less, and that the exposure of the hydrophobic tryptophan residues to the solvent
is minimal. This corroborates with the less or no changes observed in the secondary structure

content of the protein with the surfactants.

3.4.3. Effect of surfactants on fibril formation:

Changes in the fibrillation of lysozyme in the presence of surfactants can be broadly
categorized into ionic and non-ionic surfactant effects. In the presence of ionic surfactants, i.e.,
SDS and CTAB, the fibrillation propensity (formation or inhibition) of lysozyme is similar,
although the rates of fibril formation are different. In 2M urea solution, lysozyme forms fibrils
with a nucleation phase of ~2.1 h** and an elongation rate of ~1.6 h™*. In the case of the addition
of SDS at lower concentrations, where the ionic interaction predominates (i.e., <0.4 mM SDS),
the nucleation period is marginally increased. However, at higher concentrations, where the
charge neutralization is complete and the tertiary structures are also slightly altered, the
nucleation time is gradually reduced. The addition of CTAB at lower concentrations, where
there are no tertiary structural changes and at <0.2 mM CTAB, the lag phase is also extended,
but the change in the fibrillation rate is minimal. In 2 mM SDS, the protein exceptionally had
a shorter lag phase and slower fibrillation rate. At near the CMC of CT AB and above the CMC
of Tx, the lag phase was reduced, compared at lower concentrations, but was still longer than
the time observed in the absence of surfactants. The fibrillation rate shows insignificant
changes under these conditions.

Overall, the initial binding of the surfactant molecules on the protein’s surface residues
increases the nucleation period. The binding of more surfactant molecules alters the tertiary
structures by hydrophobic interactions and reduces this lag phase. By comparing the effect of
different surfactants, it was clear that the surfactant with an opposite charge (i.e., SDS) to the
protein surface charge shows a relatively lower nucleation time. These results suggest that
surface charge neutralization of the protein by SDS might reduce the initial lag phase, whereas

similarly charged and uncharged surfactants mostly interact with the hydrophobic surfaces and
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thus extend the nucleation time. At the complete micelle forming concentrations both SDS and
CTAB inhibit fibril formation. The addition of non-ionic surfactants does not inhibit the
fibrillation of the protein, but it does increase the lag phase. In the case of ionic surfactants, the
surfactants are known to form micellar-like aggregates 26137138 around protein by interacting
with the protein through their hydrophobic tails and by exposing their charged head groups to
the solvent. These charged surfaces of the protein—ionic surfactant complexes can reduce the
interaction between the individual protein chains, thus inhibiting fibril formation. However,
non-ionic surfactants cannot produce such charged surfaces, which could lead to the fibril
forming aggregates.

Earlier studies have shown that SDS could induce the amyloid fibril formation of
lysozyme at lower concentrations, and that above the CMC it inhibits fibrillation.1?8116 Also,
SDS is found to evade the lag phase of lysozyme fibrillation at pH 2.0 1?8 and of apolipoprotein
C-ll at pH 7,* and to facilitate the direct elongation phase. Furthermore, increases in the ionic
strength of the solution have also been shown to alter the mechanism of lysozyme fibrillation.”
Though our results do not show a complete abstinence of the nucleation phase at near the CMC,
SDS shows a shorter nucleation time. This might be due to the varying surface charge
distribution of the protein at different pHs, which could alter its interaction with SDS. SDS has
also been shown to induce the fibrillation of other proteins as well at lower concentrations,
namely by converting a-helical structures of the proteins into B-sheets.'3%140.141 Recently, Khan
et al.!'” has shown that 0.5 mM SDS induces the aggregation of 25 different proteins, including
lysozyme at the pH of two units less than their pl. Also, molecular simulation studies on
amyloid-p peptides suggest that changes in the ionization states of charged amino acid residues
due to changes in the solution pH could alter the electrostatic interactions within and between
the peptides chains, thus influencing the fibrillation propensities of the peptides.t4>143
Comparing these observations with our results reiterates the fact that the surface charge
neutralization by ionic surfactants could reduce the nucleation time, whereas the occupation of
hydrophobic sites by the hydrophobic tail of a similarly charged surfactant or non-ionic
surfactant would show an inverse effect. Thus, it could be concluded that the nucleation phase
of lysozyme fibrillation is mostly influenced by the charge interactions and by micellation of
the surfactant around the protein.

In 4 M urea conditions where no lag phase is observed, the initial binding of SDS to the
protein slowed down the fibrillation rate, but accelerated it by the further addition of SDS.
Higher concentrations of CTAB and Tx are shown to reduce the rate of fibrillation. Though

the exact reasons for these variations could not be deduced due to the limitations of our
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experiments, the effects observed in these cases suggest that the fibril elongation phase might
be controlled by the additional factors,*®'1 such as exposure of the protein’s hydrophobic
residues, changes in the surfactant binding sites, and by their structural features. Moreover,
studies on the effect of amphiphiles and other small molecules on protein fibrillation 114115
suggest that these molecules could have distinct effects on different stages of protein fibrillation
and aggregation. Therefore, it could be concluded that the different stages of lysozyme
fibrillation, nucleation, and elongation, are differently influenced by the surfactants.
Comparing the kinetics profiles obtained in 2M and 4M urea conditions indicates that the
surfactants do not switch the fibrillation mechanism from nucleation-dependent into
nucleation-independent or the other way around, even though the formation of protein—ionic
micelle complexes inhibit fibril formation under all the conditions. Non-ionic micelles do not
inhibit the fibrillation, but can affect the fibrillation process at each phase. Interestingly, the
fibrillation rate is five-fold slower in the presence of 4M urea compared to the fibril elongation
rate in 2M urea. In the case of the 2M urea samples, where also the shortest nucleation time
was observed (in 0.2 mM of SDS), the elongation rate is reduced. This suggests that the initial
nucleus formation before fibril elongation may accelerate the fibrillation rate. However,
considering the distinct effects of the surfactants on the different phases of fibrillation and the
urea induced change in the fibrillation mechanism, this assumption needs to be verified by
further experiments on the lysozyme fibril formation under similar conditions and with other

fibril forming proteins as well.

3.5. Summary

The effect that ionic and non-ionic surfactants had on each step of the fibril formation
was investigated. All of the surfactants showed increase in the nucleation time of the protein,
but the extent of the increase was less near the CMC of the ionic surfactants and above the
CMC of the non-ionic surfactants. This predicts that the lag phase is mainly controlled by the
ionic interactions and the micellation property of the surfactants. The fibril elongation rate is
not generally affected under the 2M urea conditions and has differential effects in 4M urea.
This indicates that the elongation phase is influenced by multiple factors. Moreover, ionic
surfactants inhibit fibril formation above their CMC, while non-ionic surfactants could only

extend the time for nucleation and the elongation.
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Surfactants & Lactalbumin, an acidic protein

Abstract

Studies focussed on protein-surfactant interactions can help in navigating the associated
changes on structure, aggregation and fibrillation propensities of the protein. The fibrillation
pathway and Kinetics are mainly determined by the surface charge on the protein and the added
co-solvents. To get insights into the interplay between these phenomena, the effects of anionic,
cationic and non-ionic surfactants on a-lactalbumin (a-LA, an acidic protein) fibrillation were
studied. Our earlier studies on the effects of sodium dodecyl sulfate (SDS), cetyltrimethyl-
ammonium bromide (CTAB), and triton X-100 (Tx) on lysozyme (a basic protein) fibrillation
indicated that there are differential effects of ionic and non-ionic surfactants. In case of a-LA
as well, above the critical micelle concentrations (CMC) of anionic surfactant SDS, protein
could not form fibrils. However, cationic CTAB and non-ionic Tx does not inhibit fibril
formation at all the concentrations. SDS at lower concentrations increased lag time by two-
fold, but the elongation rate was not significantly altered whereas at the concentrations above
0.2 mM, a huge increase in lag time accompanied by 3-6fold increase in the elongation rate
were observed. CTAB, bearing opposite charge to the protein accelerated the fibril formation
at lower concentrations whereas near-CMC it showed a increase in lag time. Above the CMC,
CTAB again shorten the lag time. The elongation rate decreased as the concentration of CTAB
is increased. Tx also showed concentration-dependent changes. As the concentration of TX is
increased, there is concomitant increase in the lag time. However, elongation rate for final fibril
assembly was larger in the presence of lower concentrations and micellar concentration of Tx
compared to near-CMC concentrations. These results point out to the fact that the nucleation
phase of a-LA fibrillation is primarily controlled by charge interactions and micellation of the
surfactants, but multiple factors might influence the fibril elongation. Furthermore, the
surfactants do not alter the fibrillation pathway from nucleation-dependent to nucleation-

independent or vice versa in the studied conditions.

4.1. Introduction

Surfactants or surface active agents are small amphipilic molecules that reduce the
interfacial tension between two phases by acting at interfaces. Lowering of the free energy of
the phase boundary is the major driving force for surfactant adsorption.!#* Protein-surfactant
interactions depend on the protein under consideration and the nature of surfactant (charge on

the head group and length of tail). Denaturation in the presence of surfactants requires almost
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1000 times less concentration compared to chemical denaturants and does so by increasing the
affinity towards denatured state.5%%77 Monomeric and micellar forms of surfactants interact
differently with proteins and their micellation is significantly affected in presence of proteins.5°
For instance, RNase A unfolding showed formation of 3 different types of intermediates in the
presence of different concentrations of SDS ranging from monomeric forms to micelles.*?” On
the contrary, SDS has been found to play two opposite roles in case of BSA as stabilizer at low
concentrations and as destabilizer in the presence of micelles.'4> Sudies on S6 show that two
different micellar formations can occur during the unfolding of protein in SDS at above the
CMC. Spherical micelles results in unfolding of protein with saturation of unfolding rates
(mode 1) while cylindrical micelles, prevalent at higher SDS concentrations, induced unfolding
dependent on power-law (mode 2).”” Also, SDS and LTAB’’ show strong pH-dependence
suggesting the crucial role of head groups in modulating the unfolding of proteins. Further,
experiments on cytochrome ¢ suggest that “tertiary structure unfolding in the presence of sub-
micellar concentrations and chain expansion in the micellar range of SDS concentrations” to a
good approximation.t®” a-lactalboumin unfolding in the presence of ionic, non-ionic and
zwitterionic surfactants has been extensively characterized, because of the protein’s versatility
in comparing different denaturation mechanisms making it an excellent model.1#6147 The
results propose that unfolding occurs at much faster rate in the presence of anionic and cationic
surfactants and monomers and micelles operate mutually exclusive. In the presence of non-
ionic and zwitterionic surfactants, both monomers and micelles were found to cooperate in the

denaturation phenomenoné,

Figure 4.1 Ribbon diagram of a-LA showing alpha helices and beta sheets with the four tryptophan residues
presented as stick models.

It has been shown that the aggregation propensity of many proteins such as amyloid
beta peptidest'?, alpha-synuclein, lysozyme® and lactoglobulin®® is altered by surfactants,

though a general mechanism cannot be attributed as to how different monomeric, near-CMC
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and micellar forms of surfactants play a role in protein fibril assembly and the associated
Kinetic pathways.114115116117 A recent study has shown to first approximation that the effect of
Na* detergents on [2-microglobulin is a result of competition between the super-saturation

limited fibrillation and the unlimited capacity to form mixed protein-micelle complexes in a
concentration-dependent detergent effect. Also, there is a structural transition from [-sheet
structures to a-helices as the detergent changes phase from monomers to micelles.#® SDS-
induced fibrillation of alpha-synuclein represents the versatility of protein association and by
formation of shared micelles.’*® lonic and non-ionic surfactants micelles were shown to inhibit
fibrillation of HEWL® and B-lactoglobulin® by solubilizing and making unfolded monomers
unavailable for protein association. However, studies on how these structural changes affect
the fibrillation propensity of the proteins are limited, particularly on a-lactaloumin (a-LA). Our
present study focuses on the conformational changes induced by differently charged surfactants

on a-LA and its effects on the protein’s fibrillogenicity.

a-LA is a two-domain protein consisting of 123 amino acids with a/p — fold class (Fig.
4.1) and widely used as a model to study folding intermediates and molten globule
structures.®11%2 g-L A forms fibrils in its reduced form at neutral pH or in apo-form at lower
pH and higher temperature (37 to 55 °C).153154 These properties of oa-LA is employed to
understand fibril formation and inhibition mechanisms in vitro.153-156 |n this present work, we
have studied the effect of surfactants, SDS, CTAB and Tx on the fibrillation mechanism of this
acidic protein (pl ~4.5) and compared with earlier reported basic protein (lysozyme, pl ~9).%4
The results suggest that the effect of surfactants on the fibril forming ability of the proteins

with different surface charges is different and also differ in their kinetics mechanism.

4.2. Materials and Methods

4.2.1. Materials: Chemicals and the necessary reagents were procured as mentioned in section
2.2.1.

4.2.2. Sample preparation: Samples were prepared and the fibrillation kinetics was followed
as mentioned in section 3.2.2. In brief, desired protein concentration of 140 uM or 15 uM was
achieved by adding a-LA directly to the aliquots of surfactants’ solutions for fibril or unfolding
studies, respectively. Fibrils were formed by incubating the protein in phosphate buffer at pH
7 at 60 °C for 12-14 hrs. TNS fluorescence changes in the presence of the protein were also

measured following the method described in section 3.2.2.
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4.2.3. Spectroscopic measurements: ThT emission spectra were recorded as described in
section 2.2.1. For the kinetics measurements, method described earlier in section 2.2.3 was
followed. The protein’s fluorescence changes and CD measurements were carried out
following the method described in 3.2.3. Ellipticity changes at 220 nm for thermal denaturation
studies were followed in the presence and absence of surfactants by increasing temperature by
1°C/min from 20 °C to 90 °C.

4.2.4. Microscopic Imaging: TEM images were obtained following the protocol mentioned in

section 2.1.2 to capture the images of fibrils.

4.3. Results

4.3.1. Surfactants effect on a-LA fibrillation: Protein’s surface charge and micellation
property of surfactants are altered with change in solution pH. Hence, in order to evaluate the
effect of surfactants on an acidic protein, a-LA, the fibril forming conditions were optimized
at near-neutral pH. Of the various conditions studied, apo-form of a-LA was found to form
fibrils by heating the protein at 60 °C for 12-14 hrs. Once the fibril forming conditions were
identified, the effect of surfactants SDS (anionic), CTAB (cationic), and Tx (non-ionic) on the
fibrillation were analysed to determine how the surface charge on the protein was screened by

the surfactants bearing different head groups
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Figure 4.2 Effect of surfactants on a-LA fibrillation at pH 7. Dashed and solid lines represent ThT spectra
measured before and after heating the protein samples at 60 °C for 12-14 h. ThT fluorescence in presence of (A)
0 (black), 0.1 (pink), 1.0 (cyan), 10 (blue), and 20 mM (green) of SDS, (B) 0 (black), 0.01 (pink), 1.5 (cyan), 5
(blue), and 10 mM (green) of CTAB, and (C) 0 (black), 0.01 (pink), 0.2 (cyan), 2.0 (blue), and 5.0 mM (green)
of Tx.

and concomitant changes in the kinetic parameters. Surfactants exist as monomers at lower

concentrations and as micelles at higher concentrations (CMC). The equilibrium between these
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two states of a surfactant is affected by the solvent condition adapted. From section 3.3.1, it
was noted that under the buffer conditions employed, the three surfactants SDS, CTAB and Tx
showed CMC values of 3.5 mM, 0.2 mM, and 0.3 mM, respectively.

In order to evaluate the effects of surfactants on a-LA fibrillation, different
concentrations of surfactants ranging from monomeric to micellar forms were added to protein
solution and heated at 60 °C for 12-14 hrs at pH 7. As reported in earlier chapters, ThT was
used as probe to check for the formation of fibrils. Fluorescence intensity of ThT increases by
7-fold upon binding to fibrils.!5"121 The fluorescence intensities of ThT containing protein
samples were measured before and after heating the samples at 60 °C. When lower
concentrations of SDS, CTAB and Tx were added to the samples containing a-LA, the
fluorescence intensity of ThT increased after incubating the samples at higher temperature
(Fig.4.2).

no SDS 0.1 mM SDS 0.5mM SDS

200 nm
i
200 n 20fein e 200 nm
0.1 mM CTAB 5.0mM CTAB 0.1 mM Tx 5.0 mM Tx

Figure 4.3 TEM images of a-LA fibrils in the presence and absence of different concentrations of surfactants (as
mentioned in the labels of each panel).

There were no considerable changes in the intensity of dye when protein samples were heated
in the presence of micellar concentrations of SDS. However, in the case of CTAB and Tx even
the micellar concentrations could form fibrils. Though there was no considerable change in the
intensity of ThT dye in the presence of micellar concentrations of CTAB and T, the fibrils
could be clearly viewed under TEM (Fig. 4.3). TEM images showed that the protein formed
long and twisted fibrils even in 5.0 mM (above CMC) of CTAB or Tx (Fig.4.3).
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4.3.2. Kinetics of a-LA fibrillation: ThT fluorescence intensity was used to monitor the
changes in the fibrillation kinetics of a-LA. The protein showed characteristic sigmoidal
Kinetics with lag, elongation and saturation phases. The kinetic traces were analyzed using eq.
(2.1)*>and the resultant parameters are presented in Table 4.1. In the absence of any surfactant,
a-LA showed a lag phase of ~20 min and the conversion of entire monomers to fibrils was

completed in ~10 h. Addition of anionic SDS resulted in a biphasic effect. The concentrations
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Figure 4.4 The kinetic curves of a-LA in the presence of different surfactants (A) SDS, (B) CTAB, and (C) Tx
as monitored by ThT fluorescence change. The different color codes in each panel correspond to the concentration
of surfactants used and the concentrations are presented in the respective panels. There is no increase in the
fluorescence intensity of ThT in the presence of 2 and 5 mM of SDS in panel A.

below 1 mM were able to induce fibrillation and the addition of SDS above 2 mM resulted in
the formation of amorphous aggregates. The fluorescence intensity of samples containing less
than 2 mM of SDS showed an increase with characteristic three phases. The lag phase was
increased by two to 4-fold and the elongation rates were comparable at the lower concentrations
of SDS. However, at the concentrations near-CMC, the lag period was extended to nearly 20 h
whereas the elongation rate was accelerated. ThT fluorescence did not show any considerable
changes when the SDS concentrations were above CMC. Kinetic traces in the presence of
CTAB and Tx resulted in a monophasic effect and ThT fluorescence was found to increase in
the presence of all the concentrations of the surfactants employed. The lag time was found to
be increased whereas the elongation rate was accelerated in the presence of CTAB. Similar
trend was observed in for a-LA in the presence of non-ionic surfactant, Tx. Microscopic images
also confirmed the observations that a-LA formed fibrils in the presence of all the

concentrations of CTAB and Tx employed (Fig. 4.3).
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Table 4.1 Lag time and elongation rate of fibrils formed in the presence of different surfactants

Surfactant Concentration (mM) Lag time (min) Elongation rate

(x10?)

0 20.0 4.2

0.05 834 52

0.10 45.0 34

SDS 0.20 445 5.6

0.50 1283.5 113

1.0 1237.0 27.0

>2.0 no fibrils --

0.02 54.34 65.33
CTAB 0.10 230.0 153.45
2.0 90.0 110.0
0.1 40 110.0

Tx 100 0.5 95.5 162
2.0 143.7 82.85

4.3.3. Unfolding of a-LA by surfactants: Unfolding of a-LA in all the three surfactants was

followed using the change in intrinsic fluorescence of the protein. As reported by earlier
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Figure 4.5 Changes in the intrinsic fluorescence of a-LA monitored at 350 nm with increasing concentrations of
SDS (A), CTAB (B), and Tx (C).

studies, the unfolding of a-LA by anionic SDS involves three different phases (Fig. 4.5A). (i)

SDS binds to the surface of protein without much conformational changes upto ~ 0.8 mM. (ii)

SDS forms quasi-micellar structures with secondary structural changes from 0.8-3 mM. (iii)
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The micelles of SDS completely surround the protein surface with significant conformational
changes when used above 3 mM.#6 In the present study also following the changes of a-LA
by intrinsic fluorescence showed three major transitions, though there is a shift in the SDS
concentrations at which these steps occur probably because of the buffer conditions employed.
Unfolding of a-LA inthe presence of cationic surfactant CT AB showed two distinct transitions
as reported in earlier literature.#”134 There is an increase in the Trp emission maxima with
concomitant increase in the concentration of CTAB which suggested the exposure of Trp
residues to hydrophilic environment as a result of unfolding.%815° The fluorescence intensity
approaches a saturation level in the presence of micellar concentrations of CTAB, i.e., above
0.2 mM (Fig 4.5B). Earlier reports based on stopped-flow experiments’4¢ suggest that the rate
of unfolding shows a single relaxation phase with rapid unfolding at lower concentrations of
cationic surfactant. However, the unfolding rate declines to a small but reproducible extent at
higher concentrations of CT AB which can be attributed to the additional binding of micelles
around the protein surface. This additional binding might not significantly alter the
conformation of the protein.

Non-ionic surfactant, Tx did not show any significant changes in the fluorescence of a-
LA up to concentrations below CMC. The initiation of protein denaturation was noted only in
the presence of near- or above-CMC concentrations of Tx as shown in Fig 4.5C. The increase
in fluorescence of a-LA, when the concentration of Tx was increased above 0.05 mM, could
be due to exposure of Trp residues up on denaturation. However, when the concentration of Tx
was increased above 0.1 mM, the protein’s fluorescence came down probably due to the
formation of Tx micelles around the hydrophobic surfaces of the protein including Trp residues
which could reduce the solvent accessibility of Trp residues. Further increase in the
concentration of surfactant only might assist the micellation, hence, not altering the protein
conformation. Earlier studies showed that the final plateau value depends on the length of non-
ionic surfactant and a linear dependence was found indicating monomers contributions on the
efficiency of unfolding.14¢

For further insights into these effects, micellation of surfactants and unfolding of
protein were followed using an external fluorophore TNS. The dye binds to the hydrophobic
patches such as those found in micelles or denatured protein upon which its fluorescence
increases. Initially TNS fluorescence was measured in SDS and CTAB alone. There was no
considerable change in the dye emission in the presence of lower concentrations of both the
surfactants as shown in Fig 4.6. The intensity of TNS increased steeply from 3.5 mM in case
of SDS and 0.2 mM in the presence of CTAB and indicated that the CMC of SDS and CTAB
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in the studied buffer conditions to be 3.5 mM and 0.2 mM. Addition of protein altered these
transitions and the intensity of TNS started to increase when 0.1 mM of SDS was added that

decreased afterAmM. The intensity of TNS fluorescence again increased from at above 4 mM
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Figure 4.6 Changes in the TNS fluorescence (empty circles) and in the presence of a-LA (filled red circles) with
(A) Increasing concentrations of SDS and CTAB (B) respectively.

of SDS in the presence of protein. In CTAB, TNS fluorescence showed no change till 0.05
mM, but started increasing from 0.05 mM to 0.15 mM in the presence of a-LA. Above this
concentration, the TNS fluorescence decreased until the addition of 0.4 mM of CTAB which
again increased when the surfactant concentration was above 0.4 mM in the presence protein.
Above 1 mM of CTAB, the fluorescence intensity of TNS was slightly but monotonously
increased. As observed in the case of lysozyme (Fig. 3.13), the difference in change in TNS
fluorescence in the presence of Tx, before and after the addition of a-LA, was very less (data
not shown).

Secondary structural changes upon addition of SDS and CTAB were followed at far-
UV CD. The ellipticity changes observed in the presence of SDS suggested that the secondary
structure of a-LA was only partially affected by SDS at the concentrations even up to 5 mM
(Fig. 4.7A). Moreover, SDS was found to increase the helicity of the protein at the
concentrations up to ~1 mM which came down at higher concentrations. At 60 °C, a similar
trend was found, but extent of increase in helicity was less. A completely opposite trend was
observed in the presence of CTAB (Fig. 4.7B). Lower concentrations led to increased loss of

structure when compared to changes observed in the presence of higher concentrations of
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CTAB. At higher temperature, there was a slight increase in the structure of protein up to 0.5
mM of CTAB, but further increase in the surfactant concentration caused destabilization of the
structure. Tertiary structural changes observed in the presence of SDS showed that there was a
cooperative loss in the structure of the protein with concomitant increase in SDS concentration

(Fig 4.8A). There was no significant change in the tertiary interactions of the
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Figure 4.7 Far-UV CD spectra of a-LA followed both at room temperature (solid lines) and at 60 °C (dashed
lines) in the presence of increasing concentrations of SDS (A) and CTAB (B).
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Figure 4.8 Ellipticity changes of a-LA at 270 nm followed both at room temperature (empty circles) and at 60 °C
(filled red triangles) in the presence of varying concentrations of SDS (A) and CTAB (B).

protein up to the addition of 0.02 mM of SDS and complete loss in the structure occurred by

1.0 mM. Further addition of SDS did not induce much change in the structure of protein. There
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is a greater degree of loss in the structure of protein at higher temperatures and the denaturation
sets in at much lower concentration of SDS, though it follows a similar trend. In the presence
of CTAB, gradual destabilization of structure sets in even at lower concentrations and the
complete loss in tertiary structure occurred by 1 mM. Not much change was observed up on
further addition of CTAB (Fig 4.8B). At higher temperature, a similar trend in the
destabilization of the protein was followed and the transition in saturation also sets in at much
lower concentrations.

Thermal denaturation studies were carried out in the presence of SDS by following the
ellipticity changes at far-UV region. Lower concentrations of SDS induced cooperative loss in

the structure of protein up to 2 mM and became non-cooperative when concentration
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Figure 4.9 Thermal denaturation of a-LA followed at 222 nm in the presence of varying concentrations of SDS
(A) and CTAB (B). The denaturation profiles were fitted into simple two-state transitions and only the fit-lines
are presented for clarity. The different color codes represent the varying concentrations of the surfactants as
mentioned in the labels in the respective panels.

Table 4.2. Thermal denaturation midpoint (Tm) of a-LA in the presence of SDS and CTAB'

[SDS], mM | Tm, K | [CTAB], MM | Tm K
0.1 335.5 0.05 330.3
05 336.0 0.1 326.8
1.0 335.0 05 316.4
2.0 3315

T - in the absence of any surfactant T, value of a-LA is 332.2 K.
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was increased above 2 mM. Also, SDS stabilized the protein against denaturation by
temperature up to 1 mM but destabilized at higher concentrations. There was no complete
unfolding of the protein in all the solution conditions studied, even at 90 °C. In the presence of
CTAB, there is a cooperative loss in the structure of protein and complete denaturation was
observed in the studied temperature range. Increasing concentrations of CTAB led to increased
loss in the structure as evident from the left shift in the thermal curves indicating that the
denaturation sets earlier in the presence of the cationic surfactant. At above 1.0 mM of CTAB,

non-cooperative transitions were observed.

4.4. Discussion

The conformational changes on a-LA in the presence of surfactants have been
characterized in some of the earlier studies!®!4’, but their influence on the fibrillation
propensity has not been studied in detail. The fibrillation condition for a-LA at pH 7 was
optimized by following changes in ThT fluorescence (Fig 4.2) and the fibril formation was
confirmed by microscopic images (Fig 4.3). The effect of surfactants on a-LA in the presence
of varying concentrations of SDS, CTAB and Tx was followed to get insights into the role of
charge interactions in producing different denatured states and their influence on fibril
formation. In the presence of SDS, there is a biphasic effect with lower concentrations
promoting or inducing fibrillation whereas >2 mM concentration induces formation of
amorphous aggregates. At lower concentrations, the lag time is extended slightly, but
insignificant changes in the elongation rates are observed. In the presence of 0.05 mM SDS,
the increase in lag time can be attributed to charge neutralization of proteins surface residues
and without much exposure of the buried hydrophobic residues. 0.5 mM to 2.0 mM SDS is
found to significantly extend the lag time and elongation rate shows three to 6-fold increase in
magnitude.

In CTAB and Tx, fibrillation is induced in the presence of all the concentrations
employed i.e. both monomeric and micellar forms had the ability to drive the orderly formation
of fibrils. In the presence of lower concentrations of CTAB, the lag time is slightly increased
probably due to opposite charge interactions between a-LA and CTAB (Fig 4.4B). However,
at near-CMC concentration the lag time is prolonged by ten-fold compared to the lag time in
the absence of surfactants. Above the CMC of CTAB, the lag time is comparable to that of the
time observed at lower concentrations. In all the cases, the elongation rate is increased;

particularly the fastest elongation is noted near-CMC of CTAB. These changes are similar to
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that observed in lysozyme in the presence of SDS (Table 3.3) suggesting that the surface charge
on the protein and the surfactant head group plays an essential role on the fibrillation kinetics
of these proteins. Tx shows almost a linear increase in the lag time with increasing surfactant
concentration which might be due to its non-ionic nature. Though the elongation rates are
higher in the presence of Tx compared to water, there is a slight retardation noted above the
CMC of the surfactant. In overall changes, it is interesting to note that the prolonged lag time,
in general, accelerated the elongation phase. The extent of increase is not linear, probably due
to different charge-charge interaction factors.

Conformational changes followed in the presence of SDS at far-UV CD shows loss of
helical content at higher temperatures (Fig 4.7A). The tertiary structural changes are also
substantially lost at these concentrations, assisting in the exposure of hydrophobic residues
corroborated by the red-shift in the emission maxima.'4’ The TNS fluorescence suggests an
initial charge interaction between protein and monomeric form of SDS, above 0.2 mM quasi-
micellar aggregates are formed around the protein resulting in greater exposure of hydrophobic
surface. SDS-micellar aggregates formed might delay the association of protein chains
representative of nucleation, thus increasing the lag time. In the presence of CTAB also similar
charge interactions prevail resulting in only trivial changes in TNS fluorescence (Fig 4.6B) till
0.01 mM correlating with little conformational change in a-LA structure which is also evident
from the Trp fluorescence. TNS fluorescence starts to rise in the intensity till 0.15 mM, and
then declines till 0.3 mM, though the proteins fluorescence increases linearly. These effects
propose that CTAB and TNS initially bind to the hydrpphobic patches of the protein. As the
CTAB concentration is increased above 0.15 mM, TNS binding sites are replaced by CTAB
and TNS molecules are released back to the solvent from the protein surface. During this event,
the continuous binding of CTAB unfolds the protein. Above 0.3 mM, the protein’s
hydrophobic surface is completely occupied by CTAB where further increase in CTAB could
not change the protein’s conformation. At these concentrations, CTAB could form free
micelles which can act as hydrophobic surfaces for TNS, thus, increasing the fluorescence of
TNS molecules. These events suggest that though SDS and CTAB have different charges they
might act up on the protein surfaces via a common mechanism in denaturation.

The ellipticity changes followed at near-UV region (Fig 4.8) suggests gain in secondary
structure at higher temperatures in the presence of monomeric forms of CTAB where most of
the tertiary contacts are lost. However, further increase in CT AB concentration resulted in loss
of structure. These results suggest that both monomeric and micellar forms of CTAB induce

different conformational states in a-LA. Nevertheless, both could drive the protein to fibril
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formation with different rates. In case of lysozyme, the conformational state induced by
micellar concentration of CTAB could not direct the protein towards fibrillation pathway. This
suggests that though these two proteins can have common mechanism on surfactant induce
unfolding, they can exert differential behaviour on their fibrillation propensity. Non-ionic

surfactant shows similar effect on both the proteins as expected.

4.5. Summary

The present study shows that the effect of surfactant on protein depends on the charge of
surfactants’ head group and the surface charge on the protein. All of the surfactants are found
to increase the lag time in both a-LA and lysozyme. SDS shows an increase in the lag time by
many fold in a-LA compared to lysozyme. Elongation rate is also increased more in a-LA
while the changes observed in lysozyme are insignificant. However, fibrillation is inhibited in
case of both the proteins in the presence of micelles of SDS. The unfolding behaviour also is
similar in case of both a-LA and lysozyme. Near-CMC concentrations of CTAB show huge
increase in the lag time in case of a-LA. In contrast, CTAB resulted in opposite changes in
lysozyme with near-CMC concentrations have shorter lag phase than the monomers.
Interestingly, the micelles of CTAB could not inhibit the fibril formation by a-LA whereas
they could do so in lysozyme. This evidences that the inhibition effect is protein conformation
dependent as well. Increase in the Tx concentration shows a linear increase in the lag time in
a-LA, in contrast to the completely different trend observed in lysozyme where micelles induce
shorter lag time. Overall, the results suggest that surface charge on the protein and the type of
surfactant dictate the kinetics of microscopic steps and the associated macroscopic formation

of fibril assemblies.

69



Chapter 5

How do Polyols and a Molecular Crowder Influence Protein
Fibrillation? - A Case Study on a-Lactalbumin

N
| L L
| I T




Molecular crowding and fibrillation

Abstract

Molecular crowding refers to the effect of high solute concentrations on chemical
reactions. Model compounds used to mimic the cellular environment generally alter the
thermodynamic stability of the proteins by excluded volume effect and also impart viscosity to
the solution which is generally ignored in most of the in vitro studies. The present study
attempts to follow the effect of crowding and viscosity on the fibrillation propensity of a-
lactalbumin (a-LA) using polyols as co-solvents. The free energies of unfolding of the protein
in the presence of varying concentrations of different polyols were calculated and four isostable
solution conditions were identified based on their unfolding free energies i.e., 2.0 kcal/mol.,
2.6 kcal/mol., 3.5 kcal/mol., 4.0 kcal/mol. The fibrillation kinetics of a-LA were followed using
thioflavin T (ThT) fluorescence. The results showed that the kinetic parameters vary in
different polyol solutions, though they were initiated from similar isostable conformations. The
effects imparted by polyols mainly fell into 3 categories: Category1- polyols showed inhibition
of fibrillation. For instance, glycol at the concentrations above 20%. In Category2- elongation
rate decreases with an increase in viscosity. In Category3- elongation rate increases with
increase in viscosity. These results suggest that polyols exert their own individual effects
irrespective of initial conformation of the protein and solution viscosity. Increase in the
concentration of PEG400, a crowding agent which promotes effective interactions between the

protein molecules, resulted in shorter lag time and slower elongation.

5.1 Introduction

Cells contain a variety of solutes occupying as much as 40% of their internal volume!®?, a fact
that is often ignored by in-vitro experiments.!6! Such media are referred to generically as
‘crowded’ rather than ‘concentrated’, as no individual macromolecular species is present at
high concentration.'? There is no direct interaction between these cellular solutes and proteins,
they are preferential excluded from the protein surface. Net result is the change in
macromolecular thermodynamic stability due to rise in the protein’s free energy in proportion
to the preferentially excluding exposed surface area.6® Proteins lower this free energy penalty
by reducing interfacial area via folding and assuming more compact conformations. This
““‘chemical chaperone’’ effect mechanism may be sufficient to drive proteins to fold, bind, or
shift towards aggregation.t62:164-165 The only requirement is the exclusion of co-solutes from
the protein-water interface because of unfavourable interactions termed as solvophobic effect.

76,166 Many theories published discuss the effect of crowding on solution equilibria based on
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the assumptions of models such as available volume theory (AVT), scaled particle theory (SPT)
and statistical-mechanical models.163167.168 A complicated enthalpy-entropy compensation has
been found to be the responsible for polyol-induced stabilization of proteins and closely related
to solvent ordering around the solute molecules.*®®170 Recent simulation experiments have
suggested that apart from routine entropic crowding mechanism, folding of proteins and
peptides by osmolyte action can be enthalpic in nature.'’-174 The peptides first hydration shell
is affected by perturbation of solution hydrogen bonding network. As a result, lesser hydrogen
bonds are disrupted between peptides 1%t hydration shell and water, internal hydrogen bonds
are strengthened and the internal peptide-water bonds are favoured resulting in stabilization of
proteins that can even protect the proteins against denaturation by agents as urea and
GdmCI.175-180 Also, the leakiness in the chaperonin-mediated protein folding is evaded (or
differentially assisted in comparison to chaperones)®8 in the presence of crowders that
prevail in cells cytosol*®2183 and can prevent abnormalities arising due to folding.176.184-187 The
extent of stabilization can in fact promote unfolded proteins to fold as seen in case of many
proteinst®-1%0 and as far related as MET16 peptide,*° altered forms of RNase T1 and SNase.
192 The enzymatic activity of ligases, polymerases, recA under crowding was also found to be
enabled otherwise in a variety of inhibitory conditions suggesting possible role in homeostasis.
163 Crowding can also result in altered substrate specificity and altered reaction products by
enzymes proving their efficacy. Polyols have been shown to stabilize the molten globule of
proteins by preventing electrostatic repulsion between charged residues and enhancing the
hydrophobic interactions,158:159.193-195

Assembly of a variety of native proteins such as in case of deoxyhemoglobin,
microtubule formation, actin fibers, blood clotting phenomenon occurs under normal
physiological conditions and a thermodynamic equilibrium is established between monomers
in solution and condensed phase.'®? Excluded volume phenomenon predicts that condensation
reactions in crowded environment are transition-state limited rather diffusion-limited and an
increase in association rate constant is attributed to shift in equilibrium towards aggregated
state.1621% There is decreased water activity that will favour decreased protein solubility and
self-association; also increased viscosity will lead to decreased diffusion rates and hence
decreased kinetics of diffusion-controlled reactions, as in aggregation.*62:1%7-201 The amorphous
aggregates are insoluble forms of protein that lack long-range order (but contain secondary
structure) in contrast to ordered fibril deposits and are mostly seen in agueous protein
formulations.?°223 Many proteins have been studied in detail to compare the effect of crowders

such as synuclein'®, S-carboxymethyl-a-lactalbumin, human insulin, bovine core histones.?%*
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HIV capsid protein association has been inhibited by polyols and sugars whereas n-methyl
amines increased it suggesting role of folding state of capsid and higher-order stuctures.?%®

In the present study, we have chosen smaller polyols with increasing —OH groups
ethylene glycol, triethylene glycol (TEG), glycerol, sorbitol, sucrose (grouped under
osmolytes), and larger macromolecular crowder PEG 400 to dissect the role of chemical
identity of polyol, viscosity and excluded volume phenomenon on the aggregation of a-LA. a-
Lactalbumin (a-LA) is a 123-residue mixed o + 8 protein with 4 disulfide bonds and the native
state binds Ca?* (dissociation constant of 10°-10"° M). A member of lysozyme family and
found majorly in milk, where it acts as a regulatory subunit of the dimeric enzyme lactose
synthase. It catalyses the formation of lactose from glucose and galactose, forming the
regulatory subunit of lactose synthase along with $-1,4- galactosyl transferase. a-LA has been
studied for decades as a model for protein stability and folding due to its conformational
versatility. 1°+2°219 |t remains folded between pH 4.2 and 9.5; in the pH-range 4.2-3 and above
pH 9.5 it forms the so-called A-state, which is prone to aggregation that results in interaction
as well as fusion with the phospholipids vesicles.?%22 Owing to its simpler structure and
sufficient data on its stability and conformations, a-LA serves as a good model for crowding

and fibrillation studies.

5.2 Materials and Methods

5.2.1 Materials: The materials and chemicals required were procured as mentioned in section
2.2.1.

5.2.2 Sample preparation: Chemical denaturation of a-LA were performed in presence of
various polyols (with increasing —OH groups), using guanidium hydrochloride (GdmCI).
Native and unfolding buffers were prepared separately ranging from 10% to 50% (w/v) of
polyol solutions, concentration of GdmCI was adjusted by measuring refractive index of both
the buffers. 213 All the experiments were carried out at 25 °C.

5.2.3 Spectroscopic measurements: The protein conformational changes were followed by
fluorescence emission at 350 nm after exciting the samples at 280 nm. The resultant unfolding
transitions were fitted into two-state equation to obtain unfolding free energies (AG) and
transition midpoint (Cp).?t3

(Cf+( mfx) + ((Cy+(myx)) * exp (%/RT)

( -AG + (mgx))
1+exp ((0.00198 *303) /RT)

5.1

f=
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In the equation Crand Cy are the intercepts, ms and my the slopes of the pre- and post-transition
base lines, AG is an estimate of conformational stability and mg is a measure of dependence of
AG on denaturant concentration (in this study GdmCI). Fibril formation kinetics was followed
using change in ThT fluorescence (refer section 2.1.3).

5.2.4 Microscopic Imaging: TEM imaging was performed following the same protocol as

mentioned in section 2.1.2 to obtain the images of fibrils.

5.3 Results
5.3.1 Unfolding curves in the presence of Ethylene Glycol: The stability of a-LA in varying

concentration of glycol was measured using the free energy of unfolding against GAmHCI.
Figure 5.1A shows the transition curves of GdmCI induced denaturation of a-LA in the
presence of different concentrations of ethylene glycol. The data were fitted with the
assumption of two-state unfolding using the equation 5.1. The resultant concentration mid-
point (Cm) and unfolding free energy (AG) values are also presented (Fig 5.1B & 1C). The left
shift in the unfolding curves towards lower GdmCI concentration with increasing concentration
of glycol up to 50% suggests that the protein structure is less protected against denaturation
but the co-operativity of the transition was not affected in its presence. It is evident from both

the AG and Cm plots that as the concentration of glycol is increased, the
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Figure 5.1 (A) The unfolding transitions of a-LA measured from the protein’s intrinsic fluorescence in the
presence of different concentrations of ethylene glycol. (B) Cr, values and (C) the unfolding free energies of a-
LA in different concentrations of glycol.

values tend to decrease and can be attributed to the destabilization of protein. The change in
free energy between the folded and unfolded protein or the associated energy barrier is
decreased in a cooperative manner from 2.6 kcal/mol. to 1.9 kcal/mol. with the concomitant

increase in the glycol concentration indicative of more access to glycol.
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5.3.2 Unfolding curves in the presence of Trigol
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Figure 5.2 (A) The unfolding transitions of a-LA measured from the protein’s intrinsic fluorescence in the
presence of different concentrations of trigol. (B) Cn values and (C) the unfolding free energies of a-LA in
different concentrations of trigol

Triethylene glycol (TEG) showed a similar kind of effect as ethylene glycol and causes
destabilization of a-LA structure. In 10% TEG, the protein showed a slight increase in both the
free energy as well as the effective concentration of Gdmcl required to unfold it (Fig 5.2B &
C). The values of Cm and free energy difference between the folded and unfolded state
complement each other and show a decreasing trend as the concentration of TEG was further
increased from 10%. Protein in 50% TEG showed a free energy value of 1.5 kcal/mol., least
among all the polyols studied and implies a greater access to the denaturant. The changes
induced by TEG were more pronounced compared to glycol and established the fact that TEG
is least effective asa co-solvent in protecting the protein structure. Though the unfolding curves
showed shift towards left, the cooperativity was not lost and all the transitions were two-state

in the presence of TEG.

5.3.3 Unfolding curves in the presence of Glycerol: In contrast to glycols, glycerol protected
the native-like conformation of a-LA as is evident from the right shift of unfolding curves
shown in Fig 5.3A. The effective concentration of denaturant required to unfold the protein
that represents co-operative loss of structure complements with the change in free energy (Fig
5.3B & C) as the concentration of glycerol is increased. The magnitude of changes observed
in the free energy in absence of glycerol (2.6 kcal/mol.) and in the presence of 50% glycerol
(3.8 kcal/mol.) suggested greater stabilization of protein. However, comparison of the effects
induced by glycerol at the concentrations above 20% showed that they did not cause

pronounced changes in the free energy difference (3.5 kcal/mol to 3.8 kcal/mol). The results
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Figure 5.3 (A) The unfolding transitions of a-LA measured from the protein’s intrinsic fluorescence in the
presence of different concentrations of glycerol. (B) Cn values and (C) the unfolding free energies of a-LA in
different concentrations of glycerol.

are in marked contrast to the effects of glycol and trigol and protect the protein structure against
denaturation as evident from the increase in Cp, values. Certain polyols have been known to
decrease the partial specific volume and adiabatic compressibility of several native proteins,
suggesting that they become more compact in their presence .42 Also, the polyols including
glycerol have been reported to lower the surface tension of water and act via the solvophobic

effect in stabilizing the proteins.?1®

5.3.4 Unfolding curves in the presence of Sorbitol: The transition curves in the presence of
sorbitol showed shift towards higher GdmCI concentration and provided protection to the
protein structure against chemical denaturation. It was evident from the Cy plot that the
effective GAmCI concentration required to unfold the protein was also increased from 1.3 M
in its absence to 2.3 M in the presence of 50% of sorbitol. Sorbitol also raised the free energy

difference between the folded and unfolded states of the protein from 2.6 kcal/mol in the
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Figure 5.4 (A) The unfolding transitions of a-LA measured from the protein’s intrinsic fluorescence in the
presence of different concentrations of sorbitol. (B) Cn values and (C) the unfolding free energies of a-LA in
different concentrations of sorbitol.
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absence of any polyol to 5.0 kcal/mol in the presence of 50% sorbitol, indicative of
stabilization. Earlier rigorous thermodynamic analyses of the effect of sugars such as
sucrose?’, glucose’ & trehalose?'® showed that increase in surface tension acts as the main

driving force behind stabilization of proteins and their preferential hydration.

4.3.5 Unfolding curves in the presence of Sucrose: Among all the polyols studied, sucrose
showed the maximum shift in the unfolding curves towards higher denaturant concentration.
The Cry value increased from 1.3 M to 2.6 M indicated the stabilization of a-LA in the presence
of these polyols. Similar to the sugar sorbitol, sucrose also raised the free energy of unfolding
from 2.6 kcal/mol in the absence of polyol to 6.1 kcal/mol in 50% of sucrose. Earlier studies
carried out on amino acid solubility, preferential solvent interactions of proteins, and their
thermal stabilities in aqueous polyol solutions have demonstrated that the main driving force
for protein stabilization by polyols could be strengthening of the hydrophobic interactions and
that water structure and activity also plays a significant role in the stabilization effects of

polyols. The results are shown in Fig 5.5.
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Figure 5.5 (A) The unfolding transitions of a-LA measured from the protein’s intrinsic fluorescence in the
presence of different concentrations of sucrose. (B) Cn values and (C) the unfolding free energies of a-LA in
different concentrations of sucrose.

5.3.6 Unfolding curves in the presence of PEG 400: Large polymeric crowders such as PEG
though not naturally occurring, are used to mimic the crowded cellular environment. At lower
concentrations, they follow entropy stabilization that often mitigates enthalpic loss while at
higher concentrations they penetrate into enthalpically stabilized zone.?!6 In the case of a-LA,
the stabilization by PEG solutions was small compared to other cosolutes as is evident from

the Fig 5.6. Free energy change between folded and unfolded states of a-LA in 50% of PEG
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Figure 5.6 (A) The unfolding transitions of a-LA measured from the protein’s intrinsic fluorescence in the
presence of different concentrations of PEG 400. (B) Cr, values and (C) the unfolding free energies of a-LA in
different concentrations of PEG 400.

showed an increase only by 1 kcal/mol and the effective concentration of GAmCI required to

unfold also showed only a slight increase from 1.3 M to 1.5 M.

5.3.7 Free energy change in different polyols: To identify the solution conditions where the
initial folded monomer populations are equally stabilised (an isostable state), the AAG values
(difference between the free energy of unfolding in presence of polyols and the free energy of
unfolding in water) were calculated for all the condition employed. Four isostable conditions

were identified with similar unfolding free energies.

€ no polyol
| —@— EKglycol
—W— Trigol
O Glycerol
< Sorbitol
—A— Sucrose

—@— PEG400

AAG (k.cal/mol)

0 10 20 30 40 50
% polyol
Figure 5.7 Unfolding free energy of a-LA obtained in presence of different polyols plotted against % of polyols.

The straight lines represent the isostable conditions of a-LA corresponding to the unfolding free energies of 2.0,
2.6, 3.5, and 4.0 kcal/mol identified in the presence of different polyols.
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(i) The solution conditions with free energy of unfolding equal to 2.0 kcal/mol which
represented a destabilized conformation of the protein compared to its native structure. (ii) The
cosolutes that did not alter the stability of the protein, thus, resulted with the unfolding free
energy equal to that of the protein in water, i.e., 2.6 kcal/mol. (iii) The protein-cosolute system
with unfolding free energies of 3.5 kcal/mol which showed stabilization of protein in polyols.
(iv) Still higher stabilizing conditions of the protein which had unfolding free energy of 4.0
kcal/mol. It was presumed that at an isostable condition, the most probable conformation of the
protein might be similar. With this assumption, the role of chemical identity and viscosity of

polyols on the aggregation kinetics was investigated at four of these isostable conditions.

5.3.8 Kinetics of Lactalbumin at Unfolding free energy of 2.0 kcal/mol.: The effect of co-
solutes on a-LA fibrillation was followed by measuring changes in the ThT fluorescence. The
fibril forming conditions for the protein at neutral pH were adapted from chapter 4. However,
the concentration of protein was increased from 2.0 mg/mL to 2.5 mg/mL in the present study.
All the kinetic profiles obtained were fitted to the logistic equation 1.8, and the parameters are

presented in Table 5.1.
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Figure 5.8 Fibrillation Kinetics of a-LA followed by the change in ThT fluorescence the presence of 40% TEG,

40 % glycol and 50% glycol. (B) TEM images of the a-LA amorphous aggregates and fibrils in the presence of
different concentrations of co-solvents (parentheses).
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Figure 5.8 A shows fibrillation of a-LA followed using change in the ThT fluorescence in the
presence of 40% TEG, 40% and 50% glycol. Only TEG could induce fibril formation by a-LA
with a shorter lag phase (Fig 5.8A) whereas glycol could not drive the protein towards orderly
formation of fibrils which was evident from the changes observed from ThT fluorescence.
Figure 5.8B shows the TEM images of the aggregates as well as the fibrils formed in the
presence of glycol and trigol respectively. a-LA in the absence of any cosolute forms fibrils
with a longer lag time (discussed below) that is significantly reduced by TEG. However, the
rate of fibril elongation was reduced in TEG which finally took almost the same extend of time

(~20 h) for complete fibrillation as in water.

5.3.9 Kinetics of Lactalbumin at Unfolding free energy of 2.6 kcal/mol. and 3.5 kcal/mol.:
The fibril formation by protein in the presence of polyols that doesn’t affect the unfolding free

energy occurs at much faster rate compared to Kinetics followed in their absence. a-LA without
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Figure 5.9 Fibrillation kinetics of a-LA followed by change in ThT fluorescence. The solution conditions with
the unfolding free energy of a-LA (A) 2.6 kcal/mol. and (B) 3.5 kcal/mol. The solid lines represent the fit into
empirical logistic equation 2.1. The type and concentrations of polyols employed are shown in the color
corresponding to their Kinetic curves.
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Figure 5.10 TEM images of the a-LA fibrils in the presence and absence of different concentrations of co-solvents
representing different isostable free energies (parentheses).
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any co-solute shows a lag phase of ~15 h and saturation in fibril formation occurs by ~24 h. In
10% glycol, there is a huge reduction in the lag phase than any other polyols used in this study.
In 15% glycol, the lag time was increased compared to 10% of glycol, however, it was still
shorter than the lag phase observed in water. PEG at the concentration of 5% also induced a
shorter lag phase with increased elongation rate. Figure 4.11 shows the kinetic curves followed
at unfolding free energies of 2.6 kcal/mol., and 3.5 kcal/mol. The Kkinetics in the presence of
stabilizing polyols showed different kinetic profiles. In sorbitol, the protein showed a longer
lag phase of ~20 h and faster elongation rate compared to the fibril formation in water. Kinetics
in the presence of 10% PEG showed the shortest lag phase compared to other polyols used in
this isostable condition. The kinetic data is further strengthened by the TEM images obtained

in the presence of different polyols in that fall in to both the unfolding free energies (Fig 5.10).

5.3.10 Kinetics of Lactalbumin at Unfolding free energy of 4.0 kcal/mol.: The solution
conditions providing the unfolding free energy of 4.0 kcal/mol showed varying kinetic profiles
in different polyols used. Fig 4.12 presents the fibril formation kinetics followed by ThT
fluoresence. In sorbitol, a-LA showed the longest lag time compared to sucrose and glycerol.
The lag phase in the presence of sucrose was shorter than sorbitol, but longer than glycerol as
it was observed in the solution conditions representing the unfolding free energy of 3.5

kcal/mol. In glycerol, the lag time was reduced compared to other polyols particularly at the

-
N

-
o

o
©

40 % glycerol 45 % sorbitol

o o
> o
1 ' 1 I 1 l T l T I 1

o
(%)

10% Sucrose

40% glycerol
= 45% Sorbitol
1 1 1 TR | 1 1 1 1

0 500 1000 1500 2000 2500
time (min)

S
=)

Normalized Fluorescence

500 nm

©
(%)
L

Figure 5.11 Fibrillation kinetics of a-LA followed by change in ThT fluorescence. The solution conditions with
the unfolding free energy of a-LA of 4.0 kcal/mol. The solid lines represent the fit into empirical logistic equation
2.1. (B) & (C) Representative TEM images of the a-LA fibrils at the above mentioned free energy.
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higher concentration, i.e., 40%. However, the elongation rate was reduced in the presence of

40% glycerol.

Table 5.1 Lag time and elongation rate of a-LA in different unfolding conditions

% of Polyol Lag time (min) Elongation rate (min™)

Unfolding free energy at 2.0 kcal/mol

40% trigol 48 127
40% glycol No fibrils No fibrils
40% glycol No fibrils No fibrils

Unfolding free energy at 2.6 kcal/mol

No polyol 1037 83
10% glycol 100 150
15% glycol 400 200

5% PEG400 632 239

Unfolding free energy at 3.5 kcal/mol

10% glycerol 700 350
10% PEG400 502 73
5% Sucrose 873 125
40% Sorbitol 1354 132

Unfolding free energy at 4.0 kcal/mol.

10% Sucrose 936 133
25% glycerol 58 221
40% glycerol 20 96
45% Sorbitol 1327 165

5.3.11 Comparison of fibrillation parameters
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The lag times and elongation rates evaluated at different conditions are plotted against the
solution viscosity imparted by the polyols at the fibrillation temperature and presented in Fig
5.12A. imparted the unfolding free energy equivalent to the native state of a-LA (2.6 kcal/mol)
showed increase in elongation rate as the solution viscosity increased whereas no specific
correlation could be drawn between solution viscosity and lag time. The elongation rate for the
protein with the isostable unfolding free energy of 3.5 and 4.0 kcal/mol was found to be
decreasing with increasing viscosity of the cosolvent. In these cases also no significant
correlation between viscosity and lag time was observed.

The effects imparted by polyols mainly fell into 3 categories: Category 1- where
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Figure 5.13 Effect imparted by polyols with respect to solution viscosity plotted for the selected solution
conditions representing category 2. (A) Increase in the elongation rate with increasing viscosity (B) Non-specific
changes in the lag time vs viscosity.
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Figure 5.14 Effect imparted by polyols with respect to solution viscosity plotted for the selected solution
conditions representing category3. (A) Decrease in the elongation rate with increasing viscosity (B) Non-specific
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Figure 5.15 PEG induced effects with respect to solution viscosity. (A) Increase in the lag time with viscosity.
(B) Decrease in the elongation rate with viscosity.

polyols inhibited protein fibrillation. For instance, glycol at the concentrations above 20% (Fig.

5.8). Category 2- elongation rate decreased with an increase in viscosity and shown in Fig

5.13B. However, sucrose and sorbitol showed longer lag times despite of their low viscosity,

and TEG and lower concentrations of glycol decreased the lag time (Fig 5.13A). Category 3-

the elongation rate increased with viscosity whereas lag time showed distinct effects for

different polyols (Fig 5.14). The results suggest that polyols exert their own individual effects

irrespective of initial conformation of the protein and solution viscosity. Increase in the

concentration of PEG400, a crowding agent which promotes effective interactions, resulted in

shorter lag time and reduced elongation rates as shown in Fig 5.15.
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5.4 Discussion

5.4.1 Effect of polyols on a-LA structure probed by chemical denaturation.

The conformational changes associated with the addition of polyols with increasing -
OH groups were followed using GdmCI as a denaturant. In our present study ethylene glycol,
triethylene glycol (TEG), glycerol, sorbitol, sucrose and PEG400 were employed to follow the
effect of poyols. The protein’s stability in ethylene glycol with varying concentrations ranging
from 10% to 50% were measured and it was found to induce destabilization of the protein as
is evident from the left shift in the transition curves (Fig 5.1B). This could be due to the fact
that the amino acid side chains buried inside in the native state of the protein which are exposed
to the solvent upon denaturation by GdmCl are well dissolved in ethylene glycol in a
concentration-dependent manner.?*® The slope of the transition curves follow a similar trend in
all the percentages of glycol employed and a cooperative decrease in free energy values support
the above observations (Fig 5.1C). Ethylene glycol has been previously shown to be less
effective than urea in unfolding proteins’ such as B-lactoglobulin, RNaseA, hexokinase!®,
conalbumin.?'® and can populate different conformations from the native state of proteins. The
present study also showed that glycol populates different conformations of a-LA that can either
drive the fibril formation or can inhibit it.

Though chemically different from glycol, TEG was also seen to offer less protection to
the protein structure against chemical denaturantion (Fig 5.2A). It has been asserted that the
thermodynamic interaction between osmolyte and proteins’ functional groups is the major
driving force behind preferential exclusion.”® In thermodynamic sense, the denatured
ensembles formed in different percentages of TEG exhibit favourable interaction and causes it
to expand. Timasheff et al??® has shown that in a three-component system, the effects of
additives on protein stability and solubility are determined by the preferential interaction
between protein and solvent components. The observations reiterate the above fact and can be
extended to four-component system as in our present study (protein-water-GdmCI-TEG).
Recently S.Sukenik et al 11 have shown that TEG and sorbitol though of same size (with partial
molar volume of 130 mL/mol. & 120 mL/mol. of TEG and sorbitol respectively) yet (de)
stabilize peptide by different thermodynamic mechanisms. TEG follows entropy gain whereas
sorbitol by enthalpy driven mechanism that overrides unfavourable entropy and highlights the
importance of chemical identity of co-solute that goes beyond excluded volume.

Glycerol has been used by biochemists for many years to stabilize native structure of

proteins’ and the activity of enzymes.??! Earlier reported studies have shown that proteins are
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preferentially hydrated when added to mixed solvents and do so by raising the chemical
potential of glycerol.??! This thermodynamically unfavourable interaction minimises the
surface contact between protein and glycerol and stabilises the native structure of globular
proteins. In case of a-LA also, a similar effect of stabilisation of native structure is observed.
The amount of denaturant required to unfold protein in the presence of glycerol is increased,
in a way glycerol opposes the effect of GdmCI and provides protection to the protein. Polyols
have been known to decrease the partial specific volume and adiabatic compressibility of
several native proteins, suggesting that they become more compact in their presence.?62t4
Polyols including glycerol have been reported to lower the surface tension of water and act via
the solvophobic effect.16°

The effect of sugars on protein structure has been characterised well. Long back sucrose
has been shown to prevent heat coagulation of ovalbumin.??? Simpson and Kauzmann??3224
observed that sucrose increased the amount of urea required to unfold ovalbumin. Increased
thermal stabilities were found for lysozyme and ribonuclease in sorbitol solutions by
Gerlsma?% and gecko.%?® Stabilisation of peptide conformation in presence of sugar’s is due to
water mediated effects such as increase in surface tension, in contrast reduction in the chemical
potential is the major driving force in glycerol solutions.'®® Increase in surface free energy of
water plays vital role in preferential hydration of proteins as BSA?%” by decreasing hydrogen
bonding rupturing capacity of medium. The major types of interactions that govern the protein
stability in a multicomponent system include between polyol-water, polyol-protein, protein-
water and protein-denaturant. Denatured RNaseA has been shown to exhibit greater extent of
preferential hydration in presence of sorbitol compared to native state.?”® a-LA also showed
similar kind of stabilisation in the presence of sorbitol and sucrose. Both the sugars raised the
amount of the denaturant GdmCI required to cause unfolding or the denatured ensembles
exhibited greater preferential hydration. Of the both, sucrose was found to stabilise the protein
more than sorbitol.

The macromolecular crowder, PEG has been shown to stabilise the proteins by steric
exclusion mechanism. It is proposed that this effect might mainly arises due to size differences
between water and the additives, with PEG being larger than protein results in the preferential
exclusion from protein surface.” Solvent interaction studies proposed another mechanism by
which such additives increase the preferential hydration of proteins leading to their
stabilisation. The situation in case of PEG is uncertain. Ingham reported that PEG also
stabilises proteins.??® Knoll and Hermans??® and Atha and Ingham?%° showed that PEG has no

effect on the melting temperature of RNaseA. In the present study PEG has been categorised

87



Molecular crowding and fibrillation

under co-solute type with neutral effect as it has no significant changes on the conformation of
a-LA. The denaturant required to unfold the protein is similar to that of water even in the higher
% of PEG’s employed. Also, the change in unfolding free energy by the addition of PEG is ~

1 kcal/mol only.

5.4.2 Effect of polyols on a-LA fibrillation

The kinetics of a-LA fibrillation initiated from different isostable conditions were
followed by change in the ThT fluorescence with time. Results suggest that though the fibril
formation is initiated from similar isostable conditions, polyols exert their own individual
effects compatible with both solvophobic and excluded volume mechanisms. The samples that
are included in the unfolding free energy condition of 2.0 kcal/mol represent destabilizers, 40%
and 50% glycol, 40% TEG. In both the glycol percentages there is a decrease in the ThT
fluorescence indicative of inhibition of fibrillation. Probably the non-native structures formed
in the presence of higher percentages of glycol could not form the fibrils. Kinetics in presence
of 40% TEG showed a lag phase of ~ 1.5 hour and the complete conversion of monomers to
fibrils is completed within 20 hrs. The native protein without any co-solute showed a lag phase
of ~ 15 hrs, and the saturation in the fibril kinetics is seen after ~ 24 hrs. Samples with similar
free energy of stabilization as native protein between folded and unfolded states upon
denaturation include 10% and 15% glycol, 5% PEG. Kinetics in the presence of lower
percentages of glycol showed a nucleation-dependent polymerization. 10% glycol induced
faster aggregation of monomers to fibrils with a very meagre lag phase, whereas in 15% glycol
the lag phase was extended up to ~ 7 hrs. The time taken for complete fibril formation is also
increased in presence of 15% glycol (~ 20 hrs) in comparison to 10% glycol which took ~ 8
hrs. Recent study showed that conalbumin was not able to form fibrils in all the % of glycol
and does so by restoring the secondary structure content of protein.??> The same phenomenon
of restoration of secondary structure is also seen in case of reduced lysozyme and showed more
enzymatic activity in presence of glycol than the reduced counter-part alone.?3! In the present
case, o-LA showed concentration dependent changes in the fibril kinetics i.e. glycol when used
below 20% could induce fibrillation whereas above 20% was shown to inhibit fibrillation. PEG
showed faster aggregation kinetics when used at 5%, with a shorter lag phase of ~ 2 hrs, but
the overall reaction is completed in the same time frame as 15% glycol (Fig 5.9).

The combination of co-solutes that fall under the unfolding free energy of 3.5 kcal/mol
include 10% glycerol, 10% PEG, 5% sucrose and 40% sorbitol (Fig 5.10). Sorbitol showed

longer lag time of ~ 20 hrs followed by sucrose. These two osmolytes are naturally found in
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many life forms in protecting the native conformation of proteins from osmotic stress. Sorbitol
acts by strengthening the internal peptide and water-associated hydrogen bonds through the
perturbation of the solution hydrogen bonding network in first hydration shell around the
proteins, consequently fewer water molecules are lost upon folding.'”* Consistent with the
above observations, present study also replicates the above results and sorbitol protects the
native conformation of a-LA as evident from the longer time taken for complete fibril
formation. Sucrose also being a protective osmolyte also acts by same mechanism in protecting
the protein structure. Glycerol mostly used as stabilizing agent for many proteins indeed
showed faster aggregation Kinetics with shorter lag phase. This may be attributed to the
induction of aggregation prone non-native conformation by glycerol which might have more
hydrophobic residues exposed to the solvent. Thus, the conversion of the monomers into
nucleation occurs quickly. Fibril formation in 10% PEG occurred at a faster rate with lag phase
slightly extended when compared with 5% PEG. The overall time taken for complete fibril
formation is drastically reduced from ~ 20 hrs to ~ 10 hrs when concentration of PEG is
increased. Kinetic curves in the presence of PEG exhibit sharp transitions, probably because it
promotes fibril fragmentation. PEG was shown to accelerate fibrillation of diverse proteins as
S-carboxy-methyl-lactalbumin (disordered form of the protein), human insulin (rigid a-helical
protein), bovine core histones (natively unfolded), human recombinant a-synuclein (natively
unfolded) and in a size and concentration-dependent manner.?%* These results are in agreement
with the earlier reported studies that compare the chemical structure of osmolytes and PEG and
their mechanism of action. Of the several differences, most of the polyols act both as acceptor
and donor?%? of hydrogen bonds while forming multiple hydrogen bonds with the surrounding
water molecules whereas PEG can act only as acceptor of hydrogen bonds leading to the
differences in their action as “chemical chaperones”. The results further affirm the fact
theoretically established by applying Kirkwood-Buff theory of solutions to system containing
co-solutes and an aggregating protein that states monomeric form of proteins are affected
differently than the fibrils by various co-solutes.*68

The unfolding free energy of 4.0 kcal/mol is the most stabilizing of all and the co-
solutes included in this category are 25% and 40% glycerol, 10% sucrose and 45% sorbitol.
Glycerol indeed accelerates fibrillation in a concentration-dependent manner with 40%
showing faster aggregation or a very short lag phase of ~ 20 min followed by 25% that showed
a lag phase of ~1 hr. Sorbitol and sucrose increased the time taken for complete fibrillation
with longer lag times consistent with their protective role as osmolytes. Glycerol accelerates

fibrillation by decreasing the lag time as the concentration was increased whereas PEG showed
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the opposite effect by inducing quicker formation of fibrils by faster elongation rate. Sucrose
and sorbitol increased the time taken for complete fibrillation as their concentration is increased
with concomitant increase in the lag time. Based on the above observations, the effects
imparted by polyols on the fibrillation of a-LA can be categorised into three types: Category-
1 effect, fibrillation is inhibited in the presence of higher concentrations of glycol. In Category
-2 (Fig 5.13), the elongation rate decreased with increase in viscosity whereas non-specific
changes in lag time are noted. In Category-3, the elongation rate increased with increase in
viscosity whereas non-specific changes in lag time are noted (Fig 5.14). The modification of
folding states of the protein in the presence of co-solutes for fibrillation are determined by their
attractive and repulsive interactions in the ternary system (water-protein-co-solute) are not
resolved, makes it difficult for the association reactions to be predicted. Because the co-solutes
are preferentially excluded from the proteins surface, it is reasonable to assume that the
properties of bulk water surrounding the protein are responsible for the altered fibril formation
Kinetics. Also, it is observed that rather than viscosity the chemical identity of polyol plays a
major role. This is consistent with the crowding models which state that increase in co-solutes
translational entropy drives the folding of proteins with a decrease in preferential hydration.162
Osmolytes while contributing in a similar entropic fashion to proteins stability also have been
shown to cause net repulsive interactions with the peptide backbone compared with the bulk
water and modify the folding free energy.23376.234 Studies on MET16 peptide showed that in
addition to entropic crowding mechanism, polyols also showed an alternative favourable
enthalpic contribution to the folding free energy.?*® Though the mechanism of this enthalpic
contribution is unclear, it is assumed that water structuring around the protein interface may be
the key factor. In other words, these interfacial water acts as poorer solvents for osmolytes
causing their depletion around the immediate vicinity of protein and allows for polyol-water

interactions that results in enthalpic contribution. 76234

5.5 Summary

The stability of a-lactalbumin in presence of polyols with increasing —OH groups was studied
using chemical denaturation of the protein with GAmHCI. Of the osmolytes chosen, ethylene
glycol and TEG were found to destabilize the protein as is evident from the decrease in the free
energy and Cm values. Glycerol stabilizes the protein, in agreement with the earlier studies.
Both sugars, sorbitol and sucrose were found to stabilize the protein. Above said molecules

mimic the role of compatible osmolytes, PEG400 used as macromolecular crowder did not
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show much effect neither in effective Gdmcl concentration required to unfold protein or in the
free energy of unfolding. Four isostable conditions, based on unfolding free energy, were
identified with different polyol conditions. The fibril kinetics followed at these conditions
suggested that rather than viscosity imparted by polyols, the chemical identity of individual
polyols determines the fibrillation reaction parameters. This could be due to the fact that
different polyols act upon the protein through different mechanisms on the (de)stability of the
protein. Further, PEG, a represented molecular crowder used here accelerates the initial

nucleation whereas reduces elongation rate.
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The work carried out broadly looks at the effect of small molecules such as urea, surfactants
and molecular crowders on different proteins that vary in their final 3D-conformations attained
under normal physiological conditions. Urea when taken in different molar concentrations
results in variation of the kinetic pathways adopted by lysozyme at neutral pH. In the presence
of 2M urea the protein mainly follows nucleation-dependent mechanism. When the urea
concentration in the solvent system is 4M, HEWL shifts to nucleation-independent mechanism
without lag phase. Rise in protein concentration doesn’t alter the mechanism in case of 2M
urea but in 4M urea, the kinetic pathway shifts from nucleation-independent to nucleation-
dependent mechanism suggesting latter as the dominant mechanism for the conversion to
fibrils and that the pathway is kinetically controlled. The linear dependency of various kinetic
parameters on protein concentration such as lag time, elongation rate and scaling factor
suggests that the protein follows monomer-dependent primary nucleation mechanism without
any significant secondary nucleation events.

Surfactants represent a class of potent denaturants (act in millimolar concentrations)
than the routinely employed denaturants such as urea and Gdmcl that are otherwise used in
molar concentrations. Anionic, cationic and non-ionic surfactants effect on the structure and
fibrillation propensity of two proteins HEWL and a-LA, bearing different surface charge was
studied. The fibril forming conditions for lysozyme represent the 2M and 4M urea-induced
solvent systems, the conditions that represent nucleation-dependent and nucleation-
independent mechanism respectively. These solvent systems are good model to study the effect
of surfactants on fibrillation propensity and on the different phases that involve lag, elongation
and saturation respectively. There were differential effects of ionic and non-ionic surfactants
on HEWL fibrilltion, SDS and CTAB micelles were efficient in inhibiting the fibrillation by
HEWL whereas non-ionic Tx100 micelles could not do so. Monomeric forms of both the ionic
non-ionic surfactants induced fibril formation by lysozyme with an increase in the initial lag
phase and near-CMC concentrations being effective in reducing the lag time. The time taken
for complete fibril formation in the presence of varying concentrations of Tx100 is increased.
Even the rate of fibril elongation varied in the presence of different surfactants suggesting
multiple factors might influence the elongation process.

To get further insights into the effect of surfactants on proteins, a-LA an acidic protein
was chosen as model and results obtained were compared with that of HEWL. SDS showed
similar effects as seen in HEWL with monomeric forms of SDS only capable of converting the
monomers to fibrils whereas micelles inhibited the fibrillation. The near-CMC concentrations

showed huge increase in lag time (~60 fold) with non-significant changes in the elongation
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compared to lower concentrations. The results suggest that the inhibition of fibrillation by SDS
micelles might be a common mechanism irrespective of proteins surface charge. CTAB and
Tx100 showed varying effects with both monomers and micelles able to induce the fibrillation
of lactalbumin. Only near-CMC concentrations of CT AB increased the lag time whereas lower
and micellar concentrations resulted in quicker conversion of proteins monomers to orderly
aggregates of fibrils. The elongation rate decreased as the CTAB concentration is increased.
Tx showed concentration-dependent effects with lower concentrations being efficient on the
overall assembly process i.e. lower lag times and quicker formation of fibrils when compared
to micelles. The results in comparison to basic protein HEWL suggest that initial nucleation
phase, in the presence of surfactants on proteins bearing different surface charges is primarily
controlled by charge interactions whereas multiple factors might influence fibril elongation.
Further studies carried out made use of model compounds that mimic cellular
environment and vary the macromolecular thermodynamic stability by preferential exclusion
from proteins surface. The question is how the stabilized non-native conformations in the
presence of molecular crowders were able to form fibrils? To probe the role of chemical
identity and viscosity on the fibrillation of a-LA, polyols with increasing -OH groups were
taken that include ethylene glycol, trigol, glycerol, sorbitol, sucrose and PEG400. Using
different % of polyols, free energies of unfolding were calculated and four different isostable
conditions chosen for fibrillation studies. The results showed that the kinetic parameters varied
though the fibril formation is initiated from similar isostable conformers. The effects imparted
by polyols mainly fell into 3 categories with typel being inhibition of fibrillation as seen in
case of glycol above 20%. In type 2, elongation rate decreased with increase in viscosity.
Sucrose and sorbitol despite of their low viscosity showed huge lag times, TEG and lower
concentrations of glycol decreased lag time. In type 3 that includes glycerol and sorbitol
showed increase in elongation rate with an increase in viscosity. The results indicate that
polyols try to exert their own individual effects irrespective of the initial conformation of

protein and viscosity of solution.
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