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I

This dissertation documents detail investigations of the protein structure,
conformation, hydration and enzyme activity in presence of different kinds of
cosolutes

(e.g.

macromolecules,

osmolytes,

chemical

denaturants)

at

the

physiological condition. Our goal is to understand how proteins fold/unfold,
hydrates and function in crowded cellular environment through in vitro studies. With
this end in view, we have chosen some synthetic polymers and some biologically
relevant small cosolutes to study protein stabilization and functionality by both
spectroscopy and thermodynamic studies. We investigate the effect of short chain
polyethylene glycol (PEG) on the physical properties of a model protein human
serum albumin and found unusual behaviour in thermal stability as well as in the
hydration of the protein which cannot be explained only by so called excluded volume
theory rather one needs to consider weak attractive interactions between protein and
PEG. We have addressed a debatable issue whether some molecules (urea,
guanidinium chloride, amino acids) denature or stabilize proteins due to modification

of water networks. Our studies using terahertz (THz) spectroscopy tool reveal the
interesting correlation of protein stabilization or denaturation with the modification
in sub-ps to ps collective hydrogen bond dynamics of water. Finally we have
investigated enzyme activity in presence of cosolutes and found an unusual
enhancement of the activity in very dilute concentration region of cosolutes; activity
decreases in the higher concentration regime.
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1

roteins from ―birth to death‖ is extremely fascinating from their biosynthesis to their
folding, signalling and degradation. Prof. George Rose said in a lecture, “The fold of the

protein links the one-dimensional, linear world of DNA to the three-dimensional world of
biological function; accordingly, protein folding is a cornerstone of life on earth”. Proteins
have evolved to function in cellular crowded environments, and it, therefore, is important to
understand how it folds, interacts, hydrates in vivo. From amino acids to polypeptides to
―protein‖ – this journey takes place at ribosome (protein factory) which is embedded in
crowded cytoplasm. After transcription messenger RNA (mRNA) moves out from the nucleus
to the ribosome where transfer RNA (tRNA) attached with a specific amino acid (AA)
translates the amino acid one after another following the codons of mRNA and thus forms
primary structure with a specific sequence.

1, 2

Finally it undergoes certain steps to build a

fully functioning protein by minimizing the free energy by forming hydrogen bonds,
disulphide bridges, ionic, van der Waals interaction between amino acids and lowering
configurational entropy. Protein folding process takes place within real time in a highly
heterogeneous media and sometimes it fails to follow the right pathway and it misfolds. 1 In
living cell upto 40% (w/v) volume is crowded by various macromolecules and other
cosolutes. Such environment is termed as ―crowded” rather than concentrated because no
individual molecule may exist at high concentration.3 Both intra as well as extra cellular (e.g.,
blood plasma) environments are heterogeneous due to the presence of several organic and
inorganic compounds including macromolecules like lipids, nucleic acids, proteins, osmolytes
(small organic molecules, termed as osmolytes, which are ubiquitously found in living
organisms, primarily involved in maintaining osmotic pressure in the cell) like sugars,
trimethylamine N-oxide (TMAO), metabolites, along with macromolecular arrays (e.g.
cytoskeleton fibre etc.).4,

5

For instance, erythrocytes content ∼35% (w/v) protein, in

cytoplasm (Escherichia coli)6 and in human lens7 there are ∼34% (w/v) protein.
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Scheme 1.1: (a) Cartoon of eukaryotic cytoplasm at a magnification of 1,000,000 ×. The test protein molecule
(red) is in a fluid medium that is crowded by soluble proteins (green), RNA species (yellow), and ribosomes
(pink) and confined by cytoskeletal fibers (blue).8 (b) Composition of blood plasma to represent the extracellular
crowding.

In such crowded media protein stability is very crucial to explore as proteins are biologically
active mostly in its native form and misfolding could often lead to malfunction and diseases.9,
10

Under certain pathological conditions (e.g, Alzheimer‘s disease, Parkinson‘s disease, Type

II diabetes, mad cow disease, prion disease, Huntington‘s disease etc.)11 there appears
fibrillation/aggregation which might enhance further crowding.12-14 In such cases, osmolytes
are proving to be successful therapeutic agents. For example, in case of Alzheimer‘s disease
the formation of β-amyloid plaque, which leads to neuronal cell death, was found to be
inhibited in presence of osmolytes like TMAO and glycerol.15 Hence it is of utmost
importance to understand the conformational stability, the associated hydration dynamics in
its solvation sheathe as well as the activity of proteins in presence of different types of
cosolutes. Due to experimental challenges to observe a particular protein in living species
scientists have successfully mimicked4 the crowding effects by adding apparently inert
cosolutes which serve to mimic such cellular crowding effect. To comprehend the factors for
protein stability, some synthetic polymers (e.g. dextran, ficoll, polyethylene glycol), and
small molecules (sucrose, glycerol, TMAO) as well as protein itself are often employed to
investigate how the structure, thermal stability, hydration and function or activity of a protein
are modified.16-19 Theoretical studies using simple analytical calculations based on the scaled
particle theory (SPT) have shown that artificial macromolecules can be modelled as simple
hard spheres or rods in shape.20 Protein folding in a crowded medium was first investigated
applying coarse-grained molecular simulation by Cheung et al.21 It was found that the
folding stabilities in such mimicking crowding environment obtained from simulations agrees
well with the experimentally measured values.16, 22

2
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To properly assess the physiological role of a particular process/reaction in vivo, it is
important to consider all the possible influence of the cosolutes on the process/reaction in its
physiological milieu. So it is crucial to study proteins in presence of different types of
cosolutes. These are broadly categorized as – ‘macromolecular crowders’23 (e.g. proteins,
DNA, dextran, polyethylene glycol, Ficol), ‘bioprotective osmolytes’ (e.g. polyols, sugars,
methylamines, amino acids), and ‘chemical denaturants’ (e.g. guanidinium chloride, urea)24.
It has been recognized that proteins behave differently in crowded environment as compared
to normal in vitro aqueous environments, and such altered behaviours could often be
identified with those observed in cellular environments.25-29Such modification in physical
properties has so far been correlated to the idea of ‘volume exclusion’21, 30-34 which is based
on the principle that the volume occupied by macromolecules is not accessible to other
solutes.

Scheme 1.2: Possible effects of cosolutes to modulate the physical properties of protein.

The excluded volume theory is based on the assumption of mutual impenetrability of
seemingly hard sphere solute molecules that generate steric repulsion. In the simplest case of
spherical particles the closest two such molecules can approach is a distance equal to the sum
of their radii (see details in chapter 2). This makes a spherical excluded volume around each
molecule which is inaccessible to the centers of all the other molecules. It is obvious that in
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the available space. As a consequence there is a decrease in the randomness of distribution of
the particles i.e. lowering of configurational entropy. In earlier studies the observed increase
in the nativeunfolded transition temperature has been explained on the basis of the relative
stabilization of the folded state of the protein in comparison to the destabilization of the
unfolded state in the potential energy landscape by making the unfolded state more compact
to minimize steric repulsion and thereby energetically less favourable.4, 31, 35 However, recent
studies have shown that the excluded volume effect is not the sole factor, there are several
other factors to be considered in crowded environments like viscosity, perturbed diffusion,
direct physical interactions between the crowding agents and proteins, ―soft‖ interactions
(e.g. electrostatic, hydrophobic, and van der Waals interactions) between the crowding agent
and the protein, and, most importantly, the effects of crowders on solvent properties.36
Macromolecules inside real cellular environment do not show compactness as expected by
excluded volume effect as the attractive, nonspecific interactions counteract the excludedvolume effect.37 In a recent study Ebbinghaus et al. have introduced a thermodynamic
overview to understand the effects of different cosolutes on proteins in the following way―i)
Ideal excluded volume effect (for ficoll, sugar) does increase the thermal stability (increase in
the melting temperature, Tm) and decrease in the change in entropy with marginal change in
enthalpy during unfolding of protein, ii) preferential hydration (for glucose, KCl, dextran) of
protein causes an enthalpic stabilisation and protect the protein to interact directly, iii)
preferential binding of the cosolutes (for urea) causes a decrease in enthalpy and thermal
stability (decrease in melting temperature), iv) when both the preferential hydration of
protein and preferential binding of cosolutes to the protein simultaneously work (e.g. for
PEG), there occurs an increase in enthalpy and decrease in thermal stability (lowering of
melting temperature) of proteins.24 Therefore PEG can be considered as an intermediate
between stabilizing osmolytes and chemical denaturant and the overall effect depends on the
chain length and the protein used. It is not a trivial task to predict the effect of different PEGs
on the physical properties of a specific protein. This makes it interesting to study PEG as a
crowding agent. The effect of several small and large molecular weight osmolytes on the
biomolecular stability has theoretically been investigated by the group of Record et al.38-40
However, the exact mechanism of the stabilization (whether direct or indirect interaction) has
not yet been properly understood for small polymers which also behave as osmolytes. Recent
studies by Chowdhury et al. have concluded direct evidence of substantial soft interaction
rather than excluded volume repulsion to prevail between proteins and crowding agents.41, 42
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The authors proposed that in dilute concentration region such polymers (not in enough
entangled form) are more prone to interact directly with the proteins. Despite all these studies
it is evident that the interaction cannot be predicted as it is highly dependent on the protein as
well as the crowding agents. A detailed understanding regarding the hydration state of protein
surface under such strained environment has not yet been well rationalized, and is a
demanded study as conformation and functionality of proteins are slaved by these factors.
The present research work is an attempt to explore the effect of crowded environment on
different physical processes of protein molecules as manifested in the solvation dynamics and
associated energy cost during the processes.
There exists some otherwise indifferent biologically relevant small solutes e.g. urea,
guanidinium chloride (GdmCl), amino acids, which are well known to denature or stabilise
proteins. Amino acids often act as intermediates in metabolism as well as osmolytes that can
stabilize proteins.43-45 Moreover hydrophobicity of amino acids is believed to be a key
parameter that regulates phenomena like protein folding-unfolding, aggregation, activity,
protein-ligand binding and protein hydration in aqueous environments.46-50 The exact
molecular mechanism of the processes involved still remains a strongly debatable issue.
Interaction of these molecules with proteins has been envisaged either as a result of a direct
interaction with the protein backbone or as an indirect effect in which these molecules perturb
the water network structure.51-53 Some earlier studies have reckoned urea54 and GdmCl55-58 to
be „water structure breaker‟. This hypothesis has, however, not received considerable
support from experimental or simulation studies with only a few reports documented in the
literatures59-65.

Scheme 1.3: The mechanism of protein denaturation or stabilisation by cosolutes is still a debatable issue
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The concept of these molecules being enacted as a ‗water structure breaker‘ has been
challenged by a series of simulation and experimental studies.66-68 In this notion the
denaturing ability of GdmCl is believed to be due to direct interaction of Gdm+ with the
protein.69, 70 But question arises when Gdm2SO4 has been found to stabilize the proteins.71 In
an early study von Hippel and Wong reported that thermal melting temperature of
ribonuclease increases with the Gdm2SO4 concentration in contrast to GdmCl.72 In this regard
another interesting fact is that arginine (Arg) having considerable structural similarity to that
of guanidinium (Gdm+) cation, however, shows remarkably contrasting behaviour with
proteins: while Gdm+ denatures them, Arg modestly stabilizes them73. This makes it worth
comparing

their

hydration

behaviour.

So

investigation

of

the

mechanism

of

denaturation/stabilization of proteins by small solutes is still on demand.
How proteins function in presence of different cosolutes is vital to understand as they
act as biological catalyst to almost all life processes. Study of protein function in crowded
milieu is a widespread topic of research.74, 75 It is not a trivial task to predict the effect of
different crowding agents or cosolutes on protein activity because each protein behaves in
different ways in presence of materials due to their variable hydrophilic and hydrophobic
residues on the surface and on the binding sites. Lee et al. reported the enzyme activity of αchymotrypsin in presence of different osmolytes and denaturants.76 They found reduced
activity of the enzyme when introduced the stabilizing osmolytes (sucrose, TMAO, betaine,
sacrosine and proline) and in presence of urea, GdmCl the enzyme activity almost finishes.
Most of the previous studies revealed lowering of protein activity owing to the volume
exclusion and an increase in the viscosity has been believed to affect the diffusion or
encounter rates of enzyme and substrate.77, 78 On the other hand ~6% enhancement of enzyme
activity was reported by Pancera et al.79 for yeast hexokinase in presence of very dilute PEG
400 solution, however, the activity was lower in PEG 1500 and 4000 solutions. The activity
of glucose-6-phosphate dehydrogenase was reported to increase in presence of 20% (w/v)
PEG 400 and 4000 solutions.80 But a molecular level plausible mechanism is still lacking due
to several juxtaposed factors which control the protein function.
The principal objective of this thesis is to understand protein folding/unfolding
process and the associated changes in the structure and dynamics of the protein hydration
sheathe in presence of model crowding agents, osmolytes of variable hydrophobicity and
chemical denaturants. Conformational stability of protein molecules (e.g. human serum
albumin, lysozyme, bovine serum albumin etc.) in presence of macromolecular crowding
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agents (e.g. PEG), osmolytes (amino acids) and chemical denaturants (e.g. urea, GdmCl) has
been determined using circular dichroism (CD) spectroscopy. The overall hydrodynamic
diameter of the proteins has been obtained using dynamic light scattering (DLS) technique.
Intrinsic fluorescence from the constituent tryptophan residues of proteins is a potential
marker of the local environment of that protein. Additional information on the hydration
structure of proteins is extracted from absorption spectroscopy, acoustic (high precision
density and sound velocity analyser), FTIR (by measuring the spectra in the O-H stretching
(3000-3800 cm-1) or O-D (in D2O solution) stretching (2200-2700 cm -1), and intermolecular
O-H stretching in the FIR region (30-600 cm-1)). Enzymatic activity of proteins in such
environments has been determined by UV spectrophotometer. The free energy, enthalpy and
entropy changes associated with the above mentioned processes (like protein conformational
changes, enzymatic activity etc.) in both the environments is underlined using differential
scanning calorimetry (DSC) technique and temperature dependent optical property study.
Hydration dynamics around cosolutes and proteins has been measured using two
complementary techniques: time resolved fluorescence spectroscopy (TRFS) and THz time
domain spectroscopy (TTDS). In the former one, relaxation of polar environment (water)
around an excited fluorophore is measured using ps-resolved time-correlated single photon
counting (TCSPC) technique.81-83 The collective H-bond network and ultrafast dynamics of
hydration water is studied using THz spectroscopy (1 THz = 1012 Hz = 1 ps-1), which has
recently been emerged as a potential tool to label free determination of the collective
dynamics of water around biomolecules.84-89 The main advantage of THz radiation is its low
energy (1THz corresponds to ~ 4 meV) which leaves biomolecules unharmed and the perfect
timescale that probes the ultrafast collective dynamics of the hydrogen bond network in the
solvation water in its extended hydration sheathe which extends up to several hydration layer
about the solute surface and is otherwise wiped off in conventional spectroscopic
techniques.90, 91 TTDS offers with an additional advantage of measuring both the phase and
the amplitude of the transmitted radiation in a single experiment enabling the calculation of
various optical parameters (e.g. absorption coefficient, complex refractive index, complex
dielectric constant etc.) of the solutions by numerically solving Fresnel‘s transmittance
equations92, such parameters are used to extract the collective hydration dynamics of solvents
around biomolecules using multiple Debye relaxation model90, 93 (details provided in chapter
2). It is a reliable tool to extract ultrafast water dynamics in ps-sub ps time scale. It is very
sensitive to detect the times scales of ~ 8 ps, ~ 200 fs and ~ 80 fs for water and any alteration
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induced by the cosolutes or biomolecules.90 The ~ 8 ps and ~ 200 fs timescales are due to the
well-known cooperative rearrangement of the hydrogen bonded network and the rotational
modes of individual polar water molecules, respectively.94 The ~ 80 fs timescale has its origin
rooted to the 60 cm-1 vibrational band due to the hydrogen-bond bending and the related
transverse acoustic phonons which propagate in a direction normal to the hydrogen bonds in
between two neighbouring water molecules.95, 96
The present thesis is based on the investigation of structure, conformation, thermal
stability, hydration and finally the activity/function of some model proteins/enzymes in
presence of a special kind of crowding agent PEG of different chain lengths,97, 98 and some
bio-relevant small cosolutes (urea, GdmCl, amino acids).99-101
This thesis consists of the following seven chapters as described in brief.
Chapter 1 discusses the introduction and motivation behind this thesis work.
Chapter 2 is based on some relevant basic theories, information and experimental methods
that we have used. This chapter also provides the chemical structure of the samples used.
Chapter 3 represents all the instruments used and briefly describes their basic working
principles.
Chapter 4 describes the effect of short chain PEGs on the physical properties of human
serum albumin and unusual behaviour of thermal stability as well as hydration of the protein.
We have found the primary nature of interaction of the PEG with the protein changes from a
non-interacting or weakly repulsive (as an osmolyte) to interacting (as a non-specific ligand)
mode with the increase in concentration of PEG. Here we have shown the effect of the
crowding agents on the collective hydrogen bonded water network structure by using THz
spectroscopy.
Chapter 5 discusses the investigations to understand the process of how protein folds or
unfolds by cosolutes in water medium. Our study reveals the collective hydrogen bond
dynamics in presence of some protein-denaturing (urea, GdmCl) and stabilizing cosolutes
(TMAO, sucrose, amino acids).
Chapter 6 reveals the study of the enzyme activity of hen egg white lysozyme (HEWL) on
the cell wall of a micrococcus bacterium in presence of cosolutes and found an unusual
enhancement of activity in very dilute concentration region of cosolutes whereas activity
decreases in the higher concentration regime.
Chapter 7 provides the summary of the present thesis work and also a brief discussion about
some future plans.
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2

This section provides some relevant theories, information and experimental methods
applied for the chapters 4, 5 and 6. This section also introduces the chemicals used in this
thesis work.

2.1. Basic Theories
2.1.1. Noncovalent Interactions and the Energies
Noncovalent interactions are weaker than covalent bonds but have a great role to control the
structure of all biomolecules. The energy required to break noncovalent interactions is only
4–20 kJ/mol, much lesser than those of covalent bonds (~110-700 kJ/mol). Hence
noncovalent bonds form and break at room temperature as the thermal energy is 2.5 kJ/mol at
298 K.1 Although these interactions are individually weak and have a transient existence at
physiological temperature (25–37 ºC) multiple noncovalent interactions can act collectively
to produce highly stable and specific associations between different parts of a large molecule
or between different macromolecules.
Table 2.1: Noncovalent and covalent bond distances and bond energies1, 2
Interaction
Thermal energy
at 298 K
Van der Waals

Distance (Å)

Energy (kJ/mol)
~ 2.5

~ 3.5

~ 2.0-4.0

Electrostatic
Hydrogen bond
Covalent bond

variable
2.8-3.0
0.9-1.5

~ 6.0
~ 4.0-13.0
~ 110-700

Chapter 2

Scheme 2.1: Relative energies of noncovalent interactions and covalent bond. (Drawn using the data
given in the table 2.1).

2.1.2. Cooperativity in Hydrogen Bond Networks
The term cooperativity is often used for hydrogen bonded networks which means that each
H-bond assists its neighbouring H-bond to get stronger.3 All the H-bonds are affected by the
presence of each other: if one is removed the entire network could get weaker; add one and
the whole system could get stronger.

Scheme 2.2: Hydrogen bonding in water

2.1.3. Protein Structure
Proteins are built of amino acids (H2N-HCR-COOH). Nature has selected only L-amino acids
to constitute all proteins. There are four levels of protein structure ― i) Primary structure:
Series of amino acids linked one after another by peptide bonds to polypeptide chain. ii)
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Secondary structure: Polypeptide chains fold into α-helix, β-sheet, turns and coil by
hydrogen bonding. iii) Tertiary structure: Water soluble proteins further fold into compact
structure by hydrogen bonding, van der Waals interaction, electrostatic interaction and

Scheme 2.3: Four levels of protein structure ― primary, secondary, tertiary and quaternary structure.
(Modified from the source file: https://en.wikipedia.org/wiki/File:Main_protein_structure_levels_en.svg ).

di-sulphide bridges (covalent bonds formed between cysteine residues in different parts of the
protein). iv) Quaternary structure: Sometimes folded polypeptide chains assemble into
multisubunit structures.
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2.1.4. Excluded Volume Effect
The concept of ‗excluded volume‟ was introduced by Werner Kuhn in 1934 and was applied
to polymer molecules shortly thereafter by Paul Flory. In liquid state theory, the ‗excluded
volume‘ of a molecule is the volume that is inaccessible to other molecules in the system as a
result of the presence of the first molecule. This model is based on hard-core repulsion
assuming that no solute penetrates each other. Following is a schematic to elucidate the
excluded volume principle.

Scheme: 2.4: Representation of excluded volume assuming hard sphere.

This excluded volume theory is applied for a globular protein in presence of macromolecular
crowding agents.
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2.1.5. Electromagnetic Spectrum
The full electromagnetic spectrum is as follows:

Scheme 2.5: Electromagnetic spectrum from low (left) to high (right) frequency (Gigahertz,
Terahertz, Petahertz, Exahertz, Zettahertz and Yottahertz) and corresponding energy, wavelength,
matter-wave interaction, comparable size scale.

In this thesis work we are concerned in GHz (dielectric relaxation study), THz (study of the
collective hydrogen bond dynamics of water), IR (covalent bond vibration) and PHz (study of
the absorption, fluorescence emission corresponding to electronic transitions) regimes.

2.1.6 Dielectric Relaxation: Origin of Debye Model
Dielectric relaxation measurement is a sound method to investigate intermolecular
interactions and capable to monitor cooperative processes at the molecular level.4-6 This
method is more appropriate than any other to monitor such different scales of molecular
motions. It is a widely used method to study the structure, dynamics, and macroscopic
behaviour of complex systems.7
A brief discussion (detail is found elsewhere7) about basic principle of dielectric
polarization is presented in the following section.
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Dielectric Polarization in Static Electric Field:
If dielectric materials are placed in an external static electric field ⃗ , there occurs a charge
displacement which in turn creates a macroscopic dipole moment ( ⃗⃗ ) and this process is
known as polarization ( ⃗ ) or dipole density (scheme 2.6).

Scheme 2.6: (a) Polarization of dielectric. (b) Polarization vector.

The polarization is related to the < ⃗⃗ > (ensemble average) and volume (V) of the sample by
the following equation,
⃗⃗

⃗

(2.1)

If a static electric field of strength ⃗ is applied to an isotropic and uniform dielectric material
of dielectric susceptibility χ then the macroscopic polarization can be expressed as
⃗

⃗

(2.2)

where ε0 is the dielectric permittivity of the vacuum. Applying the macroscopic Maxwell
theory the electric displacement (electric induction) vector, ⃗ can be written as
⃗

⃗

⃗

)⃗

(

(2.3)

As we know that the relative dielectric permittivity (or dielectric constant) as in the linear
regime it is independent of the field strength,

. Therefore,
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⃗

⃗

There are different types of polarization mechanisms by an applied electric field in different
frequency regions (scheme 2.7): i) Ionic polarisation, ii) Orientation or dipolar rotation
polarisation, iii) Deformation (Atomic and Electronic) polarisation.

Scheme 2.7: Frequency dependent real and imaginary permittivity and corresponding processes:
ionic, dipolar relaxations and atomic, electronic resonances. [Reference: Wikipedia]

The total polarization ( ⃗ ) is the sum of induced polarization ( ⃗ α) and dipole polarization
( ⃗ μ).
Therefore,

⃗

⃗

(

)⃗

(2.4)

For polar dielectric the individual molecule possess a permanent dipole moment even in the
absence of external electric field but for the nonpolar one there is no dipole moment unless
an electric field is applied. Due to the long range of the dipolar forces, an accurate calculation
of the interaction of a particular dipole with all other dipoles of a specimen would be very
complicated. However, a good approximation can be made by considering that the dipoles
beyond a certain distance can be replaced by a continuous medium having the macroscopic
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dielectric properties. Assuming a continuum with dielectric constant ε∞ in which point
dipoles with a moment μd are embedded, we can write the induced polarization as follows,
⃗

)⃗

(

(2.5)

The orientation polarization is given by the dipole density due to the dipoles

d.

If we

consider a sphere with volume V comprised of dipoles, we can write
⃗⃗

⃗

∑ (⃗ )

(2.6)

Dielectric Polarization in Time Dependent Electric Field:
When a time dependent electric field is applied the decay function of dielectric polarization is
given by,
( )

⃗( )
⃗( )

(2.7)

where ⃗ (t) is the time dependent polarization vector. Time dependent displacement vector
⃗ (t) can be written as follows,
⃗( )
⃗( )
where

*

⃗( )
⃗( )

⃗( )

∫

( ) is the dielectric response function,

(2.8)

( )⃗ (
( )

)

(

+
)

(2.9)
( ) . εs and ε∞ are

the dielectric permittivity at low and high frequency, respectively. The frequency dependent
complex permittivity

( ) is connected to the above relaxation function through Laplace

transformation,8-10
( )

̂

( )

(2.10)

where ̂ is the operator of the Laplace transformation, which is defined for the arbitrary time
dependent function f(t) as
̂ ( )
where

and

( )

.
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( )

(2.11)
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Equation 2.10 gives equivalent information on dielectric relaxation properties of the sample
both in frequency domain and time domain measurements. Therefore the dielectric response
might be measured experimentally as a function of either frequency or time, providing data in
the form of a dielectric spectrum ε*() or the macroscopic relaxation function υ(t). For
instance, when a macroscopic relaxation function obeys the simple exponential law
( )

(

)

(2.12)

where τm indicates the relaxation time. Equation 2.11 and 2.12 give rise to the following
relation
( )

i.e,

(2.13)

( )

(2.14)

This is known as the Debye model for frequency dependent dielectric permittivity.

2.2. Experimental Methods
2.2.1 Analysis of Protein Structure
Protein secondary and tertiary structure can be obtained from CD spectra analysis. It is a very
reliable tool to underline the protein conformational changes. When multiple chromophores
in a chiral environment are in close vicinity, the excited states of the chromophores can mix
resulting in an exciton coupled circular dichroism. This phenomenon is highly dependent on
the relative orientation and proximity of the chromophores (amide bonds). The region 190260 nm (far UV CD) and 250-310 nm (near UV CD) can sense the secondary and tertiary
structure, respectively. α-helix, β-sheet, and a random coil have amide bonds in different
orientations at different distances and thus give CD signals with different amplitudes of
different signs as a function of wavelength. For each pure secondary conformation the
distinctive CD spectrum is shown in scheme 2.8.

23

Chapter 2

Scheme 2.8.: Typical CD spectra for each secondary structure content.11

The CD spectra of -helices are characterized by a negative peak with separate maxima of
comparable magnitude at 208 nm and 222 nm. The negative 222 nm band is due to the
peptide n* transition, while the 208 nm band results from the exciton splitting of the
lowest peptide * transition12, 13. The spectrum features arising in near UV region are due
to the absorption of the aromatic residues (phenylalanine, tyrosine, and tryptophan) and di
sulphide bonds.
The secondary structural analysis is done by deconvoluting the CD spectra using
CDNN software (http//bioinformatik.biochemtech.uni-halle.de/cdnn).

2.2.2 Thermal Stability of Protein
Thermal denaturation process of a protein can be considered as a two state transition between
the native and the unfolded states,14
(

)

(

)

The corresponding equilibrium constant for the unfolding process (Ku) can analytically be
expressed as,
(
(
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)
)

(2.15)
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Scheme 2.9.: Representation of native and denatured state of protein in energy landscape.

The native fraction of protein can be determined by temperature dependent spectroscopic
study e.g., CD, fluorescence or UV. The optical property at a particular wavelength is related
to the native fraction by the following equation,
(2.16)
where YT, YN and YD represents the optical property at any temperature T, in the native state
and in the complete denatured state, respectively. The Gibbs free energy change for the
unfolding process is given by,

, where R is the gas constant.

The van‘t Hoff enthalpy change (ΔH) for the process is obtained from the following equation,
(

)
(

(2.17)

)

The corresponding entropy change (ΔS) is obtained as,
(2.18)
Van‘t Hoff enthalpy is often obtained from calorimetric measurement (DSC) which
reckons the global unfolding of the protein.15,
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capacity (Cp) curve is used to determine the calorimetric transition enthalpy (Hcal) given by
∫

the relation:

. This calorimetrically determined enthalpy is model-

independent and is thus unrelated to the nature of the transition. The temperature at which the
excess heat capacity is maximum, defines the transition temperature (Tm). The modeldependent van‘t Hoff enthalpy (Hvh) was obtained as,
(
where

(

transition.17,

(

)

)

(2.19)

) is the height of the heat absorption peak at the midpoint (Tm) of the
18

The entropy change (∆S) for the unfolding process is obtained using the

relation,
∫

.

(2.20)

Flory Exponent:
Cheung and co-workers proposed a direct relation between the size of the confinement space
and the thermal stability of proteins in a crowded environment according to the relation,
,

where

,

c is the volume fraction of

macromolecule or crowder,  is a constant including dimension of the crowder and the
accessible volume and  is a parameter related to the Flory exponent () and is determined
from the plot ln(Tm) vs. ln(c),
(2.21)
For a spherical shape  can be calculated from  values according to the relation,19-21
and for slit shape

.

The Flory exponent is related to the behaviour of the macromolecules in a space of defined
dimensions (d) according to P.J. Flory by the equation,
For d=2, ν=0.75 indicates elongated coil while for d=3, ν=0.6 indicates random coil.
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2.2.3. Partial Volume and Adiabatic Compressibility of a Solute
According to scaled particle theory by Prof. Reiss (1965), the partial molar volume V0 of a
solute can be considered as the sum of four terms,
(2.22)
where VM is the intrinsic molar volume of the solute, VT is the thermal volume (this
corresponds to an empty domain around the solute molecule which results from the mutual
thermal motions of the solute and solvent molecules), VI is interaction volume which
represents the change in the solvent volume due to hydration,

is an ideal term where

is the coefficient of solvent isothermal compressibility.
Partial specific volume v0 of a protein of molecular mass M can be considered equal to
the sum of only three terms
(2.23)

Scheme 2.10.: Molecular surface, van der Waals surface and solvent accessible surface (SASA)

(2.24)
where

is the partial molar volume of water in the hydration shell.

is the partial molar

volume of water in the bulk state. VM is the sum of van der Waals volume of the constituent
atoms and total volume of the voids inside protein molecule which result from its imperfect
packing.
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2.2.3.I. Apparent Specific Volume & Apparent Adiabatic Compressibility:
Adiabatic compressibility (βp) of the protein solution can be determined by measuring the
protein solution density (p) and sound velocity (up) and applying Laplace‘s equation,
(2.25)
The apparent specific volume of the protein, v is obtained by,
(2.26)
where [P] is the concentration of the protein solution and ρ0 and ρp are the densities of the
solvent and protein solutions, respectively. The corresponding partial apparent adiabatic
compressibility (k) is obtained from the following relation,
(

)

where [u] is the relative specific sound velocity increment given by,

(2.27)
, with u0 and

up being the sound velocities in solvent and protein solutions, respectively.

2.2.4. Steady State and Time Resolved Fluorescence to Study Protein
Fluorescence spectroscopy is a very widespread method to acquire domain specific
information of protein.22 Tryptophan (Trp), tyrosine (Tyr) and phenylalanine (Phe) are the
three intrinsic fluorophores present in protein.

Figure 2.1: Absorption spectra of tryptophan, tyrosine and phenylalanine in water of pH 7. [Modified
from literature22 plot.]
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Tryptophan absorbs at the longest wavelength among the three and displays the largest
extinction coefficient (ε280=5579 M-1 cm-1). So the emission of proteins is mostly dominated
by the Trp. At wavelengths longer than 295 nm, the absorption is mostly due to the Trp which
can be selectively excited at 295–305 nm. Therefore we excited the protein at 299 nm to
avoid excitation of Tyr and Phe. In our study we have chosen the Trp emission as it is highly
sensitive to the local environment, while that of tyrosine is rather insensitive. Besides, the
number of Trp residues in a protein are limited (e.g., HSA contains single Trp) which helps to
interpret more precisely the local environment around fluorophore of a protein.
2.2.4.I. Steady State Fluorescence Anisotropy Measurements:
Anisotropy is defined as the extent of polarization of the emission from a fluorophore. It is
based on the principle of photo selective excitation of those fluorophore molecules whose
absorption transition dipoles are parallel to the electric vector of the polarized excitation light.
In an isotropic solution, fluorophores are oriented randomly. When exposed to polarized
light, those fluorophores that have their absorption transition moments oriented along the
electric vector of the incident light are preferentially excited. Hence the excited-state
population is partially oriented. A significant fraction of the excited molecules have their
transition moments oriented along the electric vector of the polarized exciting light. For the
steady state anisotropy measurement emission polarization is adjusted to be parallel or
perpendicular to that of the excitation and anisotropy is obtained by the following equation,
(2.28)
where I and I⊥ are the intensities measured with a linear polarizer for emission (the analyzer)
parallel and perpendicular, respectively, to the electric vector of linearly polarized incident
light.
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Scheme 2.11.: Representation for steady state anisotropy.

2.2.4.II. Time Resolved Fluorescence Measurements:
Time resolved fluorescence study measures the time the fluorophore spends in the excited
state before coming back to its ground state. Lifetime measurements are advantageous in
many cases over steady state measurements. For example, a protein contains two Trp
residues, each with distinct lifetimes. Because of spectral overlap of their absorption and
emission, it is not usually possible to resolve the emission from the two residues from the
steady-state data. However, the time resolved data can reveal two decay times, which can be
used to resolve the emission spectra and relative intensities of the two tryptophan residues.
The time resolved measurements can reveal how each of the tryptophan residues in the
protein is affected by their respective local environments.
A fluorophore is excited with a narrow pulse of light. If n0 is the initial population of
fluorophore molecules in the excited state it decays in different ways (radiative, nonradiative, intersystem crossing, photochemistry) with a rate of kr+knr+kisc+kpr. The number of
excited molecules at time t is given by,
( )

(

) ( )

(2.29)

On integration,
( )

( )

(
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(

⁄ )

(2.30)
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and the lifetime is the inverse of total decay rate,

where
. In terms of intensity,
( )

⁄ )

(

(2.31)

This is a single exponential decay. However, most of the systems show multi-exponential
decay,
( )
where ∑

∑

(

⁄ )

(2.32)

and the average lifetime is given by the following equation,
〈 〉

∑

(2.33)

Scheme 2.12.: Time resolved fluorescence lifetime measurement by exciting with a pulsed light.

In our study we observed the lifetime of free Trp and the Trp of HSA by using 299 nm LED.
The instrument response function (IRF) is measured from the Raleigh scattering (using dust
in water) at the excitation wavelength (299 nm) and then the emission decay (at λmax) of the
sample was measured. Both the decays are fitted by reconvolution method and then the
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lifetimes are obtained by fitting in multi exponential equation using F900 software
(Edinburgh).22

2.2.6. THz Measurement
THz (1 THz = 1012 Hz = 1 ps-1) frequency region has recently been evolved as a potential and
sensitive tool to label free probe the sub-ps intermolecular collective dynamics of water
network which is otherwise wiped off in conventional spectroscopic techniques.23-25 The GHz
as well as MIR frequency range are limited to the intra-molecular stretching band of water
and does not protrude into the global collective motion of water which extends to more than
one hydration layer23. Such global collective information can only be realized in the THz
frequency domain.26
Data analysis: By varying the time delay between the probe and the pump beam (details in
chapter 3) the amplitude and phase of the THz electric field are measured as a function of
time. Frequency dependent power and phase of the transmitted pulse are obtained using
Fourier analysis of the measured electric field amplitude ETHz(t). In this thesis work we have
used Tera K8, MenloSystems time domain THz spectroscopy where the extracted frequency
domain THz spectra in air is fairly smooth with a high signal to noise ratio and minimal water
absorption lines up to ~2.5 THz which enables us to extract the optical parameters with high
precision up to ~2 THz. Different optical parameters are extracted from this frequency
domain data.
The absorption coefficient,

( )

( )

( )

(2.34)

where I0 ( ) and Is ( ) represent the intensities in air (reference) and in presence of sample, d
indicates the sample thickness.

Scheme 2.13: Interpretation of THz absorption of an aqueous solution of a solute with known volume
fraction (φs).
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The refractive index can be calculated by measuring the phase in air and in sample,
( )

( )
The imaginary refractive index, ( )

( )

(2.35)

( )

(2.36)

The frequency dependent real () and imaginary () dielectric constants of the samples are
extracted as,

( )

index is given as, ̃( )

( )

( ) and

( )

( )

( ) ( ), where the complex refractive

( ).

We have extracted all the parameters by commercially available TeraLyzer Terahertz
software (http://www.menlosystems.com/products/thz-time-domain-solutions/teralyzer-single/).

Figure 2.2: TTDS data extraction: Time domain to frequency domain conversion by Fast Fourier
Transform (FFT) method using origin 8.5 software.

2.2.7. Dielectric Relaxation Fitting (GHz-THz Regime)
We have employed a multiple Debye model25,

27, 28

to describe the dynamics of water

molecules in cosolute solutions. According to the Debye model, the complex frequency
dependent dielectric response [ ̃( )

( )
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̃( )
where,

∑

(2.37)

is the relaxation time for the j-th relaxation mode,

is the static dielectric constant,

are the dielectric constants for different relaxation processes,

is the extrapolated

dielectric constant at a very high frequency and m describes the number of relaxation modes.
The magnitude of induced polarization is given by the dispersion amplitude,

.

We fit the relaxation data of water in this frequency range using three relaxation modes.
Keeping in mind that a considerable fraction of water molecules in these concentrated
solutions move rather slowly, we model the DR by introducing an additional Debye mode;
the following equation describes the frequency-dependent complex permittivity, ̃( ):
̃( )









(2.38)

where Si is the relaxation strength of the i-th mode and  is the angular frequency.
The following equation is to describe frequency-dependent complex permitivities ̃( ) in a
solution containing considerable number of ions29

̃( )

∑



(2.39)

where Sj is the relaxation strength of the j-th relaxation mode,  is the dc conductivity of the
solution and

is the permittivity in free space.

2.2.8. Measurement of Enzyme Kinetics
Following is the simplest mechanism to show enzyme (E) kinetic reaction on a substrate (S)
to form a product (P):
(2.40)
where ES is the enzyme-substrate complex and ES# is an intermediate transition state before
product formation. At a fixed enzyme concentration we measured the initial rate (V0) in
presence of varying concentration of the substrate (S). Most of the enzymes follow the
Michaelis-Menten equation2,
(2.41)

34

Chapter 2
where Vmax is the maximum rate attainable at saturating substrate concentration, KM
represents Michaelis-Menten constant defined by the substrate concentration at which the rate
is given by, V0=Vmax/2. The enzyme kinetic parameters are obtained by using LineweaverBurk (LB) plot i.e. 1/V0 vs. 1/[S] plot in the lower concentration regime of the substrate
concentration,
(2.42)
(2.43)
Catalytic constant, kcat represents the turn over number which can be defined as the number
of substrate molecules converted to the product per unit time when the enzyme is fully
saturated with the substrate. The enzyme catalytic efficiency is given by the ratio kcat/KM.

2.3. Chemicals Used
2.3.I. Protein, Enzyme and Bacteria Cell:
Human serum albumin (HSA) is a principal extracellular globular protein abundantly present
in blood plasma30 consisting of three structurally similar domains (I, II, and III), each
containing two sub-domains (A and B) and stabilized by 17 disulfide bridges31. It contains
585 amino acids. The molecular weight of HSA is 66.5 kDa and the molar extinction
coefficient (ε) at 280 nm is 36500 cm-1M-1. The choice of this protein lies on the fact that the
crystal structure of the protein is well established, and the various steps involved in its
thermal denaturation have now been well understood.32,

33

Furthermore, the protein has an

intrinsic fluorophore in the form of a single tryptophan (Trp214) moiety in the IIA subdomain which can selectively be used to extract domain specific information.
Bovine serum albumin (BSA) is an extracellular globular protein (~70 % similar to HSA)
present in blood plasma of cow. It contains about 583 amino acids with 17 disulphide bridges
with 1 sulfhydryl group. The molecular weight of BSA is 66.4 kDa and the molar extinction
coefficient (ε) at 279 nm is 44318.9 cm-1M-1.34, 35

35

Chapter 2

Scheme 2.14: 3D structure of the proteins (HSA, BSA and HEWL) as obtained from protein data
bank. [modified by Viewer Lite software].

Hen egg white lysozyme (HEWL) is a single chain polypeptide of 129 amino acids crosslinked with four disulphide bridges and the peptide chain is arranged in two equal size
segments disjointed by a deep cleft.36 The molecular weight of HEWL is 14.307 kDa37, molar
extinction coefficient38, ε280nm=36000 M-1cm-1. Substrates and inhibitors bind in this cleft and
are hydrolyzed under the action of key residues Glu35 and Asp52 (Trp62, Trp63, Asp101,
Trp108 are involved in substrate binding)39 in the active site of the protein. Lysozyme
catalyses the hydrolysis of β (1→4) glycosidic bond between N-acetyl glucosamine (NAG)
and N-acetyl muramic acid (NAM) which form the backbone of many bacterial cell wall.40 In
the first step of mechanism lysozyme gets attached to the large surface cell wall through
electrostatic interaction.41 As the isoelectric point (pI) of lysozyme is 11.35,42 it, as a whole,
is positively charged at least upto pH 11 (as pH < pI) whereas the cell wall is negatively
charged [Ref: M. R, J. Salton, Proc. 3rd Intern. Symp. Fleming's Lysozyme, Miilan (I964),
Società Prodotti Antibiotic, p. 5/RT] even at neutral pH.
Lysozyme substrate: Micrococcus lysodeikticus cell is a gram positive, to gram variable
bacterium which is found in soil, dust, water and air. It is also found is mammal skin, mouth,
mucosae and upper respiratory tract. The cell wall is composed of N-acetyl glucosamine
(NAG) and N-acetyl muramic acid (NAM).
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Scheme 2.15.: Micrococcus lysodeikticus bacteria gram stain. [Source: Wikipedia].
Following is the composition of Micrococcus lysodeikti cell wall:
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2.3.II. Macromolecular Crowding Agents:
We have used polyethylene glycols (PEGs) of different chain length. PEG is a water soluble
synthetic polymer which is used as macromolecular crowding agent. The general chemical
structure of polyethylene glycol (PEG) is as follows:

Molecular formula C2nH4n+2On+1
n-value

Name

Molecular weight (Da)

1

Ethylene glycol (EG)

62

4-5

PEG 200

194-238

8-9

PEG 400

370-414

90-91

PEG 4000

3978-4022

227-231

PEG 10000

10006-10182
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2.3.III. Denaturing Agents:

2.3.IV. Osmolytes:
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Amino Acids:

** The previous pictures have been drawn by “Gauss View 05 software” and
the symbols used are as follows:
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Chapter 3

3.1. Ultra Violet-Visible Spectrophotometer (UV-Vis)
UV-Vis absorption was measured with Shimadzu UV-2600 spectrophotometer. A tungsten
lamp (W1) is used as visible light source and a deuterium lamp (D2) is used as ultraviolet
light source with a lamp interchange wavelength of 282-293 nm. The only monochromator
used in this instrument consists of high performance blazed holographic grating which
spreads the beam of light into its component wavelengths. This is a typical double beam
instrument; the light emanating from source is split into two beams the reference beam and
sample beam. A photomultiplier tube (PMT) is used as a detector.

Scheme 3.1: Representation of an absorption spectrophotometer. Tungsten halogen (W1) and
Deuterium lamps (D2) are used as light sources in the visible and UV regions, respectively. M concave,
M, L, S, PMT represent concave mirror, plane mirror, lens, shutter and photomultiplier tube,
respectively. A/D converter and HV/Amp indicate analog to digital converter and Highvoltage/Amplifier circuit, respectively.

When continuous radiation passes through a material, a portion of the radiation may
be absorbed. If that occurs, the residual radiation, when it is passed through a prism, yields a
spectrum with gaps in it, called an absorption spectrum. In the case of UV-visible
spectroscopy, the absorption of electromagnetic radiation occurs due to the transitions from
lower energy electronic state to higher energy state. An electronic transition of a molecule is
always associated with both vibrational and rotational transitions. So each electronic
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transition consists of a vast number of lines spaced so closely that spectrophotometer cannot
resolve them. Rather, the instrument traces an ‗envelope‘. That‘s why the UV spectrum of a
molecule usually consists of a broad band centered near the wavelength of the major
transition.
Regarding the extent of absorption of a molecule there is an empirical equation known
as Beer-Lambert law as given below,
( ⁄ )

(for a given wavelength)

(3.1)

where A=absorption, I0 is the intensity of light incident upon sample cell, I is the intensity of
light leaving sample cell, ε is molar absorptivity, c is the molar concentration of solute and l
is the length of sample cell.

3.2. Circular Dichroism (CD) Spectrometer
CD was measured by JASCO J-815. Spectropolarimeter with a Peltier temperature controller
attachment. A Xe-lamp is used as source of light. N2 is purged to remove O3 gas.

Scheme 3.2: Ray diagram of a Circular Dichroism (CD) spectropolarimeter. M1, M2, P1, L, PMT,
CDM, O-ray and E-ray represent concave mirror, plain mirror, reflecting prism, lens, photomultiplier
tube, CD-modulator, ordinary ray and extraordinary ray, respectively.
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CD is defined as the difference in absorbance of left-handed (L) and right-handed (R)
circularly polarized light and occurs when a molecule contains one or more chiral
chromophores (light absorbing groups).
( )

( )

(3.2)

Molar ellipticity [θ] is defined as,
(

)

(deg cm2 decmol-1)

(3.3)

where θ (mdeg) is the CD in mdeg unit, CM is the molar concentration of the sample, l is the
path length of the cell in cm unit.

3.3. Steady State Fluorescence Spectroscopy
We have used Fluorolog, Horiba-Jobin Yvon, Edison, NJ (Model LFI-3751). Ozone free XeArc lamp has been used as a source of continuous wave light. There are two
monochromators1 which are excitation and emission monochromator. The essential part of
these monochromators is reflection grating, containing 1200 grooves/mm and are blazed at
330 nm (excitation) and 500 nm (emission).

Scheme 3.3: Ray diagram of an emission spectrofluorimeter. M, G, L, S, PMT and PD represent
mirror, grating, lens, shutter, photomultiplier tube and reference photodiode, respectively.
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These gratings give an excitation wavelength coverage 220-600 nm and emission wavelength
coverage 290-850 nm.

3.4. Time Resolved Fluorescence Spectroscopy (TRFS)
Picosecond-resolved fluorescence2 transients were recorded using time correlated single
photon counting (TCSPC) technique.1 The schematic block diagram of a TCSPC system is
shown in scheme 3.4. TCSPC setup (Edinburgh instruments, U.K.) was used during
fluorescence decay acquisitions. The instrument response functions (IRFs) of the laser
sources at different excitation wavelengths varied from 60 ps to 400 ps. Fluorescence

signal

from the samples was detected by a photomultiplier after dispersion through a grating
monochromator. For all the transients, the polarizer in the emission side was adjusted to be at
54.7° (magic angle) with respect to the polarization axis of the excitation beam.

Scheme 3.4: Ray diagram of a TCSPC spectrophotometer. A signal from microchannel plate
photomultiplier tube (MCP-PMT) is amplified (Amp) and connected to start channel of time to
amplitude converter (TAC) via constant fraction discriminator (CFD) and delay. The stop channel of
the TAC is connected to the laser driver via a delay line. L, M, G and HV represent lens, mirror,
grating and high voltage source, respectively.
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3.5. Oscillating U-tube Density Meter
Density and sound velocity were measured using a high precision density meter (model
DSA5000) from Anton Parr (Austria) with an accuracy of 5×10-6 g cc-1 and 0.5 m s-1 in
density and sound velocity measurements, respectively.

Scheme 3.5: Density meter based on oscillating U-tube principle
A hollow U-shaped glass tube of known volume and mass is filled with the liquid
sample and excited electronically by a Piezo-element. The U-tube is periodically oscillating
with a frequency (say) f. Optical pick-ups record the oscillating period P as P=1/f. The
frequency is inversely proportional to the density (ρ) of the filled liquid. The density is
obtained from the following equation,

(3.4)
where A and B are parameters. Thus the density of the sample can be determined after
adjusting the instrument with air and water (water must be free of air bubble).
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3.6. Viscosity Meter
Viscosity of a liquid sample was measured by an automated Micro Viscometer [AMVn,
Anton Parr (Austria)].

Scheme 3.6: Representation for micro viscometer based on falling ball principle
This instrument measures viscosity by the Hӧppler falling ball principle. In this method the
elapsed time is required for the ball to fall under gravity through a liquid sample-filled
capillary tube inclined at an angle. The tube is mounted on a pivot bearing which quickly
allows rotation of it by 180 degrees, thus allowing a repeated measurement to run
immediately. The average time is converted into a viscosity value in centipoise (cP). The
dynamic viscosity is calculated by the following eqn.
(
where

)

(3.5)

is the dynamic viscosity (mPaS), t is the travelling time of the ball,
-3

and

is the

density (g cm ) of the ball and the sample, respectively, K is the ball constant (mPa.cm-3g-1)
and F is working angle constant.
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3.7. Dynamics Light Scattering (DLS)
Dynamic light scattering (DLS), also known as photon correlation spectroscopy (PSC) or
quasi elastic light scattering (QELS) is one of the reliable technique to determine the
hydrodynamic diameter of the particle. In our lab measurements were carried out with Nano S
Malvern instrument employing a 4mW He-Ne LASER (λ= 632.8 nm) equipped with a
thermostated sample chamber. When light hits small particles compared to the wavelength,
the light scatters in all directions (Rayleigh scattering).

Scheme 3.7: Ray diagram of dynamic light scattering (DLS).

For the monochromatic and coherent light, the scattering intensity fluctuates over time due to
small molecules in solutions undergoing Brownian motion, and so the distance between the
scatterers in the solution is constantly changing with time. This scattered light then undergoes
either constructive or destructive interference by the surrounding particles, and within this
intensity fluctuation, information is contained about the time scale of movement of the
scatterers. All the scattered photons are collected at 173° scattering angle. The details of DLS
measurements has been reported elsewhere.3 The measured data in DLS experiment is the
correlation curve. Embodied within this correlation curve is all of the information regarding
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the diffusion of particles within the sample that has been measured. By fitting the correlation
curve to an exponential function, the diffusion coefficient (D) can be calculated (D is
proportional to the lifetime of the exponential decay).
Hydrodynamic diameter (dH) of the particle is estimated from the intensity
autocorrelation function of the time-dependent fluctuation in intensity. According to StokesEinstein (SE) model the dH is related to the viscosity and the diffusion coefficient of the
solution as given below,

(3.6)
where kB is the Boltzmann constant, η is the viscosity.

3.8. Fourier Transform Infrared (FTIR) Spectroscopy
FTIR measurements were performed on a JASCO FTIR-6300 spectrometer (transmission
mode). Michelson interferometer4 is the heart of FTIR spectrometer. It consists of a fixed
mirror (M4), a moving mirror (M5) and a beam-splitter (BS), as illustrated in figure 3.8. The
collimated IR beam from the source is partially transmitted to the moving mirror and partially
reflected to the fixed mirror by the beam-splitter. The two IR beams are then reflected back to
the beam-splitter by the mirrors. The detector then senses the transmitted beam from the fixed
mirror and reflected beam from the moving mirror, simultaneously. The two combined beams
interfere constructively or destructively depending on the wavelength of the light (or
frequency in wavenumbers) and the optical path difference introduced by the moving mirror.
The resulting signal is called an interferogram which has the unique property that every data
point (a function of the moving mirror position) which makes up the signal has information
about every infrared frequency which comes from the source. The measured interferogram
signal is then processed through a Fourier transform to obtain the final spectrum. Each
spectrum consists of 100 scans (1500−4000 cm−1) acquired at 0.5 cm−1 resolution.
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Scheme 3.8. Ray diagram of Fourier Transform Infrared (FTIR) spectrometer. It is mainly a
Michelson interferometer in which one of the two fully-reflecting mirrors is movable, allowing a
variable delay (in the travel-time of the light) to be included in one of the beams. M, FM and BS
represent the mirror, focussing mirror and beam splitter, respectively. M5 is a moving mirror.

FIR (in collaboration with Ruhr University, Germany): FTIR spectra were recorded using a
VERTEX 80v FTIR Spectrometer (Bruker Optics) under nitrogen gas flow in the sample
compartment. The data were collected and processed using OPUS software. For spectra
acquisition in the FIR region (30-450 cm-1), a mercury-lamp served as an FIR source, a
liquid-helium-cooled silicon bolometer was used as a detector. All the measurements were
performed using a liquid cell (model A145, Bruker Optics, diamond windows) with a
thickness of 28.5 ± 0.3 µm.

3.9. Terahertz Time Domain Spectroscopy (TTDS)
TTDS measurements were carried out in a commercial THz spectrophotometer (TERA K8,
Menlo System).

5, 6

A 780 nm Er doped fiber laser having pulse width of ˂100 fs and a

repetition rate of 100 MHz excites a THz emitter antenna producing a THz radiation having a
bandwidth up to 3.0 THz (> 60 dB). This THz radiation is then focused on sample and the
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Scheme 3.9. Schematic diagram of Terahertz time domain spectroscopy. M, L, λ/2 and λ/4
representing mirror, TPX polymer convex lens, half wave plate and quarter wave plate respectively.
Both the detector and emitter are photo conductive antennas made of gold dipole deposited on GaAs
semiconductor (low temperature grown).

transmitted THz radiation is further focused on a THz detector antenna which is gated by the
probe laser beam. Both the THz antennas are gold dipoles with a dipole gap of 5m deposited
on LT (low temperature grown) GaAs substrate (mobility μ ~400 cm/s, carrier lifetime τ~1
ps). With applied bias voltage (~20 V, 10 kHz) the electric energy is stored in the gap area.
When laser light focuses on the gap, electron hole pairs are created. These charge carriers are
accelerated by the bias field. In this case, the fs laser pulses act transient switches to open the
stored electric energy and releases it in the form of the emission of a time dependent THz
field ETHz (t) which is proportional to the derivation of the current density J(t).
( )

( )
( )

( )

(3.7)
(3.8)

By varying the time delay between the probe and the pump beam the amplitude and phase of
the THz electric field are measured as a function of time. Frequency dependent power and
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Scheme 3.10: THz generation and detection by using photo conducting antenna.

phase of the transmitted pulse are obtained using Fourier transform of the measured electric
field amplitude ETHz(t).

3.10. p-Germanium Terahertz
(In collaboration with Ruhr University, Germany): In the p-Ge (p-Germanium) difference
spectrometer measurements the THz radiation source used is a high-power (1 W) p-Ge laser.7
This set-up has been described in elsewhere.8 The p-Ge crystal emits THz radiation in the
range of 1 to 4 THz, accessing the intermolecular collective modes of the hydrogen-bonding
network of water. The THz radiation emitted from the p-Ge laser is split by a chopper into a
probe and a reference beam, propagating through the sample cell containing the solvated
protein, and the reference cell containing the buffer solution, respectively. Both beams are
focused to the detector (bolometer) by a polyethylene lens. We used the p-Ge difference
spectrometer to record the integrated absorption of the protein solution relative to that of the
buffer in the frequency range of 2.1 to 2.8 THz. For each measurement, 30,000 pulses each
for the sample and for the reference were recorded and averaged. The change of THz
absorption of the samples compared to that of the reference was deduced.
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Scheme 3.11: p-Ge THz spectroscopy
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3.11. Vector Network Analyser (Dielectric in GHz Frequency)
Dielectric relaxation (DR) in GHz regime is measured in PNA-L network analyser with an
open ended coaxial probe which is in direct contact with solution. Both the magnitude and
phase of the reflected power is measured by the network analyser that can give the
information of real and imaginary dielectric constants at each frequency sweep.

Scheme 3.12: Vector network analyser. MUT means material under test.
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3.12. Differential Scanning Calorimeter (DSC)
(In collaboration with IICB, Kolkata):The temperature dependent transitions in the protein
were measured on a Microcal VP-differential scanning calorimeter (DSC) (MicroCal, Inc.,
Northampton, MA) by monitoring excess heat capacities as a function of temperature as
described elsewhere.9
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4

To mimic the real cellular environment biomolecules are studied in presence of crowding agents (e.g.,
polyethylene glycol, ficoll etc.). We aim to study the structure, thermal stability and collective hydration
dynamics of a globular protein human serum albumin (HSA) in presence of two short chain crowding
agents, namely polyethyleneglycols (PEG 200 and 400). The secondary as well as tertiary structures of
HSA have been studied by using circular dichroism (CD) spectroscopy. The alteration in the collective
water network structure is investigated using FTIR spectroscopy in the far-infrared (FIR) frequency
range (30-450 cm-1) and site specific changes are obtained by time-resolved fluorescence spectroscopic
technique using the intrinsic fluorophore tryptophan (Trp214) of HSA. The collective hydration
dynamics of HSA in presence of PEG molecules are obtained using Terahertz (THz) spectroscopy. Our
study affirms that PEG 200 and 400 interact with HSA differently in comparison to higher chain PEG
10000 and smaller solute sucrose. For PEG 200 and 400 we have found a critical concentration beyond
which the hydration of HSA alters abruptly.

4.1. Introduction

C

ellular environments are crowded (see scheme 1.1, chapter 1) with several
macromolecules like lipids, sugars, nucleic acids and proteins, along with

macromolecular arrays (e.g. cytoskeleton fibre) and the large volume occupied by such
molecules can have profuse effect on a number of processes of biological importance1. Such
non-specific influence of this high macromolecular concentration affects the structure and
dynamics of proteins as they experience volume restriction owing to the surrounded
macromolecules as well as restricting the allowed protein conformations2. The phenomenon
of macromolecular crowding has generally been explained in terms of the ‗exclusion volume‘
model which predicts a relative stabilization of the native state compared to the fully
unfolded states1, 3 as has also been experimentally realized in many earlier studies4-9 including
those in which weak attractive protein-crowder interaction has been envisaged.2, 10-18 In all
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these studies increase in nativeunfolded transition temperature has been explained on the
basis of the relative stabilization of the folded state of the protein in comparison to the
destabilization of the unfolded state in the potential energy landscape by making the unfolded
state more compact and thereby energetically less favourable.1, 6, 19 This model is based on
hard-core repulsion which arises because the crowders decrease the space available to the
proteins. Such an effect is mostly entropy driven as it involves only the arrangement of
molecules and not the interaction among themselves.15, 20 However, a point of concern that
emerges is whether there exist any ‗true‘ crowding agent that does not cause any additional
effect apart from the volume exclusion2, also direct effect of the crowding agent on the folded
as well as unfolded states of proteins could not be ruled out3 as there have been reports
available in which crowding agents are found to ease the unfolding process 21, 22. This could
make a-priori prediction on the effect of macromolecular crowding on protein stability
counterintuitive and a proper experimental as well as theoretical drive on rationalizing the
effect on the type and content of the crowding agent is still on demand. In this regard
hydration of protein in such crowded milieu is a matter of study as we know water, an
integral and active component of life, plays both dynamic as well as structural roles in most
of the biophysical processes.23 It is an essential component for protein structure, defining the
collapse of the hydrophobic core in maintaining its structure.24 It is interesting to note that
only small amount of bulk water is available in the real cellular environment which is
crowded with macromolecules at a concentration of about 300 mg·ml-1.25 A considerable
effort has been put forward on protein-crowder interactions with a major point devoted to the
protein stability and refolding kinetics1, 9, 12, 26 whereas the effect of crowding on the structure
and dynamics of hydration around proteins has rarely been addressed.27-29 Highly crowded
environment is expected to alter the hydration structure of proteins following the ‗excluded
volume‘ model as well as significant interactions with nearby macromolecules which may
result in a reduction of the diffusion rate30 and can affect various biological processes.31 In an
earlier study crowding induced alteration in hydration dynamics has been reported to modify
the enzymatic activity of -chymotrypsin.29 A recent MD simulation study by Harada et al.27
have reported that macromolecular crowding at low crowder concentration moderately affects
the hydration structure and dynamics at the protein surface, whereas a significant change has
been recorded beyond a certain concentration (~30%) of the crowders. 2D IR study by the
group of Kurbaryh et al.28 has shown that both PEG and protein themselves induce a
dynamical transition wherein the coupled protein-hydration dynamics exhibits a sharp
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retardation beyond a certain concentration of PEG (~30-40 %v/v) indicative of an
independent-to-collective hydration transition. A more recent study showed that in contrast to
the prediction of the excluded volume theory, an enthalpic stabilization and an entropic
destabilisation was observed upon addition of PEG.32 In summary we can state that a proper
understanding of the fate of hydration dynamics at protein surface is still strongly in demand.
In the present contribution we have carried out an experimental investigation to study the
effect of small chain polyethylene glycols (PEG 200 and 400) on the conformation stability
as well as hydration structure and dynamics of a globular serum protein human serum
albumin (HSA).
Polyethylene glycol (PEG) is a highly water-soluble synthetic polymer which has
extensively been used as a macromolecular crowing agent.33-35 PEG is best modelled as a
spherical particle and belongs to one of the ‗modificator‘ groups which are essentially treated
as protein structure stabilizers.36 PEG is regarded as a flexible spherical coil in the dilute
regime and in the semi dilute as well as in concentrated regime the polymers begin to
penetrate one another forming a mesh-like entangled network.33,

35, 37

PEG molecules are

associated with a hydration of 20-200 water molecules which are essentially stabilized by
dipole-dipole forces in the form of hydrogen bonding.38 Large molecular weight PEGs
experience predominantly repulsive interaction with proteins and induce macromolecular
association and compaction in accordance to the crowding theory39. However, a number of
studies have shown that this interaction cannot exclusively be described in terms of excluded
volume alone40, 41, rather an attractive interaction between PEG and nonpolar or hydrophobic
side chains on the protein surface needs to be taken into consideration42,

43

. Such dual

behaviour of PEG to act both as a crowding agent obeying the excluded volume theory as
well as being covalently or non-covalently adsorbed at the protein surface seems intriguing.
PEGs of higher molecular weights (e.g., Mw 8000, 10000) stabilize the native compact
structure of HSA; the interaction between these polymers and HSA is thermodynamically
unfavourable and becomes even more unfavourable for the denatured protein22, PEG 3500
has been found to bind HSA non-specifically and induces its conformational change at high
PEG concentration44. On the other hand, higher molecular weight PEGs (Mw 6000, 10000)
have been found to stabilize the unfolded state of lysozyme and consequently reduce the
unfolding temperature of the protein21 whereas they offer only marginal effect on the thermal
denaturation of ribonuclease.45 Most of these previous studies involve high molecular weight
(Mw>1000) PEGs and the role of PEG in modifying protein stabilization either in the form of

60

Chapter 4
an osmolyte or as a ligand has not explicitly been addressed. A systematic and thorough
understanding of the way small chain PEG molecules interact with proteins is still demanded.
Recently Knowles et al.46 have studied the concentration dependent effect of PEGs with
varying chain length (starting from the monomer) on intramolecular hairpin and
intermolecular duplex DNA formation. The stability of the formation is found to be
dependent on two factors, namely, the excluded volume and the preferential interaction. The
authors reported that for the large PEGs the later factor has a positive stabilizing effect
whereas the former one offers a less destabilizing effect compared to the smaller PEGs.
Interestingly the destabilization to stabilization transition shows a threshold for PEG 200 and
400. This prompted us to carry out the present investigation with these two small chain PEGs,
namely PEG 200 and PEG 400 to understand their effect on the stability of HSA. The
structure of the protein in the presence of PEG has been studied using far-UV circular
dichroism (CD) spectroscopy. Static hydration at the surface of the protein has been analyzed
using high precision densimetry and sound velocity measurements. Temperature induced
unfolding of the protein in the presence of the polymer has been studied using CD,
fluorescence spectroscopic technique and the corresponding energetics are measured using
differential scanning calorimetry (DSC) technique. Here we have further addressed the
question how the hydration dynamics, especially in the collective network structure at the
protein surface is affected in presence of the small chain PEG molecules around the critical
concentration. To address this issue we have investigated the hydration behaviour of HSA in
presence of short chain PEGs using far-infrared (FIR) FTIR and fluorescence spectroscopy,
while the hydration dynamics has been explored using THz time domain spectroscopy. The
elusive spectral range of THz has proven to be an important tool to study hydration dynamics
around biomolecules.47-51 This technique is sensitive to the subtle changes of these vibrational
modes of water which can extend up to several layers beyond the solute surface. 52 In order to
compare the behaviour of PEG 200 and 400 we study the effect of two other otherwise
indifferent or moderately protein stabilizing crowding agents sucrose and PEG 10000.

4.2. Materials and Methods
HSA (Human serum albumin), and poly ethylene glycols (PEG 200, PEG 400, PEG 10000),
sucrose and L- tryptophan were purchased from Sigma-Aldrich with a purity of ~99%. All
the chemicals were used without further purification. All aqueous solutions were prepared in
sodium phosphate buffer (50 mM) at pH 7.0 and used after filtration with syring-driven filter
(Millex) of diameter 0.22 m. For far-UV CD measurements the protein concentration was
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fixed at 2 M. For near-UV CD and volumetric study 30 M protein was used, while for
DSC and DLS measurements 20  protein solution was used. For fluorescence
measurements it was fixed at 1 M.
We have used following instruments and methods (for details see chapters 2, 3).
Protein structure was measured by the CD spectroscopy. Volume and compressibility of HSA
solution in the absence and in the presence of PEG were calculated using the density and
sound velocity data obtained with a high precision density meter. The hydrodynamic diameter
of HSA was detected by Dynamic Light Scattering (DLS). To probe the local environment
fluorescence measurements were done by both steady state and time resolved experiments.
During time resolved fluorescence study 299 nm LED was used for excitation and found 480
ps instrument response function (IRF). The decay profile is fitted with a multi-exponential
equation using F900 software provided by Edinburgh Instruments. Thermal stability of the
protein was studied by Differential scanning calorimeter (DSC).After buffer or buffer-PEG
solution subtraction and base line adjustments, the DSC thermograms of HSA in buffer or
buffer-PEG solutions depicting the excess heat capacity vs. temperature were analyzed using
Origin 7.0 software. The data obtained from the DSC measurements is of analysis of a nontwo state model. The area under the experimental heat capacity (Cp) curve was used to
determine the calorimetric transition enthalpy (Hcal) given by the relation:

∫

,

where T is the temperature in Kelvin. This calorimetrically determined enthalpy is modelindependent and is thus unrelated to the nature of the transition. The temperature at which
excess heat capacity is maximum defines the transition temperature (Tm). The modeldependent van‘t Hoff enthalpy (Hvh) was obtained as,
(
(

where
transition53,
relation,

54

(

)

)

(4.1)

) is the height of the heat absorption peak at the midpoint (Tm) of the
. The entropy change (∆S) for the unfolding process is obtained using the
∫

.

To study the collective hydration we used the FTIR spectra (FIR regime) and THz
(TTDS and p-Ge THz) spectroscopy. We employed a Debye model55-57 to describe the
dynamics of water molecules in PEG solutions. The details of the Debye fitting model are
described in Chapter 2. In the p-Ge (p-germanium) difference spectrometer measurements the
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THz radiation source used is a high-power (1 W) p-Ge laser.58 The change of THz absorption
of the samples compared to that of the reference was deduced. In order to obtain the
hydration dynamics of PEG we measure the difference absorbance of PEG 200 and 400
solutions at different concentrations (

(

). The net change in the

)

absorption coefficient of the protein solutions compared to the respective buffers is obtained
as:
(

where

(

)

(4.2)

)

(

)

.

4.3. Results and Discussion
4.3.I. Effect of Short Chain Polyethylene Glycols on the Structure &
Thermal Unfolding of Human Serum Albumin

CD Measurements:
Far-UV CD measurements of HSA in the range of 200-260 nm are shown in figure
4.3.I.1.(a). At 200C the protein retains its native structure in the buffer with two characteristic
negative peaks at 208 and 222 nm. The protein is mostly constituted of -helix (67.1%) with
smaller contributions of other secondary structures like random coils, -turn etc.44, 59, 60 As
PEG 400 is added into the protein solution the negative signal increases gradually up to a
concentration of 30% (v/v) and further addition of PEG (up to 50%) does not effectively
change the spectrum. The corresponding α-helical content increases up to ~71% with
fractional changes in the other secondary structural components. A similar trend is also
observed for PEG 200. Earlier studies of HSA using high molecular weight PEGs exhibited a
steady decrease in the -helical content with increasing
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Figure 4.3.I.1. (a) Far UV CD spectra of HSA in 50 mM phosphate buffer at different concentrations of PEG
400. The inset shows the corresponding near-UV spectra. (b) Temperature dependent CD spectra of HSA in
30% (v/v) PEG 400 solution. The inset figure represents the unfolding temperature (Tu) as observed from the
CD signal of HSA measured at 222 nm as a function of PEG concentrations.

PEG concentration22, 44, whereas in a separate study with a globular protein concanavalin A
with lower molecular weight PEG, a marginal effect was reported up to 30% PEG
concentration, beyond which there occurred a significant loss in the secondary structure61.
The observed increase in the -helical content in the present investigation suggests the
formation of a more compact structure which perhaps renders a greater stability to the native
protein structure as a result of the addition of the crowding agent. CD spectrum in the nearUV region (between 250 and 300 nm wavelength) probes the asymmetry of a protein‘s
aromatic amino acid environment62, 63. The Near-UV CD spectrum of HSA at 200C reveals
two distinct peaks at 262 and 268 nm along with a shoulder ~290 nm (figure 1a, inset). With
gradual addition of PEG 400 all these spectral features remain intact, with a steady increase
of negative signals indicating the protein to become more folded with increase in PEG
concentration. A similar trend has also been observed in case of PEG 200. The absence of
any drastic change in both the CD signals strongly suggests that both the secondary as well as
the tertiary structure of HSA suffers only subtle modifications towards higher folded states
upon addition of PEG.
DLS Measurements:
Hydrodynamic diameter of the protein in buffer and at different PEG concentrations is
measured using DLS technique (Figure 4.3.I.2a). HSA is a globular protein with a
hydrodynamic diameter of ~10 nm in aqueous solution60. Considering a hydration shell of ~5
Å thickness this value is in good agreement with the crystal structure59, 64. As observed from
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figure 4.3.I.2a, the size of the protein does not undergo substantial modification with a
marginal decrease in size up to 20% PEG concentration, which is corroborated with the
increased compaction of the protein as evidenced from the CD measurements (figure
4.3.I.1a).

Figure 4.3.I.2. (a) Hydrodynamic diameter of HSA in presence of PEG of different concentrations. The inset
shows a representative scattering intensity distribution of HSA in buffer and different PEG concentrations. (b)
Hydrodynamic diameter of HSA in presence of PEG 400 of different concentrations as a function of
temperature. The inset shows a representative scattering intensity distribution of HSA in 30% (v/v) PEG at
200C, 650C and 750C.

With further increase in the PEG concentration the size increases considerably, with an effect
more prominent in case of PEG 400. CD studies have provided evidence that both the
secondary and tertiary structures of the protein do not suffer adverse modification upon the
addition of PEG. So no apparent swelling or denaturation of the protein can be envisaged at
higher PEG concentrations. A probable reason for the observed increase in size might be the
association of the PEG molecules at the protein surface, a phenomenon reported earlier in
which ligands bind at the protein surface without effectively perturbing the CD signals.65
Densimetry Measurements:
An easy and convenient way to study the intermolecular interaction in a protein is to measure
the apparent specific volume (v) and apparent compressibility (k) which are the two very
important macroscopic observations particularly sensitive to the hydration properties of
solvent exposed amino acids, as well as to the structure and conformational properties of the
solvent inaccessible protein interior.66-68 v and k of HSA are measured in the absence and in
the presence of different concentrations of PEG and representative results with PEG 400 are
depicted in figure 4.3.I.3. The partial specific volume (v) of PEG solution is ~910-4 m3 kg-1
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remains almost constant with the concentration of PEG in solution. The observed values of v
and k for HSA in buffer are found to be in good agreement with those reported in earlier
studies67. With increasing PEG concentration v increases gradually up to 30% PEG, beyond
which it starts decreasing. A similar trend is also observed in the k profile. The present trend
of increasing v and k up to certain PEG concentration is consistent with our previous study
in which an increase in v and k were observed upon addition of PEG 400 into chymotrypsin29. It is worth mentioning here that both v and k values for PEG-water mixture
do not change appreciably with increasing PEG concentration69. The partial molar volume
(V0) of a protein is a sum of two different contributions67, 70,
(4.3)
where the Vh is the change in the volume of solvent due to hydration and Vint is the specific
intrinsic volume which is the sum of two contributions, namely the intrinsic molar volume of
the protein (Vm) which water cannot penetrate and the ‗thermal volume‘ (VT) which
corresponds to the void volume due to imperfect packing of the protein. The Vint term usually
contributes a positive share towards

whereas the contribution of the Vh term towards the

total molar volume is usually negative. The initial increase in v is attributed to a decrease in
the Vh contribution due to the dehydration of the protein surface. CD measurements have
concluded a gradual increase in the -helix content with PEG addition which corresponds to
a more compact structure and correspondingly a partial dehydration at the protein surface,
corroborating the observed change in v. The sharp decrease in v beyond 30% PEG is
striking, as it suggests a drastic change in the hydration structure at the protein surface. The
observed decrease in volume might have the following reasons70: higher hydration of the
charged and polar groups, or, volume changes associated with the transfer of non-polar
groups from hydrophobic environment to solvent water71, or, the loss of void volume due to
imperfect packing in the protein interior. As observed from the CD measurements, the tertiary
and quaternary structures of the protein do not suffer any major change even at 50% PEG
concentration. Consequently, a drastic change in the void volume can safely be ruled out. The
direct interaction of the protein surface with PEG might modify the Vh which produces the
overall decrease in v.
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Figure : 4.3.I.3. The apparent specific volume (v, down triangle) and partial apparent adiabatic compressibility
(k, up triangle) of HSA at different concentration of PEG 400 at 200C.

k also gets a positive intrinsic contribution (kint) and a negative hydration contribution (kh)66,
72

with kint usually predominating over kh.73 The intrinsic contribution corresponds to the

compressible atomic contacts due to imperfect packing in the solvent-inaccessible interior of
proteins while the hydration contribution corresponds to the difference in the compressibility
between water in the hydration shell and in bulk.70 k value of HSA increases with increasing
PEG content revealing a positive contribution emanating as a result of the compaction of the
protein structure coupled with a less negative kh contribution due to the partial dehydration of
the protein surface. Beyond 30% PEG, k decreases sharply and acquires a negative value,
indicating either to the loss of imperfect packing as well as exposure of a large number of
amino acid residues to water74 and/or compressible inter-atomic contacts in the protein to be
replaced by atomic group-water contacts in the unfolded proteins.75 As evidenced from the
CD data kint is not expected to change much. Thus the major negative contribution eventually
comes from the k h term as a result of direct interaction of PEG with the amino acid residues
as has also been observed during the volumetric changes.
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Fluorescence Measurements:
The intrinsic fluorescence profile is an excellent parameter to monitor the polarity of the Trp
environment in the protein and is sensitive to the protein conformation76. We measure the
emission from Trp in the absence and in the presence of PEG at different concentrations and
the results are depicted in figure 4.3.I.4. It is worthy to note here that PEG itself does not
contribute to the emission profile in the studied wavelength range. HSA in buffer produces an
emission maximum at ~350 nm, a considerably blue shifted peak with respect to that of Trp
dissolved in water77 due to the much hydrophobic exposure of Trp in the protein compared to
that in bulk water78, 79.

Figure 4.3.I.4. (a) Temperature dependent tryptophan fluorescence emission spectra of HSA (excited at 299
nm) in buffer and in different PEGs (at 30% concentration). (b) Emission spectra of tryptophan in buffer in
presence of PEG 200 and PEG 400.

With the addition of PEG, the emission of Trp suffers a further blue shift, more prominently
beyond 30% PEG with a concomitant increase in the fluorescence intensity. The observed
blue shift of the emission profile is indicative of the relocation of the Trp moiety to a more
hydrophobic environment compared to the native protein molecule. This observation is
strengthened with the fact that Trp emission in bulk water suffers 4-5 nm blue shift on
addition of PEG (figure 4.3.I.4.). Addition of PEG significantly modifies the hydration
around the Trp moiety making it more compact with a greater hydrophobic exposure resulting
in the observed blue shift of the emission maximum. A possible contribution of direct
interaction of Trp with PEG molecules for the observed emission profile at higher PEG
concentrations could also not be ruled out.
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Thermal Denaturation of HSA:
Effect of temperature on HSA has previously been studied using different techniques

80-83

.

One of the early studies81 have concluded that the process follows multiple steps: native (N)
→ extended (E) → unfolded (U). In the extended form (E) (at ≤55° ), domains I and II move
apart keeping the native conformation almost intact, whereas in the unfolded state (U)
domain II starts to melt, disrupting the secondary and tertiary structure of the protein. The
N→E transition is reversible whereas for the E→U transition the native state could not be
retrieved upon decreasing the temperature. We measure the CD spectra of HSA in the
absence and in the presence of PEG at different temperatures and it is found that in buffer the
-helical content decreases from 67% at 200C to 48% at 750C, which then recovers to 62% as
the system is cooled down to 200C. Figure 4.3.I.1b depicts the temperature dependent CD
spectra of HSA in presence of 30% PEG 400. It is observed that with increasing temperature,
the secondary structure of the protein suffers considerable damage, signifying the onset of an
unfolding process. The calculated -helical content decreases from 71% at 200C to 50% at
750C, recovering to 63% at 200C upon refolding. Similar trend is also obtained with PEG
200. The refolding behaviour in the presence of small chain PEGs remains irreversible as that
in the buffer solution. A similar irreversibility is also observed in the compressibility
measurements in which v and k values do not retrieve the unfolding pathway. The
phenomenon of thermal denaturation can more comprehensively be understood by
considering a two state transition between the native and the unfolded states74, and the
corresponding equilibrium constant for the unfolding process (Ku) can analytically be
expressed as,
(4.4)
where these fractions are related to the ellipticities for the unfolded ([]u) and native ([]n)
states74. We estimate the native fraction of the protein as a function of temperature by
measuring the CD signal at 222 nm at different temperatures and a representative illustration
for PEG 200 at different concentrations is shown in figure 4.3.I.5.
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Figure 4.3.I.5. Temperature dependence of the native fraction of HSA as determined by CD measurements in
presence of different concentrations of PEG 200. The corresponding plot for ln(c) vs. ln(Tu) is shown in the
inset. The solid line corresponds to a linear fit.

The transition temperature at which the protein starts unfolding (Tu) has been estimated from
the first derivative plot of the CD signal (at 222 nm wavelength) as a function of temperature
and the obtained Tu values are plotted as a function of PEG concentration (figure 4.3.I.1b,
inset). The unfolding temperature decreases with increasing PEG concentration, revealing
that in presence of PEG the protein is more prone towards thermal denaturation.
Temperature dependent DLS measurements are shown in figure 4.3.I.2b. It can be
observed that the size of the protein in buffer does not suffer considerable change up to 650C,
and on further increase in temperature the size increases sharply indicating to an onset of the
unfolding process.84 In presence of PEG, the onset of the increase in the hydrodynamic size
of the protein occurs at a lower temperature compared to that in buffer, and the considerable
increase in the size clearly indicates a definite interaction of the unfolded protein with the
polymer, which in turn stabilizes the unfolded protein and thereby decreasing the unfolding
temperature as evidenced in CD and DSC measurements.
The temperature dependent unfolding of HSA has also been monitored using the
intrinsic fluorophore Trp [figure 4.3.I.4.(a)]. In absence of any crowding agent, the emission
of the unfolded HSA shows ~4 nm blue shift of the emission peak coupled with a decrease in
the emission intensity.49 A probable explanation for the observed blue shift could be brought
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forward as: in the thermally unfolded HSA the Trp214 residue finds itself in a more
hydrophobic environment compared to the native structure due to the exposure of the
hydrophobic moieties to the protein surface49. In case of 30% PEG 400, however, a distinct 89 nm red shift of the emission peak is observed at elevated temperature and when the
temperature is reverted back to 200C, the peak position retrieves to its native value with
decreased intensity (figure 4.3.I.4a). A similar trend is also observed for PEG 200. The effect
of PEG thus seems strikingly different relative to that in the buffer. As a control experiment
we obtain the fluorescence spectra of bare Trp in PEG solutions; it has been found that
addition of PEG itself induces a considerable blue shift in the room temperature emission
spectra of Trp both in water and in protein (figure 4.3.I.4a). Thus the apparently opposite
behaviour in PEG solution can be rationalized as: in buffer, the thermally unfolded protein
finds its Trp moiety exposed towards more hydrophobic environment causing the observed
blue shift, whereas the observed red shift in presence of PEG infers a rather hydrophilic
exposure of Trp. The temperature dependent fluorescence study thus supports a direct
interaction mechanism of the PEG molecules at the protein surface at high PEG
concentrations, as has also been envisaged from DLS, densimetry and DSC measurements.
DSC Measurements:
Thermal unfolding of HSA in buffer and at different PEG concentrations is measured by DSC
technique and a representative Cp vs. temperature curve is shown in figure 4.3.I.6.a. The
transition temperature (Tm) for HSA in buffer is found to be 67.50C and it decreases gradually
with increasing PEG concentration (figure 4.3.I.6b), a phenomenon much in accordance with
that reported from the CD experiments (figure 4.3.I.1.b). The observed decreasing trend of Tm
in the presence of PEG perhaps results from a preferential interaction of PEG with the
thermally unfolded forms of the protein, shifting the folding to unfolding transition towards
the forward direction. Another probable reason could be an enhanced electrostatic repulsion
between the polar amino acid residues as HSA becomes more compact at higher PEG
concentrations making the native state energetically less stable. Such an argument gets
support from the study of Spitzer and Poolman85, who suggested that electrostatics play a
major role in cells, because the intracellular surface-to-surface distance between proteins is
less than the Debye screening length. Moreover, according to Miklos et al. 12 the electrostatic
interaction is a cause for protein destabilization by crowding agents. The enthalpy and
entropy parameters obtained from DSC measurements have been summarized in Table 4.I.1
The estimated van’t
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Hoff enthalpy (HvH) value suffers a slight decrease (from 122.5 to 103.2 kcal mol-1) with
increasing PEG content (figure 4.3.I.6b), which is somewhat contrary to the thermal
unfolding of lysozyme in which molecular weight and content of PEG does not offer
significant change in the HvH values21. The ratio of the measured calorimetric enthalpy
(Hcal)

Figure 4.3.I.6. (a) Cp vs. temperature plot for HSA in buffer and different concentrations of PEG 400. (b)
Melting temperature of HSA as a function of PEG concentration. The inset shows plot for ln(c) vs. ln(Tm) for
PEG 400 system. The solid line is a linear fit. The corresponding van‘t Hoff enthalpy values are plotted as a
function of PEG concentration in another inset.

and estimated van‘t Hoff enthalpy (HvH) for HSA is less than unity (Table 4.I.1) and
decreases gradually with increasing PEG concentration as more than one transition states are
involved for the conversion of native to unfolded states86 indicating several domains of HSA
undergo independent transitions. The progressive increment of Hcal with increasing PEG
concentration is due of the fact that more heat is required to break the additional H-bonds in
the HSA-PEG aggregates. As small chain PEGs are sterically less hindered compared to the
higher PEGs, the non-covalent attractive interaction plays major role during thermal
unfolding. The decreasing trend in HvH and the increased entropy (∆S) of unfolding with
PEG concentration indicate that the hydrophobic side chains of the protein get exposed
during the unfolding process to interact with the hydrophobic chains of PEG and making the
free energy change more favourable. Contrary to our findings earlier studies have, however,
evidenced progressive decrease in the conformational entropy in presence of crowding agents
which in turn has destabilized the unfolded state making the Tm to increase8.
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The change in transition temperature on the content of crowding agent can be
rationalized by using the changes in the free energy due to localization of volume 87. The
effect of macromolecular crowding on the thermal behaviour of proteins could theoretically
be correlated as,

where c is the volume fraction of PEG,  is a constant and 

is a parameter related to the Flory exponent () according to the relation,

5, 7, 8

. We

plot ln(Tm) as a function of ln(c) and good linear fits are obtained (figure 4.3.I.6b) from
which the value of the Flory exponent has been calculated to be 0.61. This value is in good
agreement with those obtained for thermal denaturation of ubiquitin7 and calcium binding
protein (RCL)8 in the presence of Ficoll 70. A similar plot with the Tu data obtained from CD
measurements (figure 4.3.I.5) offers a marginally smaller Flory exponent (=0.55). The
difference in the estimated value of  lies on the fact that the transition temperature estimated
in CD measurements is more of a local origin (estimated as the change in the CD signal at
222 nm) compared to the global character of DCS measurements. However, the estimated 
values are well in accordance with the random coil conformation of the unfolded protein over
an elongated coil structure8. The nonlinear behaviour of the unfolding process as a function of
the concentration of the crowding agent affirms the possibility that the volume exclusion
model is not solely responsible for the observed destabilization of the protein for the thermal
unfolding process, rather the molecular interaction of the crowding agent with the protein
surface should be taken into consideration.
Earlier studies have concluded that addition of high molecular weight PEG retards the
thermal denaturation of DNase I34, addition of Ficoll 70 increases the unfolding temperature
of / flavodoxin9 and apo-flavodoxin6, while a recent study has revealed that addition of
PEG 2000 significantly destabilizes the thermal stability of human -lactalbumin (HLA).88
On the other hand, small molecule like trimethylamine N-oxide (TMAO) has been reported to
stabilize the native structure of proteins against urea denaturation.89,
91, 92

Rose

90

The group of G.D.

have introduced a molecular mechanism for the effect of both protecting and

denaturing osmolytes (TMAO, betaine, sucrose, proline, urea etc.) on the stability of proteins.
Extensive thermodynamics studies by the group of W. Bolen has shown that protecting
osmolytes are preferentially excluded from the immediate vicinity of the protein surface, and
this exclusion implies a solvophobic interaction between groups on the protein surface and
the protecting osmolyte species.93-95 The effect of several small and large molecular weight
osmolytes on the biomolecular stability has theoretically been investigated by the group of
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Record et al.46,

96, 97

However, the exact mechanism of the stabilization (whether direct or

indirect interaction) has not yet properly been understood for small polymer which also
behaves as osmolyte.98 Thus, it stands argumentative to predict on the thermal stability of a
protein as a function of the crowding agents. Interaction of PEG with proteins can be
described in the form of an optimization between two competing factors: the repulsive
excluded volume interaction between PEG and protein (PEG acts as an inert osmolyte) and a
direct attractive interaction (PEG non-specifically binds to the protein).26 The first factor
stabilizes the protein while a predominant non-specific interaction between PEG and protein
exceeding the repulsive excluded volume interaction decreases the structural stability of the
protein. It may be noted here that the unfolding of HSA is primarily a helix to random coil
transition in which the random coil content increases by ~45% relative to the native state
upon heating up to 700C. This observation is strongly corroborated from the measured Flory
exponent values. In presence of PEG 400, the helix to coil transition occurs at a lower
temperature and at 700C the random coil content is increased by ~72% compared to the native
state. Addition of 30% PEG 400 increases the -helix content of the native protein by ~6%
compared to that in the buffer at the expense of the random coil content in order to stabilize
the native protein, a phenomenon much anticipated for crowding agents in accordance to the
‗volume exclusion principle‘. However, upon unfolding the random coil structure gets
stabilized due to strong interaction of the exposed hydrophobic moiety of the protein with the
small PEG molecules at the protein surface and thereby facilitating the unfolding process. In
presence of PEG 400, ~73% of the random coil recovers into the helical conformation upon
refolding compared to ~86% recovery in case of the buffer. It thus stands pertained that
stabilization of the native state of a protein in the potential energy surface by excluded
volume model is not the sole parameter that governs the thermal unfolding phenomenon as
the stabilization of the unfolded state also plays a decisive role in shifting the native to
unfolded transition.
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Scheme 4.3.I.1. A model to represent (not to the scale) the potential energy of native and denatured state of
HSA in absence and in presence of the short chain PEGs.

Table 4.3.I. Thermodynamic parameters obtained from DSC during thermal denaturation of
HSA in absence and presence of PEG 200 and PEG 400
System

Tu(1)
(0C)

Buffer

65.4

Tm(2)
(0C)

Hcal
(kcal mol-1)

HvH
(kcal mol-1)

HVH /Hcal

STm
(kcal mol-1
0 -1
C )

67.5

137.5±0.6
122.5±0.7
PEG 200

0.89

2.04

10%
20%
30%
40%
50%

64.4
62.7
60.9
57.2
54.1

66.4
62.4
57.9

140.5±0.8
120.2±0.8
196.3±0.5
118.5±0.4
226.8±1.0
115.6±0.6
PEG 400

0.85
0.60
0.51

2.12
3.15
3.93

10%
20%
30%
40%
50%

64.9
63.2
62.0
60.1
56.2

66.2
65.0
63.4
61.8
57.7

144.8±0.3
174.3±0.4
210.6±0.6
222.5±0.4
234.8±0.7

0.81
0.66
0.54
0.50
0.44

2.19
2.69
3.33
3.61
4.08

(1) from CD measurements. (2) from DSC measurements.
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4.3.II. Effect of Short Chain Polyethyleneglycols on the Hydration
Structure and Dynamics around Human Serum Albumin

FIR-FTIR Measurements:
In order to understand whether the interaction of PEG with the protein surface modifies its
collective hydration network we measure the FIR (30-450 cm-1) FTIR spectra of hydrated
HSA in presence of PEGs. The results are depicted in figure 4.3.II.2. In this frequency
window water produces two characteristic peaks, one in the ~200 cm-1 region which is
distinctly collective in nature and corresponds to the hindered longitudinal motion of water
molecules along hydrogen bonds, while the other one appears at a higher frequency ~600 cm 1

which emanates from their librational (hindered rotational) modes.52, 99-101 When we plot the

FIR spectra of buffer and HSA at different concentrations in figure 4.3.II.1a, we observe a
marginal decrease of absorption with increasing HSA concentration. Thus we conclude that
the changes upon addition of HSA are below the detection limit of the FTIR spectrometer. In
contrast, upon addition of PEG 400, we find a substantial change in the absorption, i.e. a
considerable decrease in the intensity and a blue shift of the 200 cm-1 peak (figure 4.3.II.1b).
PEG is found to have lower absorbance than water and produces an absorption band at ~225
cm-1. The progressive blue shift of the 200 cm-1 band in the water- PEG mixture clearly
indicates an influence on the hydrogen bond network in water.

Figure 4.3.II.1. (a) FIR-FTIR of water and HSA at different concentrations. (b) FIR-FTIR of PEG 400 at
different concentration. The absorption spectrum of pure PEG 400 is shown as a broken line. (c) FIR-FTIR of
HSA in presence of different concentrations of PEG 400.

In figure 4.3.II.2a we plot the absorbance of 0.5 mM HSA-buffer solution in absence and in
presence of 30% and 50% PEG 400. It can clearly be noticed that the change is small in 30%
PEG solution while it is significant in 50% PEG. To exclude the contribution of the PEG
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hydration from the observed spectra we calculate the difference absorbance (figure 4.3.II.2b)
in which the spectrum of PEG solution is subtracted from that of HAS in presence of PEG
(Diff. Abs. = Absorbance of solution with HSA – Absorbance of solution without HSA).

Figure 4.3.II.2. (a) FIR-FTIR absorbance spectra of the buffer, 30% and 50% PEG 400 in absence and in
presence of 0.5 mM HSA. (b) Difference absorbance between the solution with0.5 mM HSA and without HSA.

This gives a precise idea of the changes in the absorbance of HSA hydration layer caused by
the presence of PEG. It is distinctly evident from the figure that the change is nominal in case
of 30% PEG, whereas considerable change is obtained in case of 50% PEG, especially in the
200 cm-1 region. This observation supports the conclusion derived from earlier acoustic
measurements that a substantial modification of hydration structure at the HSA surface takes
place at a high PEG concentration. The decrease in the intensity in the 200 cm-1range
indicates that the collective vibrational modes of the hydrogen bonded network of water
associated at the HSA surface are affected, which is a manifestation of a direct interaction
and/or overlap of PEG and protein hydration layers. A rough estimate of the dehydration at
the HSA surface in presence of 30 % PEG can be made from the densimetric data reported in
the previous study. The change in v (apparent specific volume) can be written as:67
Δ

(

̅

̅

)

(4.5)

where, nh is the change in hydration number at the protein surface, M is the molecular
weight of the protein, ̅ and ̅ are the partial molar volumes of water in the hydration shell
and in the bulk, respectively. Considering ̅ ~11cm3.mol-1 102 we estimate a loss of ~950 and
1100 water molecules from the protein surface upon addition of the critical amount (30%) of
PEG 200 and 400, respectively. Assuming a monolayer of closely packed hydration around
the protein surface this number accounts for ~25% of the hydration shell.
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Fluorescence Anisotropy and Lifetime Measurements:
The intrinsic fluorophore Trp214 has extensively been used to extract site specific
information of domain IIA of HSA.103, 104 We have measured the steady state anisotropy (r)
(details in Chapter 2), which is a measure of the average angular displacement of a
fluorophore in a solvent following the excitation, of HSA and free Trp in different PEG
solutions. Figure 4.3.II.3b shows that the anisotropy of free Trp increases linearly with
increasing PEG concentration. Anisotropy depends on the viscosity of the solvent as
experienced by a fluorophore76 and the observed linear increase in Trp anisotropy in PEGbuffer solutions is in accordance with the increasing viscosity of the solutions.105 The
anisotropy of Trp214 in HSA is increased by a factor of five compared to the anisotropy of
bare Trp in the buffer. This increase is related to the location in a hydrophobic core where the
free rotation of Trp214 is considerably restricted by surrounding amino acid residues. On
contrary to the water-PEG solution the anisotropy of Trp214 in HSA does not increase
linearly with increasing PEG concentration, rather it suffers a marginal decrease which infers
that the solvent viscosity does not affect the rotational dynamics of Trp214 as it is not
exposed to PEG. We measure the lifetime of Trp in buffer and in HSA; the results are
depicted in figure 4.3.II.3d. Some representative emission transients are presented in figure
4.3.II.3c. The emission decay of Trp in buffer could be fitted bi-exponentially with time
constants of 0.5 ns (17%) and 3.2 ns (83%), and with an average time constant <>(
∑

) of 2.73 ns.
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Figure 4.3.II.3. (a) Emission profile of Trp214 of HSA in buffer and in presence of PEG 400 at different
concentrations. The arrow indicates increasing PEG concentration. The relative fluorescence intensity of Trp214
in HSA has been plotted in the inset as a function of PEG 200 and PEG 400 concentrations. (b) Steady state
anisotropy (r) of Trp in bulk and in HSA is shown as a function of PEG concentration. (c) Temporal decay of
Trp214 in HSA in absence and in presence of PEG 400. (d) Average time constant of temporal decay of Trp in
buffer and Trp214 in HSA as a function of PEG 400 concentrations. The time constant 3 of HSA has been
plotted as a function of PEG 400 concentration in the inset.

This result is in excellent agreement with that reported in earlier studies106 and the two
observed timescales originate from the two substructures formed by the tryptophan backbone
in the excited state.77 In PEG solutions, both time constants increase with increasing PEG
content, c.f. in 50% PEG the time constants obtained are 1.6 ns (27%) and 4.9 ns (73%) with
<> of 4.0 ns (figure 4.3.II.3d). We conclude that the interaction of Trp with PEG stabilizes
the excited state sub structures. In HSA, Trp emission decays more slowly and the transient
could be fitted with time constants of 0.5 ns (28%), 2 ns (36%) and 6.4 ns (36%). The first
two timescales are inherent to bare Trp emission while the longer timescale of ~6 ns is
intrinsic for Trp in proteins and is associated with the interaction of the Trp residue and the
surrounding amino acid residues present in the folded protein. 106,

107

It is interesting to

observe that the average emission lifetime of Trp in HSA remains almost unchanged (<>
changes from 3.1-3.4 ns) in the presence of PEG, in contrast to the lifetime of Trp in buffer.
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When we plot 3 (the time constant of Trp intrinsic to protein) as a function of PEG
concentration (see the inset of figure 4.3.II.3.d), it is evident that it remains almost
independent of the concentration of PEG. The time resolved fluorescence study thus excludes
a direct interaction of the embedded amino acid residues with PEG.
THz Time Domain Measurements:
We study the hydration dynamics of PEG-water system using THz time domain (TTDS)
measurements. TTDS probes the ps hydration dynamics around biomolecules. 57 We record
the frequency dependent absorption coefficient, () and refractive index, n() of PEG-water
systems at different PEG concentrations (figure 4.3.II.4b) and the deduced real and imaginary
dielectric constants (re and im) are plotted in figure 4.3.II.4c.

Figure 4.3.II.4. (a) Frequency domain and time domain (inset) THz signal (b) Frequency dependent THz
absorption coefficient and refractive index of PEG 400 solutions. (c) Real (inset) and imaginary dielectric
constant of buffer and PEG 400 solutions of concentration 10-50% (v/v) in THz frequency range. The arrow
denotes increasing PEG concentration. The solid lines are multiple Debye relaxation fitting curves. (d) Debye
relaxation timescales of PEG 400 and PEG 10000 solutions as a function of concentration. For PEG 10000, the
concentration is given in term of w/v.
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In accordance the previous studies57,

108, 109

we deploy a triple Debye dielectric relaxation

model to fit the curves (figure 4.3.II.4a), the fitted data are presented in table 4.3.II.1. In
water, the Debye dielectric time constants are found to be 1=8.9 ps, 2=222 fs and 3=84 fs;
these timescales are in excellent agreement with those reported in earlier studies.57, 108 1 and
2 are attributed to the cooperative rearrangement of the hydrogen bonded network and the
rotational modes of individual polar water molecules, respectively55, 110and 3 is related to the
60 cm-1 vibrational band which is found to be associated with a concerted motion of the water
molecules involving the second hydration shell.111 As PEG is gradually added to water, 1
increases linearly while 2 changes within the experimental error limit (figure 4.3.II.4d).We
reported a similar increase in 1 with another crowding agent, sucrose in aqueous solutions.109
The increase in the 1 clearly indicates that the cooperative rearrangement of the hydrogen
bonded water molecules gets restrained compared to that in bulk water as a result of the
formation of structured hydration layer around PEG.
p-Ge THz Study:
We measure the hydration dynamics of the extended solvation shell of HSA using a high
intensity p-Ge THz laser which measures the absorption coefficient in the frequency range
around 80 cm-1 (2.1-2.8 THz) region. This technique has previously been explored to
determine the hydration dynamics around proteins and biologically important solute
molecules.47, 58, 112, 113

Figure 4.3.II.5. (a) Difference absorbance compared to PBS buffer of PEG-buffer solutions. The solid lines are
linear fits. The broken lines represent a linear fit when neglecting further effects due to hydration of PEGs. (b)
Change in the absorption coefficient of the protein solutions (0.5 mM HSA) compared to the respective buffers.
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Figure 4.3.II.5 summarizes the results obtained from p-Ge measurements. We first investigate
the hydration dynamics around PEG. Figure 4.3.II.5.a shows the difference absorbance of
PEG 200 and 400 solutions as a function of PEG concentration. As observed from the figure,
 decreases linearly with increasing PEG content, which is explained by the replacement of
water molecules with PEG 200 or 400 which have decreased absorption coefficient compared
to that of water (integrated absorption coefficients at the frequency range 2.1-2.8 THz of
water, PEG 200 and PEG400: 424, 138 and 113 cm-1, respectively). However, the slopes
obtained from the experimental linear fits (solid lines) are found to be steeper than those
obtained by considering a simple two component model involving water and PEG only (the
broken lines in the figure). The experimental slopes can only be realized after considering a
three component model by introducing a dynamical solvation shell around PEG having an
absorption coefficient different from that of bulk water as has also been evidence from the
TTDS measurements. We now consider the effect of PEG on the hydration dynamics of
HSA. In order to understand the effects in a more comprehensive manner, we deduce a net
change in the absorption coefficient  which exclusively reflects the changes in the
hydration dynamics of the protein excluding the contribution in the PEG hydration (figure
4.3.II.5b). It can be noticed from the figure that at low PEG concentration,  increases
linearly suggesting that the observed changes in the collective dynamics of protein hydration
is related to the depletion of the protein hydration layer in presence of PEG with a
concomitant increase in the -helical content and the consequent compaction of the protein
molecule in accordance with the ‗exclusion volume principle‘.114 This also suggests that at
this low PEG concentration the protein hydration can be treated separately from the PEG
hydration. At the critical PEG concentration, however, the slope changes drastically, and the
simple consideration of volume exclusion is insufficient to explain the behaviour.
To compare the observed perturbation of small PEGs, we study two additional
crowding agents, namely sucrose and a long chain polymer, PEG 10000. The former one is
known to be an indifferent additive toward proteins and sometimes stabilizes proteins to a
moderate extent,115,

116

while the later one stabilizes proteins in low concentrations.117 We

measure the CD spectra of HSA in presence of both the crowding agents (figure 4.3.II.6). It is
observed that the CD signal does not suffer considerable structural changes even in the
presence of 45% sucrose indicating that the protein suffers marginal perturbation in presence
of sucrose. It is evident that at low concentration PEG 10000 marginally stabilizes the
protein, however, at and beyond 30% PEG, the CD signal decreases drastically indicating a
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considerable perturbation of HSA secondary structure. The observed loss in CD signal might
originate from a PEG induced protein aggregation followed by precipitation (leading to a
partial loss in the optical transparency of the solution) in presence of high concentration PEG
10000.

Figure 4.3.II.6. (a) Far-UV CD spectra of HSA at different concentrations of Sucrose. (b) Far-UV CD spectra
of HSA at different concentrations of PEG 10000.

We study the dielectric relaxation of both these co-solutes using the TTDS measurements. In
comparable agreement to PEG 400, both sucrose109 and PEG 10000 (figure 4.3.II.7) show a
near linear increase in the cooperative H-bond exchange dynamics (manifested by the time
scale 1 in figure 4.3.II.4) which identifies the formation of structured water around these
solutes. It is now interesting to study how these two crowders modulate the collective
hydration dynamics around HSA in comparison to that of PEG 400. Figure 4.3.II.7 describes
the p-Ge THz measurements of HSA in presence of sucrose and PEG 10000. As evident from
the inset of figure 4.3.II.7,  of sucrose solution decreases linearly as has also been
observed in case of PEG 400, however, the change in protein hydration) differs
significantly from the observed change in case of PEG400. shows a near linear increase
as a function of sucrose concentration without any marked discontinuity which signifies that
even at 50% sucrose concentration the hydration layers of sucrose and HSA acts independent
of each other.
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Figure 4.3.II.7. Change in the absorption coefficient of the protein solutions (0.5 mM HSA) at different
concentration of sucrose and PEG 10000. Inset: Difference absorbance compared to PBS buffer of sucrose and
PEG 10000 solutions.

For PEG 10000 also  produces a linear decrease (figure 4.3.II.7, inset) in the studied
concentration regime (30% PEG). For the protein solution, however, we prefer to keep the
concentration range up to 20% as beyond this concentration range HSA gets precipitated. The
change in protein hydration dynamics (shows a near-linear increase (figure 4.3.II.7),
which is identical to that observed in sucrose. It thus concludes that the hydration behaviour
of short chain PEGs beyond the critical concentration is distinctly different than the otherwise
protein stabilizer co-solutes.
We also measure the temperature dependent THz response of HSA in presence of
PEG 400. We increase the temperature up to 55
native to extended state transition process.

118

, wherein the protein shows a reversible

Figure 4.3.II.8 shows change in the absorption

coefficient of the protein solutions compared to the respective buffers () as a function of
temperature. of the aqueous protein solution (in absence of PEG) decreases as the protein
melts; perhaps an increased hydrophobic interaction of water with the protein surface brings
about the observed decrease. For 10% PEG 400, the decrease in is moderate, which can
be explained from the fact that at 10% PEG 400 the protein gets slightly stabilized following
the ―exclusion volume principle‖.114 At 30% PEG, however, the decrease in is
considerably sharp indicating an altogether different interaction mechanism between the
polymer and the protein at this PEG concentration. It seems reasonable to a priori consider
that beyond the critical PEG concentration protein hydration cannot be treated independently
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Figure 4.II.8. Temperature dependent change in the absorption coefficient of the protein solutions (0.5 mM
HSA) compared to the respective buffers in absence and in presence of PEG 400.

of the PEG hydration as has previously been concluded by King et al.28 Since the protein
surface has more complex morphology compared to homogeneous PEG surface, the
hydration structures in these two systems are presumably different. Near-UV CD
measurements had affirmed that the protein‘s tertiary structure does not suffer any noticeable
change in presence of smaller chain PEG,114 and thus one can safely exclude the exposure of
any embedded hydrophobic moiety of HSA to PEG. So the observed change in HSA
hydration dynamics cannot be attributed to the change in the protein structure such as protein
denaturation.49 Based on the results of the study with an otherwise indifferent or protein
stabilizing co-solute sucrose and PEG 10000 we conclude that in the studied concentration
range the protein hydration is not significantly or "all the sudden" modified by their presence
and it is the volume exclusion principle that governs the associated hydration dynamics. In
this context, it seems also reasonable to consider the crowder induced protein aggregation
phenomenon.33 In case of PEG 10000, the protein ‗depletion layer‘ is thicker than that of
PEG 400, which makes the polymer assisted diffusion of the protein more feasible in the
former environment allowing multiple collisions between the protein molecules leading to
eventual precipitation as observed from the CD measurements (figure 4.3.II.6) and loss of
optical transparency. For the smaller PEG 400, such aggregation is unfavourable at low
crowder concentration. At high PEG concentration such interaction could lead to a modest
fraction of protein molecules to aggregate and account for the changes observed in 
beyond the critical concentration. However, only a marginal change in the CD signals114
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indicates only a fraction of the protein to undergo any such aggregation. It thus can be
concluded that beyond a critical PEG concentration the hydration dynamics of HSA is not
very straight forward as several factors may account for the observed changes and the
hydration behaviour cannot be treated independently as the hydration layers of the HSA and
short chain PEG overlap.

Table 4.3.II.1. Debye relaxation fitting parameters of aqueous solutions of PEG 400 at different concentrations

ε2

ε3

1
(ps)

2
(fs)

3
(fs)

75.13

3.92±0.06

3.49±0.10

8.86±0.2

222±65

84

2.01±0.03

71.73

3.81±0.06

3.31±0.07

11.08±0.2

239±54

84

20

1.99±0.02

65.67

3.69±0.06

3.20±0.08

11.85±0.2

239±57

84

30

1.90±0.03

58.76

3.57±0.06

3.07±0.08

14.58±0.4

237±54

83

40

1.82±0.03

51.48

3.48±0.06

2.96±0.08

16.70±0.5

234±54

83

50

1.86±0.02

44.65

3.43±0.03

2.90±0.08

19.59±0.6

210±34

84

[PEG]
(% v/v)

ε

0

2.13±0.03

10

(a)

εs

(a) Values are taken from Ind. J. Pure Appl. Phys. (2007) 45, 476-481.

4.4. Conclusions
Our study aims to understand how small chain polymers affect the stability of Human serum
albumin in its thermal unfolding. It is found that the primary nature of interaction of the
polymer with the protein changes from a non-interacting or weakly repulsive (as an osmolyte)
to interacting (as a non-specific ligand) mode with the increase in concentration of PEG.
Addition of the polymer increases the compactness of the protein without adversely affecting
the tertiary structure. At and beyond 30% PEG concentration the polymer interacts directly
with the protein surface. Addition of PEG decreases the unfolding temperature of the protein
making it more prone towards denaturation, which can be explained by considering the
interaction of the unfolded protein with the polymer. We further investigate the hydration
behaviour of HSA in presence of the PEGs. Combining acoustic and FIR-FTIR studies we
conclude that the protein hydration is affected in a distinct way below and above the critical
PEG concentration of 30% (v/v). Site specific fluorescence study exploiting the intrinsic
fluorophore Trp214 of HSA affirms the hydrophobic moiety of domain II of HSA does not
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directly interact with PEG. TTDS study unambiguously confirmed a retardation of the
solvation dynamics by PEGs. The THz absorption coefficient measurements of HSA in PEG
solutions confirms the independent behaviour of protein hydration at low PEG
concentrations, and a noticeable interaction between protein and PEG hydration beyond the
critical PEG concentration.
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5

How protein folding or unfolding occurs in presence of stabilizing or denaturing agents is still a
debatable issue. This chapter addresses a very fundamental question, whether urea and guanidinium
chloride (GdmCl) act as water „structure breakers‟. Our study using THz time domain spectroscopy
(TTDS) confirms that both these molecules perturb the extended solvation layer around themselves
which supports the strongly debated “water structure breaker” notion of urea and GdmCl. This
chapter also concerns about a detailed understanding of hydration of amino acids which are not only
the building units of protein but also act as osmolytes. It is a key step to realize the overall solvation
processes in proteins. A combined GHz (0.2-50) to THz (0.3-2.0) experimental spectroscopic study
reveals the dynamics of water at room temperature in presence of different amino acids.

5.1 Introduction

E

xact molecular mechanism of protein unfolding or stabilization by cosolutes is still
remains a strongly debatable issue. It is believed to result either from their direct

interaction with the protein backbone or as an indirect effect in which cosolutes perturbs the
water network structure. The former argument has been supported by simulation and
experiments; however, the later hypothesis has been debated in the past. While most of the
earlier studies involved the dynamics of water limited to first 1-2 hydration layer, the
cooperative H-bond network dynamics which extends up to 3rd or 4th hydration layer and
leaves its imprint in the elusive THz frequency region, has rarely been investigated. The
principal motive of the present investigation is to underline the effect of different cosolutes
on the collective hydration dynamics of water.
Urea and its Derivatives: Urea is a neutral molecule having a size comparable to that of
water and has historically been recognized to offer unique physicochemical properties like
protein denaturation,1 hydrocarbon solubilisation2 etc., however, the exact molecular
mechanism of the processes involved still remains a strongly debatable issue. The interaction
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of urea with protein molecules during its denaturation process has been envisaged either as a
result of its direct interaction with the protein backbone or as an indirect effect in which urea
perturbs the water network structure.3 One of the earlier discussions made on the mechanism
of denaturation ability of urea was based on the water ‗structure breaking‘ hypothesis 4 which
encompasses the concept that incorporation of urea molecules breaks hydrogen bonded
network in water. This hypothesis has, however, not received considerable support from
experimental or simulation studies with only a few reports documented in the literatures.5-11
Koga et al.12 made detailed solution thermodynamics consideration and concluded that urea
does form direct hydrogen bond and thereby perturbs the hydrogen bond network of water.
Vanzi et al.13 showed that the hydrogen bonded network of water predominates around the
amine groups, however, the structure gets distorted around the carbonyl group. Simulation
studies by Zou et al.14 showed that the average number of hydrogen bonds per water molecule
as well as the average water-water hydrogen bond lifetime decreases in the presence of urea.
Molecular dynamic simulation study by Wei et al. 15 concluded that urea induces considerable
reduction in the distances of the second hydration shell of hydrogen bonded network in water.
The concept of urea being enacted as a water structure breaker has been challenged by a
series of simulation and experimental studies.16-18 Polarization resolved mid-infrared pumpprobe spectroscopic experiment by Rezus et al.16 clearly demonstrated that urea offers
negligible effect on the hydrogen bond dynamics of water. They concluded that urea
efficiently fits in the water network and thus does hardly affect its network structure. NMR
studies of orientational relaxation and analysis of spin-lattice relaxation time of the

17

O

nucleus of water molecules in urea/water system by Shimizu et al.17 concluded water to
remain mostly unaffected in the presence of urea. Similar observation has also been reported
by mid-infrared (MIR) FTIR19 and dielectric20 measurements, as well as several simulation
studies which unambiguously concluded the water structure to remain unaltered in urea
solutions21-24. Some recent results have suggested a direct interaction of urea with protein
backbone which eventually leads to its denaturation.25,

26

According to the ‗two stage

denaturation process‘ as proposed by Hua et al.,18 the process initiates with a preferential
solvation of the globular protein by urea and exclusion of water from the protein solvation
shell followed by solvation of the protein interior by both urea and water. Such direct
mechanism, which manifests a causative interaction between urea and protein backbone finds
support from earlier simulation studies.27 The preferential solvation of urea is usually driven
by Van der Waals interactions along with an additional solvent entropy gain as initially
constrained water is displaced by urea.28, 29 There has also been studies that even support the
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electrostatic basis of urea activity.30 The interaction of urea with protein thus still remains
debatable and it is now commonly believed that the ‗direct‘ interaction which involves Van
der Waals attraction, hydrogen bonding and hydrophobic effect plays the key role in the
protein denaturation process, however, the role of ‗indirect‘ interaction through a possible
water structure perturbation can not a priori to be neglected.3
There have been several experimental studies to understand the structure and
dynamics of water around urea. Ultrafast optical Kerr effect spectroscopy of aqueous urea
solution reveals several low frequency bands at 45-60, 80-100 and 175-200 cm-1 region.31, 32
The lowest frequency band arises due to the vibrational motion of urea or water in a cage 31 or
absorption of water.32 The other two bands are related to the hydrogen bond interaction of
water with urea and absorption of water, respectively. For pure water a prominent peak is
observed at ~200 cm-1 which corresponds to the first-shell dynamics, whereas a concerted
motion involving the second solvation shell contributes most significantly in the 80 cm-1
region.33 Raman spectroscopic studies by Idrissi et al.31 and Mazur et al.32 have identified
urea to act as a mild structure breaker. Recently Funkner et al.34 studied the changes in the
fast solvation dynamics of water around urea in the frequency range of 1.5 to 10 THz (50-350
cm-1). Their study concluded the water structure to remain unperturbed in the thin hydration
shell of urea. MIR pump-probe spectroscopic study by Rezus et al.16 identified an unaltered
hydration dynamics of water in presence of urea. It is, however, interesting to note here that
most of these earlier studies are either concerned with the first solvation shell of urea in
which water is strongly bound or with the bulk type water. The IR active modes of water in
the MIR region is generally sensitive to the first solvation shell and thus unable to provide
information on the extended solvation shell which extends up to 3-4 hydration layers.33 The
previous studies thus were not meant to detect any possible change in the dynamics of urea
solution in its extended solvation sheathe. In the present investigation we have made an
elaborate attempt to understand the ultrafast solvation dynamics of water by using a Debye
type dielectric relaxation model in the THz (0.3-1.5 THz) frequency region using THz time
domain spectroscopy (TTDS). Dielectric relaxation studies have previously been carried out
in urea solution in the MHz to 40 GHz frequency range20,

35

which identified strongly

associated water exhibiting slower relaxation dynamics compared to that of bulk water, as has
also been identified in MIR pump probe spectroscopic studies.16 The GHz as well as MIR
frequency range are limited to the intra-molecular stretching band of water and does not
protrude into the global collective motion of water which extends to more than one hydration
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layer.33 Such global collective information can only be realized in the THz frequency
domain.36 To understand the nature of the usual hydration structure around conventional
osmolytes, we initiate the measurements with a model solute sucrose which then is extended
to urea. In order to achieve at a better insight, we have also investigated water dynamics in
two derivatives of urea, namely thiourea (TU) and 1,1,3,3-tetramethylurea (TMU). We
compare the results of urea with a well-known structure maker trimethylamine-N-oxide
(TMAO) with the goal to understand the solvation behaviour as a consequence of the
overwhelming protein stabilization behaviour of TMAO over urea.
Guanidinium Salts: Another denaturing agent guanidinium chloride (GdmCl) exhibits the
remarkable ability of denaturing proteins.37, 38 There has been substantial advancement in the
studies of the denaturing effect on GdmCl, however, the exact mechanism involved in the
phenomenon continues to be controversial and speculative.39, 40 It has generally been believed
that Gdm+ interacts directly with proteins,30,

41, 42

also the role of Gdm+ in alteration of

solution structure of water has also been argued,43-46 which however, has received only
limited

support

from

experimental

findings.

Neutron

scattering41

and

dielectric

spectroscopy47 experiments have concluded the non-existence of any strongly bound
solvation shell around Gdm+, primarily because of its low charge density,41 however, MD
simulation results have predicted a significant ordering of hydration layer around Gdm + ions
depending upon its orientation.44,

46

According to Scott et al.45 Gdm+ denatures protein by

altering the water structure; their studies revealed that Gdm+ drives the preferential formation
of strong, linear H-bonds over weak, bent H-bonds. IR pump-probe study by Bekker et al.48
has shown that the reorientation dynamics of water molecules suffers considerable alteration
upon the addition of GdmCl. While GdmCl is known to be a strong protein denaturant, salts
like NaCl or MgCl2 mostly remain indifferent. This ambiguity certainly evokes the most
pertained question that what drives these salts to act in opposite modes, and it remains mostly
unanswered. Arakawa and Timasheff49 have previously investigated the preferential
interaction of bovine serum albumin (BSA) with guanidinium and sodium salts and tried to
establish a possible correlation with their protein denaturation ability. The authors concluded
that Gdm+ behaves in a manner much comparable to that of the other cations, and shows a
limited preferential interaction with BSA, which is otherwise also possible for normal salts.
However, there exists a significant difference between the extent of the various interactions
between Gdm+ and Na+ which probably brings about the remarkable denaturing ability for the
former. In a later study Courtenay et al.50 investigated the effect of GdmCl on BSA on the
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basis of changes in the water-accessible surface area (WASA) of the protein in presence of
the denaturant. The authors reported the existence of a strong favourable BSA-Gdm+
interaction as compared to the water-Gdm+ interaction which results in the accumulation of
Gdm+ at the negatively charged protein surface which might exert a variety of electrolyte
effects on processes involving changes in the net charge density. While several earlier studies
have concluded Gdm+ to form hydrogen bond with peptide carbonyl30, 51, 52 such possibility
has strongly been opposed by Lim et al.25 in a recent NMR study.
The above mentioned observations make it evident of the fact that the exact
mechanism of the protein denaturation ability of GdmCl is debatable: it broadly is based on
the fact that Gdm+ shows preferential interaction with parts of proteins, which leads to its
denaturation, while, the role of hydration of Gdm+ on the denaturation phenomenon has
hardly been critically addressed. It can be apprehended that the direct and indirect
denaturation mechanisms are not mutually exclusive and might both the mechanisms be
simultaneously active. In the present contribution we have investigated the collective
hydrogen bond dynamics around GdmCl in aqueous solutions as well as in presence of a
model globular protein human serum albumin (HSA) using terahertz (THz) time domain
spectroscopy (TTDS) and to address the possible role, if any, of hydration dynamics in the
denaturation process. In a recent study it was investigated that the change in the hydration
dynamics of HSA during its thermal denaturation using THz spectroscopic technique and it
was inferred that the exposure of hydrophobic moieties in the protein surface during thermal
denaturation does indeed leave its imprint in the associated hydration dynamics. 53 We extend
that study towards a more involved question related to the protein denaturation with GdmCl
and have investigated the changes in hydration dynamics of both the protein and the salt
during its chemical denaturation. Such denaturation study has previously been carried out
using several experimental techniques,54 however, the consequent changes in the
corresponding hydration dynamics has hardly been considered. Since the proficiency of
denaturation of proteins by ions partly depends upon the strength of their interaction with
water it is of much importance to understand the hydration structure and dynamics of the
heterogeneous solvation shell around Gdm+. We have investigated the hydration dynamics of
GdmCl in the THz frequency range (0.3-2.0 THz) using a multiple Debye dielectric
relaxation (DR) model, which has extensively been used to underline the ultrafast dynamics
of water associated with biomolecules.55 Recently Hunger et al.47 have studied the DR of
GdmCl and GdmCO3 in the 0.1-80 GHz frequency region; their study was mainly focused on

98

Chapter 5
the possibility of the formation of large ion pairs. They unambiguously found to non-existent
of such large ion pairs in the solution, however, some recent ab initio simulation studies have
predicted the possible existence of contact ion pair in GdmCl.56 The DR study by Hunger et
al. has found striking resemblance in various solution properties as well as DR spectra of
Gdm+ and Na+ salts, which evidently establishes no possible rationale behind the apparent
opposing protein denaturation behaviour of these two salts. We, therefore, have attempted to
compare the collective hydrogen bond dynamics in GdmCl and NaCl using TTDS technique
and to establish the possibility of any such correlation. We have also compared the results
with a more hydrophobic salt tetramethylguanidinium chloride (TMGdmCl). Finally, we have
studied the effect of these salts on the stability of HSA and correspondingly on the hydration
dynamics in absence and in presence of these salts. Our study is principally aimed to establish
any possible correlation between the hydration dynamics of GdmCl and its ability to denature
protein as well as the rationale behind the way this particular salt differs from the
conventional monovalent cations.

Scheme 5.1.1: Hofmeister series57 to show the effect of different cation and anions to the
protein/peptide in water.

Over 100 years ago Hofmeister (scheme 5.1.1) showed the effect of different cations
and anions of salts to protein.57 The denaturing ability of GdmCl is often believed to be due
to direct interaction of Gdm+ with the protein.58, 59 Question arises when Gdm2SO4 was found
to stabilize proteins.60 In a very early study von Hippel and Wong reported that melting
temperature of ribonuclease increase with the Gdm2SO4 concentration in contrast to
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GdmCl.61 But there is a lack of plausible mechanism behind this finding. Earlier studies
showed that the protein denaturation ability is dependent on Gdm cation as well as the
counter ion. In this notion we have further studied with guanidinium sulphate (Gdm2SO4) salt
to observe the perturbation in water network structrure.
Amino Acid: Amino acids are not only the building blocks of proteins; they often also act as
intermediates in metabolism as well as osmolytes that can stabilize proteins.62-64 Depending
upon the ‗side group‘, amino acids are classified as hydrophilic or hydrophobic.65,

66

Hydrophobicity of amino acids is believed to be a key parameter that regulates phenomena
like protein folding-unfolding, aggregation, activity, protein-ligand binding and protein
hydration in aqueous environments.67-71 It has also been established that structure and activity
of biomolecules are slaved by the associated hydration.72 To unravel the heterogeneity in
protein hydration it is of utmost importance to understand how individual amino acid
hydrates. Hydration of a native protein changes substantially during structural unfolding
process resulting in the exposure of some of the otherwise buried hydrophobic amino acid
residues.73, 74 While analysing the solvation of hydrophobic and hydrophilic parts of a protein
separately one needs to take into consideration that the environment of amino acid residues
are heterogeneous in nature as they are often composed of hydrophobic alkyl chains and
hydrophilic groups. It is therefore essential to study the hydration of amino acids of various
side chains in the exposure to solvents.
From a thermodynamic point of view a hydrophobic solute when exposed to water
creates a void by breaking the H-bonds adjacent to its surface and the enthalpic penalty is
minimised by ordering the water network in a more favourable direction.75 There have been
several experimental as well as theoretical studies carrying out addressing the hydrophobicity
of the amino acids65,

66, 76, 77

as well as structure, stability and solvent effect on different

amino acids.78-80 Aqueous solutions of amino acids have extensively been studied using
different experimental techniques involving IR spectroscopy81, NMR spectroscopy82,
84

Raman spectroscopy , neutron diffraction

85

83

,

as well as using molecular dynamics

simulation86 technique. Recently Panuszko et al. have investigated the hydration structure in
some amino acids using FTIR and MD simulation studies.87 There have been a few dielectric
relaxation (DR) studies in the MHz-GHz frequency domain to probe the dynamics of
hydrated amino acids.88-90 These studies reveal that the rotational dynamics of amino acid
molecules take place in ~100 ps timescale. The cooperative reorientation motion of water
molecules (~ 10 ps) as reported in these studies is an average effect of the solutes over the
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whole hydration layer as this frequency window is unable to explicitly probe the ultrafast
collective hydration dynamics. Sato et al.88 have studied DR on a model amino acid glycine
in the range of 0.1-89 GHz. They reported three time scales of ~ 40 ps for the rotational
diffusive motion of glycine, ~ 9 ps and 1-2 ps for bulk water and localized free water or
weakly hydrogen-bonded dynamics, respectively. Arteche et al.89 carried out DR in a series
of amino acids (glycine, alanine, threonine, histidine, proline, arginine, lysine) in 0.2-20 GHz
frequency range and observed that the rotational motion of amino acids retards with size and
concentration of the amino acids, however, water relaxation around amino acids vaguely
changes from one amino acid to another. It is important to note here that DR in GHz region is
unable to precisely probe the ultrafast cooperative water relaxation around small solutes as it
is affected by the rotational relaxation of the solutes.
It thus stands pertained to understand that how the long-range collective water
network around different amino acids changes; such changes leave their imprints in the
elusive THz regime. Driving the solutes in the THz range associates fast and efficient
coupling of water network which otherwise is not realized in the conventional IR
spectroscopy, as it is more localized on the solute and little energy is transferred to the
surrounding water. Niehues et al. studied the hydration of a series of amino acids in ~2.4 THz
window and observed that α of hydrated amino acids can be correlated with the
hydrophobicity and fraction of polar volume of amino acids. They have shown that glycine
has the largest positive THz slope followed by serine whereas for the other amino acids the
slope becomes gradually negative with increasing hydrophobicity.91 They have simulated the
hydration dynamics around hydrophobic and hydrophilic model particle using MD simulation
technique. In a more recent report Shiraga et al.92 have studied the hydration network around
a fixed concentration of glycine and a series of analogous molecules in which hydrophobicity
is progressively increased by adding methylene groups into the side chains. The authors
found a correlation between the extent of H-bonding and the hydrophobicity of the solute. It
is important to note that hydrophobic scales of amino acids, as introduced in previous
literatures, are mostly theoretical in nature and are based on the gross calculation of the
abundance of polar and nonpolar parts in the amino acids.65, 66 The thus calculated hydration
scale is often not the best interpretation of their complex structures. Solvent accessible
surface area (SASA) is an important parameter that explicitly defines hydration behaviour in
proteins.93 Likewise, amino acids can also be assigned to different SASA values. It has been
observed that SASA of hydrophobic solutes often describes hydrophobic hydration in a better
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manner. Here we have used glycine (Gly) and the L- isomers of five different α-amino acids:,
serine (Ser), aspartic acid (Asp), lysine (Lys), arginine (Arg) and tryptophan (Trp) of varying
hydrophobicity and SASA and studied the DR up to their maximum water solubility in the
frequency window of GHz-THz at neutral pH at 298 K. Our study is a preliminary step
towards understanding the complex hydration behaviour of proteins, the organized assemblies
of amino acids.

5.2 Materials and Methods
5.2.A. Materials & Sample Preparation:
Sucrose, urea (ultra-pure), thiourea, 1,1,3,3-tetramethylurea (TMU), and trimethylamine-Noxide (TMAO), sodium chloride (NaCl), guanidinium chloride (GdmCl), 1,1,3,3tetramethylguanidine (TMGdn), guanidinium sulphate (Gdm2SO4), human serum albumin
(HSA) (Mw 66 kD) and amino acids (Glycine, L-Arginine, L-Serine, L-Tryptophan, LLysine, L-Aspartic acid) were purchased from Sigma Aldrich with a purity ~99% and used
without further purification. 1,1,3,3-tetramethylguanidium chloride (TMGdmCl) was
prepared by mixing a stoichiometric hydrochloric acid (HCl) with TMGdn. All the solutions
were prepared in a 10 mM sodium phosphate buffer (pH=7.4) using deionized Milli-Q water.
5.2.B. Instruments & Methods:
TTDS measurements were carried out in a commercial THz spectrophotometer (TERA K8,
Menlo System). (see chapter 3 for details).
Dielectric relaxation measurements in 0.2 -50 GHz regime were performed using a
PNA-L network analyser (N5230C) with an open ended coaxial probe (85070E). Before the
measurements it was calibrated using air, shorting block and water as open, short and load
respectively and the details could be found elsewhere.94-96 The sample solutions were taken in
a glass cylindrical container of diameter greater than 1 cm. The solution in direct contact with
the coaxial dielectric probe alters the magnitude as well as the phase of the reflected power
observed by the network analyzer (NA). The real and imaginary dielectric constants were
then obtained from the software directly after each frequency sweep.
Debye model (details provided in chapter 2) was used to describe the dynamics of
water molecules in various cosolutes solutions. For Keeping in mind that a considerable
fraction of water molecules in these concentrated solutions move rather slowly, we
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introduced an additional Debye mode48; the following equation describes the frequencydependent complex permittivity, ̃( ):
̃( )









(5.1)

where Si (i=slow, 1,2,3) is the relaxation strength of the i-th mode with relaxation time τi and
 is the angular frequency. The slow values have been fixed using the literature data for
urea20, TU35, TMU97 and TMAO98. For ionic solution an additional term ( ⁄

) is

introduced in Debye equation where σ is dc conductivity (details in chapter 2).

5.3. Results and Discussions
5.3.I. Urea Alters the Collective Hydrogen Bond Dynamics in Water: A
Dielectric Relaxation Study in the THz Frequency Region
We started with a rather inert biomolecule sucrose which is known to render protein
stability99 and often act as an osmolyte100. Figure 5.3.I.1(a) depicts a representative THz
signal and the corresponding fast Fourier Transformation (FFT) spectra of sucrose solutions
at different concentrations. The extracted frequency dependent optical parameters, viz.
refractive index (n) and absorption coefficient () has been shown at different sucrose
concentrations in figure 5.3.I.1 (b), (c). It can be observed that  decreases almost linearly
with increasing sucrose concentration, which is consistent with earlier reports for another
disaccharide, lactose in the 2.4-2.8 THz frequency region.101, 102 The observed decrease in 
can be rationalized as highly absorbing water molecules being replaced by comparatively less
absorbing sucrose molecules. However, it should be taken into consideration that
carbohydrate molecules are associated with a dynamic hydration shell which extends up to 57 Å from the solute surface and offers an absorption coefficient different from that of bulk
water.101 Thus the overall change in () is a collective contributions from the solvent, solute
and the hydration water, which often makes the () profile to vary non-linearly with the
solute concentration. We fit the obtained re and im in 0.3-1.5 THz frequency window
considering a multiple Debye relaxation model and some representative fitted plots are shown
in figure 5.3.I.1. (d). Dielectric relaxation of carbohydrate solutions in kHz to GHz region has
previously been studied by several groups.103-105 Broadband dielectric spectroscopic study by
Kaminski et al. has concluded that aqueous sucrose solutions exhibit three different relaxation
modes in the low frequency region, namely,  (~10-6 s),  (~10-7 s) and  (~10-9 s) relaxation

103

Chapter 5
mode.106 A double Debye (and/or Cole-Cole) relaxation fitting of dielectric measurements in
the 200 MHz-40 GHz region by Fuchs et al.103 and Weingärtner et al.104 have extracted two
gross relaxation times, which are of the order of ~10 ps and ~35-45 ps for 1M sucrose
solution, the former one being the rotation of water while the second one is sub-diffusive in
nature.

Figure 5.3.I.1. (a) Frequency dependent THz signals in air (black line), through the cell (grey line), the cell
containing water (blue line) and 1.5 M sucrose (red line). Inset shows representative THz signal in time domain
window. (b) Frequency dependent refractive index, n of aqueous sucrose solutions at different concentrations.
The arrow indicates increasing sucrose concentration. (c) Frequency dependent absorption coefficient,  of
aqueous sucrose solutions at different concentrations. The inset shows the absorption coefficient of sucrose
solutions at 1 THz as a function of its concentration. (d) Frequency dependent real and imaginary dielectric
constants of water and various sucrose solutions. The solid lines are the Debye relaxation fits. (e) and (f) show
the time scales (1 and 2) as a function of sucrose concentration.

The focus of our present investigation is the change in the ultrafast collective hydrogen bond
dynamics which extends up to several hydration layers and leaves its imprint in the THz
frequency region. Thus the timescale of ~30-40 ps is rather slow for the present frequency
window to detect. It can be noted here that water exhibits a strong IR active mode at ~200
cm-1 which is due to the hydrogen bond stretching107 and another very weak band at ~60 cm-1
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which emanates from hydrogen bond bending33, 107 which does not contribute to the diffusive
and re-orientatial relaxation processes. For water, the obtained times scales are ~ 9 ps, ~ 200
fs and ~80 fs, which are in excellent agreement with previous studies108. The ~9 ps and ~200
fs timescales are due to the well-known cooperative rearrangement of the hydrogen bonded
network and the rotational modes of individual polar water molecules, respectively109. The
~80 fs timescale has its origin rooted to the 60 cm-1 vibrational band due to the hydrogenbond bending and the related transverse acoustic phonons which propagate in a direction
normal to the hydrogen bonds in between two neighbouring water molecules.110, 111 It can be
observed from figure 5.3.I.1. (e), (f) that the timescale 1 increases with increase in sucrose
concentration, while 2 suffers only marginal change within the error limit. The increase in
the 1 clearly indicates that the cooperative rearrangement of the hydrogen bonded water
molecules gets restrained as compared to that in bulk water, which perhaps manifests the
formation of highly structured hydration layer around sucrose. The DR study in sucrose thus
affirms the formation of structured water around the solute following previous reports in the
literature 101, 102.
The results of the urea measurements are shown in figure 5.3.I.2. Figure 5.3.I.2. (a)
depicts the () profile of urea differs from that of sucrose and does not show any near-linear
dependency with urea concentration. An interesting phenomenon of intersection of ()
curves of urea solutions with that of bulk water has also been observed. Appearance of such
crossing point (CP) in aqueous solutions has significance in the THz frequency region as it
indicates that at that particular frequency, the solution offers higher  compared to that of
pure water. It is interesting to note that the () profile has been reported to be rather regular
in the 2.4-2.8 THz frequency region, with the hydration water showing higher () compared
to that of bulk water.101, 102 In the frequency range of 0.1-2 THz instead, the hydration water
offers lower () at lower frequency and beyond the CP it overturns the bulk water values112.
The location of a CP usually depends on the extent of hydrophobicity (or hydrophilicity) of
the solute surface. The () profile as observed in sucrose is rather featureless compared to
that of urea and decreases gradually with increasing sucrose content indicating that the
sucrose-water interaction results only in the formation of hydration layer. In figure 5.3.I.2(b),
we have shown two representative () intersections for 2M and 5M urea solution and the CP
at different urea concentration has been plotted (figure 5.3.I.2.b, inset). It can be observed
that the CP moves towards higher frequency as the concentration of urea increases, with a
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considerable hike in the 5-6 M region. MD simulation studies have concluded that when
water interacts with a hydrophilic surface, a CP is produced at a frequency blue shifted
compared to that in case of a hydrophobic surface.33 The observed blue shift thus infers that
with increasing urea concentration, surface water experiences a more hydrophilic
environment. We plot the measured  at 1 THz as a function of urea concentration (figure
5.3.I.2a, inset) and it is found that  suffers a smaller decrease with urea concentration
compared to that of sucrose (figure 5.3.I.1). This observation qualitatively leads to infer that
urea brings about change in the water structure, especially in the extended collective
hydration layer which is markedly different from those offered by a rather indifferent or
structure providing solute, sucrose.

Figure 5.3.I.2. (a) Frequency dependent absorption coefficient,  of aqueous urea solutions at different
concentrations. The inset shows the absorption coefficient of urea solutions at 1 THz as a function of urea
concentration. (b) The circles demarcate the crossing point between the absorption coefficient of water and that
of 2M and 5M urea solutions. The inset shows the crossing point (CP) as a function of urea concentration. (c)
and (d) show the time scales (1 and 2) as a function of urea concentration.

In order to obtain a more quantitative understanding, the ultrafast collective dynamics of
water in the extended hydration layer of urea has been extracted using a multi exponential
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Debye relaxation model (as discussed previously) after fixing the slower relaxation times
arising out of the urea-water co-cluster interaction, following previous literatures.20,

35

The

results are depicted in figure. 5.3.I.2(c), (d) and table 5.3.I.1. Earlier studies have concluded
that the slow relaxation dynamics of water-urea solution (~ 20-30 ps) which is associated
with the rotation of water in the urea-water cluster suffers only marginal changes with urea
concentration, however, the strength of this relaxation mode increases with increasing urea
concentration.20 In this context it is important to understand that our investigation is aimed
more towards the water-water collective network dynamics and the timescales reported in this
study are purely associated with the cooperative hydrogen bond rearrangement and hydrogen
bond making-breaking dynamics in water. Thus we focus our attention on the changes in the
timescales 1 and 2 as a function of urea concentration. It can be observed that 1 suffers a
marginal change within the error limit up to a concentration of 4 M beyond which it
decreases appreciably to a low value of 7.1 ps. This drastic decrease in 1 unambiguously
points out towards a faster cooperative hydrogen bond rearrangement dynamics, which could
have originated from a possible disruption in the extended hydration layer around urea. A
similar change has also been observed in the 2 values wherein the timescale decreases
sharply in the 4-6 M urea region. Since 2 is associated with the rotational modes of
individual water diploes within the network, the observed decrease in 2 indicates towards an
abundance of weakly bonded water molecules in the network. The observed decrease in 1
and 2 is in strong accordance with the simulation results by Zou et al.14 which concluded a
decrease in the average water-water hydrogen bond lifetime in presence of urea. Our study
also experimentally verifies earlier MD simulation studies by Wei et al.15 that concluded a
slight collapse of the second water shell around a water molecule in urea solution relative to
pure water; and also corroborates the results of Idrissi et al.8 which concluded distortion of
the tetrahedral distribution of water in the presence of urea. It is also interesting to note that
the observed perturbation is more prominent in the 4-6 M region, which interestingly
coincides with the threshold denaturing concentration of urea for most of the proteins.113 It
may be taken into consideration that TTDS technique is a useful tool to understand the
dynamics of water molecules as it does not provide with a direct information on the structural
aspects, thus our observation does not a priori render a direct support to the ‗structure
breaking‘ hypothesis of urea, however, the observed acceleration of the dynamics perhaps
offers a direct manifestation of a perturbation of water structure in the extended hydration
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sheathe of urea. The change in the water dynamics could be intuited to play a pivotal role in
the protein denaturing ability of urea through the ‗indirect mechanism‘.
To further support the conclusions we study the relaxation dynamics of water in
presence of two derivatives of urea, namely, thiourea (TU) and tetramethyl urea (TMU),
which are also known to be protein denaturants.48, 114, 115 The fitted parameters are depicted in
figure. 5.3.I.3 and table 5.3.I.2, 5.3.I.3, respectively. TU has a lower water solubility
compared to urea and the relaxation time constants also do not suffer appreciable changes
within the error limit in the studied concentration range. It can be noted that TU only has the
carbonyl oxygen of urea being replaced by a sulphur atom. The observed result is in excellent
corroboration with the simulation results by Venzi et al.13 which concluded that water
structure remains unaltered around the amine groups, and gets perturbed only in the carbonyl
part of urea.

Figure 5.3.I.3. Time scales (1 and 2) as a function of thiourea [(a) and (b)] and tetramethyl urea [(c) and (d)]
concentration in aqueous solutions.

It thus appears that the interaction of the carbonyl oxygen of urea with water plays a
predominant role in determining the dynamics of water in the extended hydration sheathe of
urea. The Debye fitted parameters for TMU are provided in figure. 5.3.I.3(c),(d) and table
5.3.I.3. It can be observed that 1 increases mildly within the error limit up to 4 M
concentration, beyond which it decreases sharply to 2.6 ps at 8 M concentration. The 2
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values also offer a regular decrease beyond 4 M concentration. The observed change
somewhat reciprocates the trend observed in case of urea (figure. 5.3.I.2.c, d). The decrease
in the time constants clearly indicates a perturbation of the network water structure in
presence of TMU. Such a tetrahedral network ‗structure breaking‘ ability of TMU has
previously been concluded on the basis of the change in the distribution function of the O-OO angle of water molecules by TMU15. A detailed dielectric relaxation and polarizationresolved fs MIR pump-probe experiment on aqueous solution of TMU has been reported by
the group of Bakker et al.97,

116, 117

Their studies have identified immobilized water at the

surface of the solute TMU which offers relaxation dynamics as slow as ~80 ps, the
immobilization being significantly prominent with respect to that in urea. The authors
concluded that water forms small clusters around TMU, in which the directly hydrogen
bonded OH group stands responsible for the observed retardation of water dynamics, whereas
those in the interior of the cluster can take part in the cooperative hydrogen bond exchange
and show the fast dynamics. At high TMU concentration, however, there does exist certain
unbound OH groups which are mobile and contribute to the fast dynamics.117 The observed
acceleration of 1 and 2 at a higher TMU concentration perhaps manifests the occurrence of
the unbound OH groups.
In contrast to urea and its derivatives, TMAO is well known to bias the unfolded
structure of proteins toward the folded state.118,

119

The exact mechanism of the opposing

effect of TMAO on urea denaturation is, however, still not clearly understood. It has
experimentally been shown that TMAO does not directly interact with urea,120 however,
neutron scattering experiment have concluded the oxygen atom of TMAO to preferentially
form hydrogen bond with urea.121 There have been several counterintuitive proposals which
include preferential exclusion of TMAO from protein122 by altering the water structure14 and
preferential solvation of TMAO by water and urea.123 In the present study we attempt to
address the question that whether the water dynamics suffers any significant alteration when
TMAO is added to urea solutions. Figure. 5.3.I.4(a), (b) shows the n() and () profiles of
TMAO at different concentrations. It can be observed that () decreases almost linearly
with increasing TMAO concentration.
The Debye relaxation fitting parameters are depicted in figure. 5.3.I.4. (c), (d) and
table 5.3.I.4. It can be observed that 1 increases rapidly with increasing TMAO
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concentration, which clearly indicates that TMAO strengthens the collective hydrogen
bonded network in water as has also been observed in case of sucrose.

Figure 5.3.I.4. (a) Frequency dependent refractive index, n of aqueous TMAO solutions at different
concentrations. The arrow indicates increasing TMAO concentration. (b) Frequency dependent absorption
coefficient,  of aqueous TMAO solutions at different concentrations. The arrow indicates increasing TMAO
concentration. The inset shows the absorption coefficient of TMAO solution at 1 THz as a function of its
concentration. (b) and (d): Time scales (1 and 2) as a function of TMAO concentration in aqueous solutions.
(e) Absorption coefficient,  of 5 M urea solution in presence of 1.0, 2.0 and 3.3 M TMAO. (f) Absorption
coefficient,  at 1 THz of TMAO and TMAO + 5M urea solutions as a function of TMAO concentration.

Such observation is in excellent agreement with previous IR study124 as well as simulation
results which concluded enhancement of water structure by TMAO.15, 123, 125 The restricted
dynamics is thus related to the structured water molecules at the TMAO surface. We then
extend our study to the mixture of urea and TMAO solution. Figure. 5.3.I.4.(e) depicts the
() profile of 5 M urea in the presence of different concentrations of TMAO. It is clearly
evident that () decreases steadily with increasing TMAO concentration. In order to achieve
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at a more comprehensive insight we plot the absorption coefficient of aqueous TMAO
solution in absence and in presence of 5 M urea in figure. 5.3.I.4.(f). The striking
comparability of the  values for the two systems unambiguously specifies that the dynamic
property of water in the mixed system resembles that in the presence of TMAO itself
irrespective of its possible disruption in presence of urea. This leads to infer that the stronger
hydrogen bonding of water with TMAO overwhelms the effect of urea to govern the overall
dynamics of water, which might have a possible influence on the observed stabilization effect
of TMAO over the urea destabilization. In order to obtain additional support towards our
findings, we extend our study to the mixture of urea and sucrose. Figure 5.3.I.5 shows the
 profile of 5 M urea in absence and in presence of sucrose and also the  measured at 1
THz of 1.5 M sucrose in presence of different concentration of urea solutions.

Figure 5.3.I.5. (a) Absorption coefficient,  of 5 M Urea solution in absence and presence of different
concentrations of Sucrose solution. (b) Absorption coefficient,  at 1 THz of Sucrose and Sucrose + 5M Urea
solutions as a function of Sucrose concentration. The inset shows the absorption coefficient,  at 1 THz of Urea
and Urea + 1.5M Sucrose solutions as a function of Urea concentration.

From this comparative study it is evident that the absorption profile of the mixed system
follows a trend similar to that of the sucrose itself rather than that of urea. This firmly
suggests the water structure breaking ability of urea to be overwhelmed by the structure
making ability of sucrose. This results is in excellent accordance with a previous study126 that
reports the ability of sucrose to reduce the protein denaturing ability of chaotropic agents, and
thus render support to our notion that hydration of urea does play a pivotal role in the protein
denaturation process.
To summarize, the remarkable ability of urea and its derivatives to denature proteins
has received explanation on the basis of both ‗direct‘ as well as ‗indirect‘ interactions, the
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later mechanism being involved with a possible ‗disruption‘ of water structure, however, has
not received much experimental support. In the present study we have made an attempt to
understand the effect of urea on the relaxation dynamics of water, especially in the extended
collective network regime using dielectric relaxation study in the THz frequency region using
TTDS technique and its possible correlation on the hypothesis of water ‗structure breaking‘.
The advantage of TTDS over the conventional spectroscopic techniques is that it measures
both the phase and the intensity of THz radiation which enables one to obtain various optical
parameters of the solution. Also most of the ‗collective‘ intermolecular rotational and
vibrational modes of water leave their signature in the THz frequency range, and thus TTDS
provides with the global dynamics of extended water network. The relaxation dynamics of
small solutes as well as osmolytes is generally associated with strongly hydrogen bonded
water molecules at the surface which relax at a timescale of tens to hundreds of ps. Such
rotation is rather slow to be detected in the THz frequency range. Our study is more focused
to extract the collective dynamics (e.g. the cooperative rearrangement of hydrogen bonds)
which, in bulk water, occurs in ~9 ps and ~200 fs time scale. It is important to note here that
our study does not disregard the formation of strongly hydrogen bonded solvation layer, the
existence of which has been realized by several experimental and simulation studies. It rather
complements these observations by extracting the relaxation dynamics in the extended
solvation shell. As a model osmolyte we have studied the aqueous solution of sucrose which
shows retardation in the dynamics correlating the formation of structured water around itself.
In case of urea and TMU, however, the relaxation dynamic shows considerable acceleration
beyond a threshold concentration. Such acceleration is possibly associated with a disruption
of the tetrahedral water network structure. It seems also intriguing that the observed collapse
occurs at a certain urea concentration which strikingly coincides with the denaturation
concentration of urea for many proteins. Despite the fact that TTDS does not provide any
direct information on the structure of the solvents and thus not directly supports the notion of
urea being a ‗structure breaker‘, the extracted dynamics essentially hints towards a
perturbation in the extended hydrogen bonded network in water, and also possibly invokes
the idea that the ‗indirect‘ mechanism of water structure breaking perhaps has non-negligible
role to play in the protein denaturation process.
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Table 5.3.I.1. Debye relaxation fitting parameters of aqueous solutions of urea at different concentrations
(a)

(a)

Sslow

𝜺∞

[Urea]
(M)

S1

slow
(ps)

(a)

1
(ps)

2
(fs)

S2

S3

0.41±0.1

1.18±0.19

-

1.44±0.16

21.30

9.13±0.1

218±83

88

0

2.15±0.02

-

71.6

1

1.99±0.04

08.94

67.3

2

2.00±0.03

18.12

60.2

0.46±0.04

1.63±0.12

21.30

9.09±0.2

260±81

89

3

2.10±0.04

25.49

53.5

0.70±0.12

1.28±0.20

21.30

9.04±0.2

201±48

89

35.11

45.2

0.65±0.04

1.47±0.10

21.30

8.69±0.2

257±49

88

4

2.06±0.03

0.37±0.1

8.86±0.1

224±73

3 (fs)

84

5

2.13±0.08

47.02

37.4

0.71±0.26

1.25±0.36

21.30

7.68±0.2

168±51

6

2.22±0.04

61.40

26.8

0.95±0.15

1.12±0.25

21.60

7.42±0.3

187±36

88

8

2.11±0.03

71.62

20.1

0.85±0.04

1.57±0.11

24.80

7.63±0.4

253±40

88

10

2.15±0.03

76.25

16.1

0.90±0.03

1.65±0.09

28.26

7.16±0.4

267±36

88

88

(a) Values taken from: J. Phys. Chem. B, (2007) 111, 1076-1080.
Table 5.3.I.2. Debye relaxation fitting parameters of aqueous solutions of thiourea (TU) at different
concentrations

[TU]
(M)

𝜺∞

0

1.94±0.03

-

0.1

1.95±0.03

0.2

(c)

slow
(ps)

1
(ps)

2
(fs)

3 (fs)

1.4±0.1

-

8.85±0.1

229±90

84

0.32±0.05

1.4±0.1

18.3

8.77±0.1

222±81

83

70.24

0.33±0.05

1.4±0.1

18.3

8.76±0.1

228±85

83

5.01

68.81

0.33±0.04

1.5±0.1

18.3

8.74±0.1

246±94

83

1.96±0.03

9.42

65.21

0.36±0.04

1.5±0.1

18.3

8.69±0.1

248±83

84

1.98±0.03

12.94

62.44

0.36±0.04

1.4±0.1

18.3

8.59±0.1

252±95

84

(c)

Sslow

(c)

S1

S2

S3

71.59

0.28±0.04

0.99

70.98

1.95±0.03

2.13

0.5

1.96±0.03

1.0
1.5

Values taken from: J. Phys. Chem., (1986) 90, 5464-5469.
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Table 5.3.I.3. Debye relaxation fitting parameters of aqueous solutions of tetramethylurea (TMU) at different
concentrations

[TMU]
(M)

(b)

Sslow

(b)

S1

S2

S3

slow
(ps)

1
(ps)

2
(fs)

3 (fs)

(b)

0

1.89±0.03

-

71.50

0.28±0.04

1.5±0.1

-

8.71±0.1

234±97

84

1

1.92±0.03

12.28

58.98

0.43±0.04

1.3±0.1

28.50

10.53±0.2

231±53

83

2

1.82±0.03

19.1

44.01

0.46±0.03

1.3±0.1

38.92

11.32±0.3

241±53

83

3

1.83±0.03

32.60

30.24

0.52±0.03

1.0±0.1

50.00

11.92±0.4

230±41

82

4

1.75±0.03

39.56

18.34

0.55±0.04

0.9±0.1

62.59

224±37

82

5

1.71±0.03

40.45

10.59

0.62±0.06

0.65±0.1

71.60

9.90±0.6

200±30

83

6

1.69±0.03

41.00

5.00

0.64±0.07

0.56±0.1

80.09

5.37±0.4

192±28

83

41.03

4.1

0.56±0.07

0.59±0.1

88.58

4.81±0.4

188±30

82

41.15

1.05

0.50±0.11

0.40±0.2

50.01

2.61±0.4

167±33

82

7

8

(b)

𝜺∞

1.54±0.03

1.44±0.02

10.53±0.5

Values taken from: J. Am. Chem. Soc. (2010) 132, 15671-15678; Faraday discuss. (2013) 160, 171-189.

Table 5.3.I.4 Debye relaxation fitting parameters of aqueous solutions of TMAO at different concentrations
[TMA
O]
(M)

𝜺∞

(d)

Sslow

(d)

S1

S2

S3
(d)

slow (ps)

1
(ps)

2
(fs)

3
(fs)

1.89±0.03

-

71.50

0.28±0.04

1.5±0.1

-

8.71±0.1

234±97

84

1.94±0.05

5.68

63.59

0.38±0.16

1.23±0.2

21.02

8.94±0.13

181±80

82

52.43

0.82±0.12

1.00±0.2

22.6

12.19±0.2

174±23

82

0
1
1.91±0.03

12.05

2
1.90±0.04

14.89

44.68

0.99±0.17

0.83±0.2

32.0

12.46±0.2

158±20

82

1.82±0.03

17.86

35.58

1.10±0.17

0.89±0.21

40.2

14.94±0.3

156±16

82

3
4

(d)

Values taken from: J. Phys. Chem. B, (2012) 116, 4783-4795.
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5.3.II. Collective Hydration Dynamics of Guanidinium Chloride Solutions
and its Possible Role in Protein Denaturation: A Terahertz Spectroscopic
Study
The results of the GdmCl aqueous solutions measurements are depicted in figure 5.3.II.1 The
frequency dependent profiles of absorption coefficient,  of GdmCl solutions at different
concentrations are shown in figure 5.3.II.1.(b).  is found to increase with increasing
frequency and the () profile for the buffer shows good agreement with previously reported
results.108,

109

For a better comprehension, we plot the  values at 1 THz as a function of

GdmCl concentration (inset of figure 5.3.II.1.(b). It is observed that  increases linearly up to
a concentration of 2 M beyond which it does not change appreciably. The frequency
dependent absorption coefficient of aqueous solutions in the THz frequency region provides
with useful information as  essentially manifests the collective dynamics of water molecules
in the THz frequency range.33, 112 It is generally expected that when highly absorbing water is
replaced with a low absorbing solute, () decreases. The observed change in () in GdmCl
is not that straightforward as depicted in figure 5.3.II.1.(b). While explaining the behaviour of
() it should be taken into account that many solutes are generally associated with a
dynamic hydration shell which might extend up to 5-7 Å from the solute surface and offers an
absorption coefficient different from that of bulk water101. Thus the overall change in () is
a collective contributions from the solvent, solute and the hydration water, which often makes
the () profile to vary non-linearly.36, 127 A careful observation of the () profile reveals
another interesting phenomenon as the () curve of pure water (buffer) intersects the curves
of the solutions. Appearance of such intersection or crossing point (CP) in aqueous solutions
has significance as it indicates that beyond the corresponding frequency limit (CP) the
solution offers higher  compared to that of the buffer. A better representation of these
intersections could be found in figure 5.3.II.1c, and it is evident that CP shifts towards higher
frequency with increasing GdmCl concentration. It is interesting to note that () profile in
the 2.4-2.8 THz frequency region shows consistently higher () for hydration water
compared to that of the bulk water.101, 102 In the frequency range of 0.1-2 THz instead, the
hydration water offers lower
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Figure 5.3.II.1. (a) The inset shows a representative THz signal in air (black), of the cell (grey) and the cell
containing 6 M GdmCl (red). The corresponding FFT spectra are shown in the main figure. (b) Frequency
dependent absorption coefficient,  of aqueous GdmCl solutions at different concentrations. The inset shows 
at 1 THz as a function of GdmCl concentration. (c) Absorption coefficient of buffer and that of 2M and 6M
GdmCl solutions. The circles demarcate the crossing points. The inset shows the crossing point as a function of
GdmCl concentration. (d) Representative fittings of r and im for aqueous GdmCl solutions using multiple
Debye relaxation model. (e) and (f) show the relaxation time scales (1 and 2) as a function of GdmCl
concentration.

() at lower frequency and beyond the CP it overwhelms the bulk water values.112 The
value of CP usually depends on the extent of hydrophobicity (or hydrophilicity) of the solute
surface. We plot the CP as a function of GdmCl concentration in figure 5.3.II.1c (inset) and it
is observed that CP increases linearly with GdmCl concentration similar to that of urea
solution. In accordance to the earlier reported MD simulation studies
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shift can be rationalized by the fact that with increasing GdmCl concentration, water
molecules experience a more hydrophilic environment as well as a change in the in the water
structure, especially in the extended collective hydration layer. A recent simulation study has
predicted GdmCl to form like-ion pairs owing to its amphiphilic nature which eventually
results in stacked structures.56 Formation of such a structure perhaps leads the water
molecules to get expelled from the surface and interact solely with the hydrophilic part of the
salt aggregates, and induces CP to suffer a blue shift.
The ultrafast collective dynamics of water in the extended hydration layer of GdmCl
has been extracted using a multi exponential Debye relaxation model (as discussed
previously). Some representative fitted curves are shown in figure 5.3.II.1.(d) and the fitting
parameters are presented in table 5.3.II.1. We observe three time scales to fit the solvent
(buffer) relaxation dynamics which are of the order of ~ 9 ps (1), 200 fs (2) and 80 fs (3).
These time scales are in excellent agreement with the previously reported results.108 The ~9
ps timescale explicitly associates the spontaneous restructuring of the hydrogen bond
network.48, 107 The ~200 fs timescale emanates from either quick jumps of under-coordinated
water128 or interaction induced components in the water relaxation mechanism129 or a small
angular rotation preceding a large angle jump.130 The ~80 fs timescale has its origin rooted to
the 60 cm-1 vibrational band due to the hydrogen-bond bending and the related transverse
acoustic phonons which propagate in a direction normal to the hydrogen bonds in between
two neighbouring water molecules.110, 111 It is important to note here that the essence of the
present investigation lies on the modification of the cooperative hydrogen bond dynamics of
water in presence of GdmCl and a consequent correlation on its protein denaturation ability.
In that respect we focus our attention on the timescales 1 and 2 only, with major emphasis to
1 and the remaining discussion is made on the basis of these two timescales only. We plot
these two timescales as a function of GdmCl concentration in figure 5.3.II.1.(e) and (f),
respectively. It is observed that 1 does not change appreciably up to 2 M GdmCl, beyond
which it decreases linearly to reach 7.7 ps at 6 M. On the other hand 2 decreases only
marginally with GdmCl concentration. The observed decrease in 1 signifies acceleration in
the hydrogen bond dynamics which correlates a possible rupture in the hydrogen bond
network in the extended hydration sheathe of the solute. This observation corroborates the
earlier notion of Gdm l to act as a water ‗structure breaker‘.45,

131, 132

The FTIR

measurements by Scott et al.45 concluded the restructuring of the water H-bond network
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which is also been strongly supported by the observed acceleration in the relaxation
dynamics.
In order to understand the influence of the cation on the observed hydration dynamics,
we extend our study to two other salts having the same anion (Cl-) and with two different
cations: a normal alkali metal ion Na+ and a more hydrophobic counterpart of guanidinium,
TMGdm+. The results are depicted in figure 5.3.II.2. It is observed that () decreases
consistently with increasing TMGdmCl concentration (figure 5.3.II.2a), a phenomenon much
in contrary to what has been observed in case of GdmCl. To obtain a more comprehensive
comparison, we plot the difference in absorption coefficient, =buffer-solution measured at 1
THz for all the three salts in figure 5.3.II.2.(b). The absorption behaviour of the hydrophobic
salt is found to be strikingly opposite compared to that of GdmCl. The gradual increase in the
 value in TMGdmCl indicates that the nature of hydration in TMGdmCl is dissimilar to
that of GdmCl. On the other hand, NaCl shows an enhanced decreasing  trend, which
confirms that, the hydration structure around NaCl is comparable to that in GdmCl, as has
previously been concluded.47 We also determine the Debye relaxation dynamics of water in
presence of these two salts. It is important to note here that TMGdmCl offers a relatively
slow relaxation dynamics,48 comparable to that obtained previously in tetramethyl urea
(TMU) solutions,97 which is of the order of 20-40 ps and is otherwise too slow to be detected
in the present frequency range. We therefore fit the relaxation dynamics with a modified
version of Debye model (chapter 2) introducing a slow relaxation term (slow). In the modified
equation 5.1 the slow and Sslow values are kept fixed in accordance with those obtained for
TMU in reference97 (see table 5.3.II.2). Although TMGdmCl is soluble in water, meaningful
fittings can only be obtained up to 1.5 M solution. We therefore report the dynamics up to 1.5
M (figure 5.3.II.2c), which, provides with a definite trend to conclude that the dynamics gets
considerably slower with increasing TMGdmCl solutions, while 2 does not change
appreciably within the error limit. The result for NaCl has been depicted in figure 5.3.II.2d
and table 5.3.II.3. NaCl shows a linear decrease in 1, while the change in 2 is only marginal.
The decreasing trend in 1 is in accordance with that of GdmCl, however, the extent of
change is greater in case of NaCl. It is also interesting to note that while for GdmCl, the
decrease essentially occurs beyond a threshold concentration of 2 M; for NaCl, the decrease
is rather linear. This difference in the trend is very much evident in the 1 (= 1,buffer -
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1,solution) vs. salt concentration profile (figure 5.3.II.2d, inset), which in turn is in good
accordance

Figure 5.3.II.2. (a) Frequency dependent absorption coefficient,  of aqueous TMGdmCl solutions at different
concentrations. (b) Difference absorption coefficient () at 1 THz for GdmCl, TMGdmCl and NaCl as a
function of salt concentration. (c) Relaxation time scales (1 and 2) as a function of TMGdmCl concentration.
(d) Relaxation time scales (1 and 2) as a function of NaCl concentration. The change in timescale (1) has
been plotted as a function of salt (NaCl and GdmCl) concentration in the inset.

with the changes observed in the () profile indicating to the similarity in the ion-water
interaction in these two salts. The DR study thus affirms that the collective hydrogen bond
dynamics around GdmCl is somewhat similar to that of a conventional electrolyte, NaCl, with
the extent of perturbation being more evident for the later. On the other hand, the dynamics is
completely different in the hydrophobic TMGdmCl and the observed retardation in the
cooperative hydrogen bond dynamics clearly indicates the formation of slow moving
hydration layer in the vicinity of the salt. The observed retardation in TMGdmCl is in
excellent corroboration to that reported by van der Post et al.48 using fs-IR pump probe
spectroscopy. It should be taken into consideration that in analogy to TMU97,
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remains a possibility of aggregation of TMGdmCl molecules which can induce the observed
retardation of the dynamics, however, on the other hand, such an aggregation is also expected

119

Chapter 5
to be opposed by the electrostatic repulsion. The DR study thus concludes that water interacts
with NaCl and GdmCl in a comparable manner, while it is markedly opposite for a more
hydrophobic molecule TMGdmCl. It thus stands interesting to investigate whether such a
trend reciprocates in their interaction with a globular protein, HSA.
We study the interaction of HSA with these salts using circular dichroism (CD)
spectroscopy and the results are depicted in figure 5.3.II.3a. The CD signal for HSATMGdmCl appears to be very noisy and least meaningful.

Figure 5.3.II.3. (a) CD at 222 nm for human serum albumin (HSA) as a function of GdmCl and NaCl
concentrations. The inset shows the  helix content (in percentage) of the protein as a function of salt
concentration. (b) Frequency dependent  of 1 mM HSA in buffer and in aqueous GdmCl solutions. The upper
inset shows the value of  at 1 THz as a function of GdmCl concentration. The lower inset shows the relative
change in  (see text) as a function of GdmCl concentration. The open symbols represent data without protein,
the closed symbols are those in presence of the protein. (c) Frequency dependent  of 1 mM HSA in buffer and
in aqueous TMGdmCl solutions. The broken lines represent the corresponding curves in absence of the protein.
The inset shows the relative change in  as a function of TMGdmCl concentration. The open and the closed
symbols represent data without and with protein, respectively. (d) Frequency dependent  of 1 mM HSA in
buffer and in aqueous NaCl solutions. The broken lines represent the corresponding curves in absence of the
protein. The inset shows the relative change in  as a function of NaCl concentration. The open and the closed
symbols represent data without and with protein, respectively.
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We therefore report the results of GdmCl and NaCl only and we plot the CD signal of HSA in
presence of these salts at 222 nm (figure 5.3.II.3a) which is particularly sensitive towards the
secondary structure of proteins.134 It appears from the figure that the CD signal at 222 nm
does not change appreciably for NaCl, however, a drastic change is observed in case of
GdmCl, especially beyond a concentration of 2 M indicating the onset of unfolding of the
protein, a phenomenon much consistent with earlier studies using the same protein.54 The
percentage of  helix content as a function of GdmCl and NaCl has been plotted in the same
figure. It is found that NaCl has no effect on the  helix content; however, GdmCl decreases
the  helix content drastically with a concomitant increase in the random coil conformation,
especially beyond 2 M GdmCl. During the unfolding process the  helix to random coil
transition eventually increases the extent of hydrophobic residues at the protein surface,
which in turn is expected to interact with the GdmCl molecules making the denatured state
stabilized. However, if the direct interaction with the hydrophobic residues would have been
the sole reason for the observed denaturation, TMGdmCl should have been expected to act as
a more efficient denaturing agent compared to GdmCl. On the contrary, it has been reported
that TMGdmCl denatures proteins at a relatively higher concentration compared to the less
hydrophobic GdmCl.48 This leads to apprehend that hydration does have finite role to play
and we investigate how the hydration dynamics of the water molecules associated with the
protein changes in presence of the salts.
The () profile of HSA in absence and in presence of GdmCl is depicted in figure
5.3.II.3b. It can be observed that absorption coefficient of HSA solution is smaller than that
of the buffer as has also been observed in earlier studies53 and corroborates the fact that high
absorbing water molecules being replaced by protein molecules. We plot  at 1 THz as a
function of GdmCl concentration in absence and in presence of HSA in figure 5.3.II.3b, inset.
It is found that HSA solution produces a smaller  compared to the buffer in all the studied
concentrations of GdmCl. To appear at a more quantitative comparison we plot the relative
change in  (given by /0 where 0 is the absorption coefficient of the buffer and =0 ) as a function of GdmCl concentration. The relative change in  is found to be negative
and becomes more prominent in presence of the protein (solid symbols), specially beyond 2M
GdmCl which exactly coincides with the protein unfolding threshold. As discussed earlier,
the measured value of  is an accumulation of several contributions arising from the buffer
itself, the solutes and the hydration shell of the solutes. The relative change in  in presence
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of the protein thus manifests a concomitant change in the collective dynamics in the
hydration layer of the protein in the presence of the salt coupled with similar changes in the
salt hydration (if any). It thus stands reasonable to argue that hydration at the GdmCl surface
has some pivotal role to play during the denaturation process. Let us now consider the effect
of the hydrophobic and less efficient denaturant, TMGdmCl (figure 5.3.II.3.(c)). The changes
seem to be very marginal and the relative changes in  in absence and in presence of the
protein are almost identical. As discussed earlier, unlike GdmCl the solvation dynamics of
TMGdm l supports a ‗structure making‘ notion and  offers a positive value. However, the
marginal changes in the /0 values in absence and in presence of the protein strongly
indicates that TMGdmCl does not alter the hydration dynamics of the protein in a significant
manner, at least in the studied concentration range. We finally investigate the trend of an inert
molecule, NaCl, which shows a relaxation dynamics comparable to that of GdmCl, however,
the former has no ability to denature proteins. As observed from figure 5.3.II.3.(d), /0 is
negative as has also been observed in GdmCl, however, the trend in presence of the protein is
completely opposite as the protein containing solution offers smaller changes compared to the
buffer solutions. The observed difference in these two salts can be rationalized in the manner:
NaCl is an inert salt which does not directly interact with the protein. Thus the changes
observed in  can safely be considered as contributions from each component taken
separately. It therefore is affirmed that the smaller negative change in /0 in presence of
the protein is due solely to the solvation dynamics associated with the protein. The scenario is
altogether different in case of GdmCl, which denatures the protein and probably associates
with a direct interaction at the protein surface. Thus the overall change in  in presence of
the protein cannot be accounted for by taking the individual contributions separately.
Denaturation of HSA essentially involves helix to coil transition, which eventually results in
the exposure of a fraction of its hydrophobic moiety to the protein surface and consequently a
considerable change in the hydration dynamics.53 An additional change can also be envisaged
at the GdmCl surface as it interacts with the protein surface. However, such a change is not
very evident in case of TMGdmCl, which rather has a more structured hydration layer
compared to GdmCl and incidentally offers a feebler denaturation power. This leads us to
conclude that the denaturation of protein with GdmCl is essentially driven by a direct
interaction, however, a certain role of the associated hydration dynamics could a priori not be
overruled.
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Table 5.3.II.1. Debye relaxation fitting parameters of aqueous solutions of GdmCl at different concentrations.

ε

[GdmCl]
(M)

(a)

S1

S2

S3

1
(ps)

2
(fs)

3
(fs)


(S m-1 )

0

1.76±0.03

71.16

0.34±0.04

1.54±0.10

8.94±0.1

227±70

74

0.20

1

1.91±0.03

62.70

0.46±0.07

1.47±0.06

9.02±0.1

233±63

86

8.02

2

1.93±0.03

54.29

0.69±0.07

1.45±0.06

8.91±0.1

222±39

86

14.63

3

1.94±0.03

46.38

0.92±0.08

1.39±0.06

8.72±0.2

218±29

84

19.20

4

2.07±0.03

38.59

1.17±0.07

1.17±0.06

8.33±0.1

204±19

86

22.82

5

2.05±0.03

33.06

1.29±0.07

1.27±0.06

8.20±0.16

207±19

86

25.22

6

2.09±0.03

27.75

1.46±0.07

1.26±0.06

7.77±0.2

200±15

86

26.01

(a) Values are taken from, J Phys. Chem. B, (2010) 114, 13617-13627.
Table 5.3.II.2. Debye relaxation fitting parameters of aqueous solutions of TMGdmCl at different
concentrations.

(b)

[TMGd
mCl]
(M)

𝜺∞

0.5

2.07±0.03

1

1.5

(b)

Ssl

ow

(c)

S1

S2

S3

slow
(ps)

1
(ps)

2
(fs)

3
(fs)

(b)


(S m-1 )

10.5

65.92

0.56±0.06

1.3±0.1

21.85

11.05±0.2

213±44

80

5.0

2.06±0.03

12.3

58.98

0.75±0.06

1.3±0.1

31.87

12.48±0.3

218±35

80

7.0

2.03±0.04

14.5

55.35

0.90±0.07

1.0±0.1

33.21

16.92±0.4

192±24

79

9.0

Values taken from: J. Am. Chem. Soc. (2010) 132, 15671-15678.

123

Chapter 5

Table 5.3.II.3. Debye relaxation fitting parameters of aqueous solutions of NaCl at different concentrations.

[NaCl]
(M)

(c)

ε

(c)

S1

S2

S3

1
(ps)

2
(fs)

3
(fs)


(S m-1 )

1

1.99

58.20

0.39±0.06

1.74±0.07

7.62±0.14

281±90

79

8.26

2

2.07

51.66

0.56±0.03

1.74± 0.08

7.04±0.11

256±55

79

11.96

3

2.05

44.97

0.67±0.03

1.86±0.08

6.63±0.10

249±43

80

16.02

4

2.07

36.58

0.86±0.03

2.05±0.06

6.46±0.12

261±33

81

21.60

5

2.05

32.83

0.89±0.03

2.30±0.06

6.01±0.04

274±35

79

22.29

Values are taken from, J. Chem. Phys. (1948) 16, 1-20.
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5.3.III. THz Spectroscopic Study Unravels why Chloride Salt of
Guanidinium is a Protein Denaturing Agent while Sulphate Salt is not.
We studied the effect of GdmCl and Gdm2SO4 on the structure of a model protein BSA. Far
UV CD spectra (figure 5.3.III.1(a)) of BSA reveal that in presence of GdmCl the protein is
completely denatured while in Gdm2SO4 there is a marginal change in the spectra upto 6 M
concentration. In presence of the two salts the full spectra are not available due to hike in
voltage. The CD at 222 nm which is related to the α-helix content is shown in figure
5.3.III.1(b). The results unambiguously indicate that GdmCl denatures the structure of BSA
whereas the Gdm2SO4 inhibits to denature.

Figure 5.3.III.1: (a) Far UV-CD spectra of BSA in sodium phosphate buffer (pH ~7) at different
concentration of GdmCl and (Inset) Gdm2SO4 solution at 20 0C. (b) CD at 222 nm of BSA as a
function of GdmCl and Gdm2SO4 solution. (c) CD at 222 nm of BSA as a function of temperature in
presence of 1M GdmCl, Gdm2SO4, Na2SO4 and in buffer. Inset shows denaturation temperature of
BSA in those solutions. (d) Representative plot for scattering intensity distribution detected by DLS of
BSA in GdmCl solution. Inset shows the hydrodynamic diameter of BSA as a function of
concentration of GdmCl and Gdm2SO4.

Thermal denaturation study shows that denaturation temperature (Td) decreases sharply for
GdmCl salt while for Gdm2SO4 the change is only moderate. As control experiments we have
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measured the Td in Na2SO4 and found an increase in the Td. Previously we reported marginal
change in thermal denaturation temperature for BSA in presence of NaCl.135 So it is the SO4
2-

ion which stabilizes the protein and protects to denature.
DLS study also supports the indifference of Gdm2SO4 in comparison to GdmCl

towards protein denaturation. As depicted in figure 5.3.III.1(d)), in GdmCl salt solution the
hydrodynamic diameter of BSA increases whereas in Gdm2SO4 it marginally decreases.
So it is clear that protein denaturation is not solely dependent on the interaction of Gdm+
cation with the protein, there is a non-negligible role of the counter ions. In our previous
results we have shown that there a definite role of water network structure and dynamics
during protein denaturation by GdmCl. Hence it is intriguing to study the effect of Gdm2SO4
on the water network structure.
We investigate with MIR-FTIR (2300-2800 cm-1) measurements to observe how
water structure behaves in presence of GdmCl and Gdm2SO4 by measuring the O-D
stretching

Figure 5.3.III.2: (a) MIR spectra of 4% D2O in buffer, GdmCl and (b) Gdm2SO4 solution. (c) Peak
frequency (νpeak) and (d) full width at half maximum (FWHM) as a function of concentration of the
salts.
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spectra (figure 5.3.III.2). For comparison solutions of NaCl and Na2SO4 were also studied.
We used 4% D2O to study the O-D stretching in presence of the salts. As depicted in figure
5.3.III.2(c) in GdmCl solution the peak frequency (νpeak) changes in a nonlinear manner
which is contrasting to the changes observed in NaCl or Gdm2SO4 salts (marginal change for
less soluble Na2SO4). For NaCl we found a gradual blue shift of the peak frequency and
decrease in FWHM (i.e. narrower band) with increasing salt concentration.135 This indicates
the strengthening of the O-D bond due to the weakening of the water-water hydrogen bonds
as the salts with high charge density ions are introduced. For GdmCl, it however suffers a
marginal blue shift up to certain concentration and beyond that it is red shifted. At lower
concentration blue shift occurs due to the weakening of water-water H-bond whereas at
higher concentration, as bulk water concentration decreases contribution of water-Gdm+
predominates resulting in the red shift due to the weakening of O-D bond (for the H-bonding
with Gdm+). For Gdm2SO4 it is throughout red shifted and the FWHM increases with
concentration. The red shift emanates from the weakening of O-D bond due to the formation
of strong H-bonds.
The long range effect of the salts has been studied by TTDS measurements. The
absorption coefficient, α (ν) in THz regime provides information of the collective H-bond
structure and dynamics of water (already discussed previously). As shown in figure 5.3.III.3,
the frequency dependent absorption coefficient, α (ν) decreases with increasing concentration
of Gdm2SO4 and the trend in α is solely different from that of GdmCl as found in the previous
section (5.3.II).

Figure 5.3.III.3: (a) Frequency dependent absorption coefficient (α) of Gdm2SO4 solution of different
concentration. (b) Absorption coefficient at 1 THz as a function of NaCl, Na2SO4, Gdm2SO4 and
GdmCl concentration.
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For better understanding we have plotted α at 1 THz as a function of Gdm 2SO4 concentration
and for comparison other salts (GdmCl, NaCl, Na2SO4) are also plotted. As depicted in the
figure for the water structure breaking salt135 NaCl the α values at 1 THz increases gradually
with concentration. For GdmCl α increases linearly upto ~2 M concentration and beyond that
no appreciable change was observed whereas for Gdm2SO4 salt α decreases with
concentration. This indicates that in presence of Gdm2SO4 more structured water forms i.e.
strengthening of H-bond occur unlike GdmCl.
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5.3.IV. Collective Hydration Dynamics in Some Amino Acid Solutions: A
Combined GHz-THz Spectroscopic Study
GHz Measurement: The real and imaginary parts of the complex permittivity of the amino
acid solutions in the 0.2-50 GHz frequency window are fitted in a double Debye model
(discussed in chapter 2). Representative fitted plots for Gly in buffer are shown in figure
5.3.IV.1(a,b). Frequency dependent real and imaginary dielectric constants for other amino
acids are shown in figure 5.3.IV.2. The fitting parameters are shown in the table 5.3.IV.3-8.
The obtained time scales and dielectric constants are in good agreement with previously
reported values involving similar amino acids.88, 89 As shown in figure 5.3.IV.1(c) the static
dielectric constants (εs) of the amino acids solutions increase with amino acid concentrations
as water molecules are replaced by more dipolar zwitterions of the amino acids.

Figure 5.3.IV.1. (a) Real and (b) imaginary permittivity, (c) Static dielectric constants (ε s) (d)
relaxation time scale (obtained in Debye fitting of GHz data ) of different amino acids in buffer (pH
7). The inset in (d) shows the 1 (= τslow) value as a function of the molecular volume of the amino
acids at a fixed concentration of 0.5 M.

In this frequency window two relaxation processes are involved: (i) a slow process
corresponding to the dipolar relaxation of the amino acid itself (slow~ 100 ps) and (ii) a faster
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Figure 5.3.IV.2. Frequency dependent Real and imaginary permittivity in the GHz region.
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one (~ 10 ps) originating near ~18 GHz responsible for the water dipole relaxation.89 τslow
increases with the size of the amino acids (figure 5.3.IV.1d, inset). The size dependent
increase can be explained using the modified Stokes-Einstein model136 which relates the
microscopic relaxation time of amino acid molecules (

) to the macroscopic dielectric

relaxation time τslow. Both the time scales are related to viscosity (η) of the solution and
effective volume (Veff) of the solute according to the following relation,
(5.3.IV.1)
Veff is related to the molecular volume (Vm) as,

, where fs is a geometrical

parameter which accounts for the deviation of the shape of a molecule from sphere and C
represents a friction parameter that correlates the macroscopic and microscopic viscosities.
We use the slow values obtained from the dielectric fittings (table 5.3.IV.3-8) and applying
infinite dilution limit (

i.e.

) in equation (3) and obtain the values of

Veff of the amino acids. From the Veff values we determine the fsC values and plot them in
figure 5.3.IV.3 (inset). The ideal value of fsC is 1 and it is found that for all the four amino
acids it deviates from 1. For Lys (1.01) and Arg (1.15) the values are slightly greater than 1
while in Gly (0.65) and Ser (0.87) it is considerably smaller. It should be noted that these
observed values are dependent on both the structure factor and the friction parameter. Gly
being a nearly spherical molecule (fs~1) the value of C is expected to be ~0.65, which is in
good agreement with the previously reported values.88 Similarly a near-spherical Ser also
produces a value less than 1. This suggests that water structuring around these amino acids
does influence its ideal rotation and is far from the stick limit.137 Arg and Lys being more like
an ellipsoid have the fs values might deviate significantly from 1, however, the values of C
change in a manner such that the overall fsC value lies in the vicinity of the ideal value of 1.
The fitting of the GHz data produces a faster relaxation timescale of ~10 ps which
corresponds to the cooperative rearrangement of water around the amino acids. We do not
observe much variation in this timescale with concentration and amino acid type. It should be
taken into consideration that this cooperative relaxation process occurs in ps to sub-ps
timescale which is too fast to be precisely estimated in the GHz frequency region. We
therefore do not discuss about this timescale, instead we carry out TTDS measurements to
probe this relaxation process (see later).

131

Chapter 5
In this context it is interesting to investigate whether the amino acid molecules
aggregate, specially at high concentrations. We found a linear increase in the relaxation
strength (S1) for all the amino acids (figure 5.3.IV.3, inset). S1 is related to the effective dipole
moment of the solute due to the dipole-dipole alignments (parallel or antiparallel).
Aggregation of amino acids would have been resulted in a nonlinear behaviour. Our results
thus indicate that the amino acids hydrate individually even at high concentrations and the
solute dipole-dipole interaction is screened by water molecules. For a quantitative
apprehension we have used the Cavell equation138 that relates the measured dielectric
relaxation strength (Sj) of the j-th relaxation process with molar concentration (cj) and
effective dipole moment (eff,j) as:
{
(

(

)

}

(5.3.IV.2)

)

where εs is the static permittivity of the solution, Aj is the shape parameter that accounts for
the shape of the relaxing particle (assuming a sphere Aj=1/3), kB is the Boltzmann constant, T
is the temperature and 0 is the permittivity of vacuum. aj and fj are the molecular
polarizability and reaction field factor, respectively.

Figure 5.3.IV.3. eff plotted as a function of amino acid concentration. The inset shows linear fits of
relaxation strength (S1) with amino acid concentrations. The other inset shows the f cC values (see text
for details) for different amino acids.
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For the solute relaxation (j=1) we assume a1 and f1 to be independent of concentration.
Effective dipole moment (

) of the solute is related to the gas phase dipole moment (μ0,1)

by the following relation,
(5.3.IV.3)
where

is an empirical factor the value of which correlates dipole-dipole orientation.
implies no orientational correlation between the dipoles while

parallel alignment and

indicates

indicates anti-parallel orientation between the dipoles.
̂

(5.3.IV.4)

̂ changes only moderately with increasing concentration of amino acids (figure 5.3.IV.3).
This indicates that hydrated amino acids approach each other at elevated concentrations and
the dipoles align antiparallel, however, they do not aggregate.89 We estimate the maximum
value of the correlation factors g1 by the following equation and the thus obtained values are
shown in table 5.3.IV.1.

It can be noted that

̂(

)

̂(

)

(

(

)

(

)

(

)

(5.3.IV.5)

) =1, as at infinite dilution there exists no correlation between

the amino acid dipoles. ̂ (

) is obtained from the intercept (y-axis) of the linear fitting of

the ̂ vs. concentration plot. cmax is the maximum concentration (maximum solubility) of each
amino acid. As the obtained g1 values are less than unity and the deviation from the lowest
concentration value (where aggregation hardly takes place) is less than 20%, we can
unambiguously conclude that there only occurs short range antiparallel ordering of the
dipoles rather than aggregation.
THz Measurement: We now discuss the TTDS results. As water molecules are replaced by
less absorbing solutes, α(ν) changes as (assuming ideal mixing of the components)
(5.3.IV.6)
where
calculate

,

are the volume fractions of the buffer and amino acid, respectively. We
using the molecular volume of the amino acids (table 5.3.IV.1)139 and

is

the absorption coefficient of solid amino acids which is very small140, 141 compared to that of
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water. The difference in the absorption coefficient (assuming ideal mixing) could be obtained
as,
(

)

(5.3.IV.7)

We plot the difference in the absorption coefficient, measured at 1 THz, as a function of
amino acid concentration (figure 5.3.IV.4a, solid symbols).

Figure 5.3.IV.4. (a) Difference in absorption coefficient of amino acids solutions with respect to that
of buffer (Δα=s-b) at 1 THz (closed symbols). The broken lines represent the values according to a
two component model assuming no hydration at the amino acid interface (see equation 8). (b) THz
slope as a function of the SASA of amino acids. The Frömmel hydrophobicity index for the
corresponding amino acid are shown in the parenthesis.

The observed  values are found to deviate from the calculated id values (broken lines).
It is therefore necessary to take into consideration a three component model where the
absorption coefficient of a solution is given as142
(5.3.IV.8)
In equation 5.3.IV.8,

and

are the absorption coefficient and volume fraction of the

solvation water associated with the solutes, respectively. Hydrated solutes associate a
dynamic hydration shell which extends up to 5-7 Å from the solute surface and offers an
absorption coefficient different from that of bulk water101. Thus the overall change in () is
a collective contributions from the solvent, solute and the hydration water, which makes the

() profile to deviate from id().127 The difference in α thus manifests the absorption of
the hydration layer around the amino acids. We notice that the extent of deviation varies with
the type of amino acids indicating the specificity of amino acid hydration. For a better
apprehension we fit Δα (at 1 THz) as a linear function of concentration and the obtained THz
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slopes143 are provided in table 5.3.IV.2. For Gly the slope is positive, while it is negative for
Ser, Lys and Arg. Asp and Trp are only mildly soluble and the obtained Δα values are not
strictly linear. Niehues et al. have previously reported a change in the THz slope (in the 2.42.7 THz range) according to the hydrophobicity scale (Frömmel) of amino acids.91 We found
that the THz slope does not exactly follow the Frömmel hydrophobicity scale65 rather it is
linear with the corresponding SASA as depicted in figure 5.3.IV.4(b). Our observation
strongly corroborates Shiraga et al.92 who reported a SASA dependent change in the H-bond
ability of glycine and analogous solutes.
Change in absorption coefficient at 1 THz provides information on the hydration state
of solutes144. In our earlier studies we have found that Δα is positive for the water structure
breaker solutes, e.g. guanidinium chloride145, alkaline metal cations135 and urea,146 whereas it
is negative for the water structure makers and hydrophobic solutes146, 147. Thus a positive 
for Gly strongly suggests that it breaks the collective water network owing to the preferential
interaction of the amine group of Gly with water.148 For the rest of the amino acids the
observed negative  unambiguously indicating the formation of ordered water network
structure around the amino acids, the extent of  being specific to the respective amino
acids and is linear to their corresponding SASA (figure 5.3.IV.4b). The overall interaction of
amino acids with water can be understood as a result of two different effects: (a) interaction
with the –COO- group, which is believed to be a structure maker and (b) interaction with the
–NH3+ group which is a structure breaker.148,

149

Recent MD simulation studies150,

151

also

suggest that the hydrophilic hydration by –COOH dominates over the less hydrophilic –NH3+.
The observed change in  as well as in the THz slope is an optimization between these two
opposing factors coupled with the hydration of the side chain of the amino acids. With
increase in SASA more water molecules get associated to hydrate the amino acids and
depending upon the polarity of the accessible surface the water-water tetrahedral network
gets stronger or weaker. This perhaps makes SASA a more accountable parameter to define
hydration over hydrophobicity.
Gly, the simplest of all the amino acids, is yet reckoned as an unusual member of the
amino acid family152. We identify an intriguing feature as the α(ν) curve of the buffer
intersects those of the Gly solutions (figure 5.3.IV.5). We plot the corresponding νcrossover145
(frequency at which the curves intercept each other) as a function of Gly concentration
[figure 5.3.IV.5 (inset)] and it is observed that νcrossover shifts towards higher frequency with
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Figure 5.3.IV.5. Absorption coefficient () of glycine solution showing the crossover with buffer.
The inset shows the crossover frequency (νcrossover) as a function of glycine concentration.

concentration. νcrossover depends on the extent of hydrophobicity of the solute surface in
interaction with solvents. Recently Heyden et al. computed the vibrational density of states of
water molecules (in the FIR region) at the surface of a model protein *6-85-repressor and they
found that the vibrational modes in contact to hydrophilic residues get 5-10 cm-1 blue-shifted
leading to a decrease in the density of vibrational modes below 55 cm-1 and an increase in the
density of states above 55 cm-1.153 In Gly also with increasing the concentration the amino
acid zwitterions orient themselves so that the hydrophilic –COOH group experiences more
water exposed. Such crossing, however, is not observed for the other amino acids, at least in
the studied frequency range. Perhaps, the frequency is too much blue shifted as observed in
the present measurement window. Arg is another interesting member in the amino acid
family. It has considerable structural similarity to that of guanidinium (Gdm+) cation,
however, shows remarkably contrasting behaviour with proteins: while Gdm+ denatures
them, Arg modestly stabilizes.154 This makes it worth comparing their hydration behaviour.
Δ of GdmCl (at 1 THz) increases linearly up to a concentration of ~3 M beyond which it
does not change appreciably, for Arg it rather decreases linearly with increasing
concentration (figure 5.3.IV.6a). This result unambiguously concludes that while Arg is a
structure maker, GdmCl is a water structure breaker. Gdm+ consists of a delocalised positive
charge that makes it highly polarisable. So water dipoles orient towards Gdm+ breaking the
intermolecular water-water H-bond network. On the other hand, for Arg the overall hydration
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Figure 5.3.IV.6. (a) Δα measured at 1 THz of GdmCl and L-Arg solutions as a function of
concentration. (b) Frequency dependent α at maximum concentration of GdmCl and L-Arg (inset) and
that of the buffer.

depends on the individual contributions of the hydrophilic guanidine and acid units, and the
hydrophobic methylene (–(CH2)3–) units. Unlike in GdmCl the guanidine unit of Arg is not
charged (at pH 7) and it forms weaker hydrogen bonds with the under coordinated water,
consequently it does not break the water network to the extent Gdm+ does. Moreover, the
hydrophobic methylene units are reluctant to interact with water molecules, consequently the
water-water H-bond around this unit becomes relatively strong. The Gly-like remaining unit
in its turn does break water network but not to the extent to overwhelm the hydrophobic
effect, this eventually enables an overall structure making notion. We also notice a νcrossover in
GdmCl solution, however, in Arg solution it is not found within the studied frequency
window (figure 5.3.IV.6b).
We fit the real and imaginary dielectric constants of water and amino acid solutions in
a multiple Debye model (see Chapter 2) and the fitting parameters are presented in table
5.3.IV.9-14. For the buffer we obtain three timescales of ~ 8.7 ps, ~ 200 fs and ~80 fs, which
are in good agreement with previous studies.108 The ~8.7 ps timescale (designated as 2) is
due to the cooperative rearrangement of the hydrogen bonded network while the component
~200 fs (designated as 3) emanates from either quick jump of under coordinated water or
small angular rotation preceding a large angle jump. 109,

155

The ~80 fs (designated as 4)

timescale has its origin near the 60 cm-1 vibrational band due to the hydrogen-bond bending
and the related transverse acoustic phonons which propagate in a direction normal to the
hydrogen bonds in between two neighbouring water molecules.110,
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resolution of our setup we do not observe much variation in 4 and would therefore make the
subsequent discussions on the other two timescales only. The results are depicted in figure
5.3.IV.7 and table 5.3.IV.9-14.

Figure 5.3.IV.7. (a) Cooperative hydrogen bond relaxation time constant (2) of aqueous solutions of
amino acids as a function of their concentration. The dotted line is the time constant for the buffer
solution. The inset shows the change in 2 (measured at maximum amino acid concentration) as a
function of the SASA of amino acid. (b) Relaxation time scale 3 corresponding to the jump
orientation of water (obtained by Debye fitting of THz data) of different amino acids solutions. The
dotted line is the time constant for that of the buffer. The inset shows the change in the timescale
(Δτ3=τsolution-τbuffer) at the maximum concentration of the amino acids.

As evident from the figure the cooperative relaxation timescale (τ2) is faster in Gly than that
of bulk water, whereas for the other amino acids it is slower. For Gly zwitterion the water-
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solute interaction is more favourable in comparison to the water-water interaction, this breaks
the water-water H-bonds and eventually the cooperative relaxation dynamics gets accelerated.
For the rest of the amino acids the increased hydrophobicity increases 2 corroborating the
structure making notion as evidenced from the absorption coefficient measurements (figure
5.3.IV.4a). We observe a good correlation between the time scale τ 2 and the SASA of
different amino acids (figure 5.3.IV.7a, inset). With increasing SASA higher number of water
molecules get excluded from the nonpolar/hydrophobic surface area of amino acids and for
thermodynamic stabilization they form stronger H-bonds with the neighbouring water
molecules to avoid minimum interaction with the hydrophobic part. This eventually retards
τ2. The relatively faster component τ3, which essentially depicts the jump reorientation
dynamics, also shows solute specific trend (figure 5.3.IV.7b): we plot the difference in
timescale 3 (=3,AA - 3,w) at the respective highest amino acid concentration in the inset of
figure 6b. It is observed that for Gly, Ser and Arg it is increased compared to that of bulk
water while for Lys, Asp and Trp, it is marginally accelerated. The quick jump motion
responsible for this timescale is highly disfavoured in Ser and Arg, which form highly
structured water around it (figure 5.3.IV.7.b), binding of water molecules with the hydroxyl
and amine groups present in the side chains of Ser and Arg perhaps hinders this motion.
The timescales and the relaxation strengths obtained from the TTDS measurements
can be used to estimate the overall hydration state in the solutions. We observe that the
relaxation strength S2 mostly tends to decrease with increasing concentration of amino acids
(table 5.3.IV.9-14). This can be explained by three possible effects: 156 i) hydrogen bonded
(HB) bulk water is replaced by amino acids, ii) HB hydration water around amino acids is
dynamically retarded, and iii) amino acids perturb a fraction of water molecules by breaking
hydrogen bonds and create non hydrogen bonded bulk water (NHB), which is manifested in
the changes in the timescales 3 and 4. The molar concentration of bulk water (Cbulk) can be
calculated by the relaxation terms obtained in Debye fitting using the following relation 92,
(5.3.IV.9)
where

and

represent the relaxation strengths in solution and water respectively,

the density of water and

is

is the molecular weight of water. Molar concentration of

hydrated water (Chyd) is obtained by,
(5.3.IV.10)
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where

is the molar concentration of total water for a particular concentration (say, C) of

the solute. The NHB water population is consequently obtained as,
(5.3.IV.11)
We plot the molar concentrations Chyd and CNHB for different amino acids in figure 5.3.IV.8.

Figure 5.3.IV.8. Concentration of hydrated (Chyd) and non-hydrogen bonded (Cnhb) water molecules
of different amino acids.

We found an increase in the Chyd as the SASA of the amino acid increases while the trend is
opposite for CNHB. The increase in the Chyd with SASA is intuited as more water molecules
interact with the side chains of the amino acids. The Chyd obtained for Gly is in good
agreement with previously reported value by Shiraga et al.92 Gly contains the amino acid
backbone only and its hydration is due only to the terminal NH3+ and COO-. It has previously
been observed that with increasing hydrophobic chain length in Gly, Chyd increases. In our
study, the amino acids used contain both hydrophilic as well as hydrophobic parts. Thus the
linear increase in Chyd, as observed by Shiraga et al.92 for analogous amino acids, are not
obvious in the present case. For example, the Chyd for aminobutyric acid (Aba) and norvaline
(n-Val) (with corresponding SASA of 275 and 306 Å) is higher compared to those of Lys and
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Arg containing relatively higher SASA. The hydration in Aba and n-Val is purely
hydrophobic in nature while in Lys and Arg it receives contribution from both, e.g. the polar
SASA of Arg is higher than that of Lys and accordingly the latter has a slightly lower C hyd
compared to the former. CNHB is higher for Gly, which corroborates with the  measurements
showing the structure breaking notion of the amino acid. For the other amino acids, it
decreases monotonously with increasing SASA. As described earlier, Lys and Arg contain a
considerable portion of polar SASA which can induce structure in surrounding water, and is
therefore can overwhelm the disruption of HB network by hydrophilic Gly.157

Table 5.3.IV.1. Molecular volume of amino acids
Amino acid

Molecular volume
(Å3)#

τslow
(ps)*

g1*

Gly

60.1

55.1

0.78

Ser

89.0

104.8

0.81

Arg

173.4

200.1

0.85

Lys

168.6

222.02

0.88

* Obtained at the maximum concentration of the amino acid.
# Zamyatnin, A. A. Protein volume in solution. Progress in biophysics and molecular biology 1972, 24, 107-23.

Table 5.3.IV.2. The SASA and hydrophobicity according to Frömmel scale
SASA (Å2)

Hydrophobicity

THz slope

Gly

217.9

0

2.7000

Ser

253.4

-0.27

-6.8400

Asp

281.2

0.28

Lys

355.3

1.04

-16.4200

Arg

388.3

0.64

-33.1200

Trp

406.9

2.55

Amino acid
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Table 5.3.IV.3. Debye fitting parameters in the GHz region of Gly solutions
[Amino acid]
(M)
0

ε∞

Sslow

Swater

5.41

-

71.88

0.1

3.90

8.96

70.31

0.5

4.41

20.1

67.03

1

4.68

36.55

60.49

1.5

3.94

51

58.3

2

4.98

2.5

4.66

65.13

55.84

78.97

52.12

1
(ps)
-

2
(ps)
8.98

σ
(S m-1)
0.64

27.49

9.36

0.63

37.69

9.23

0.62

39.00

9.10

0.72

46.08

9.12

0.60

52.43

9.26

0.49

55.11

9.15

0.57

Table 5.3.IV.4. Debye fitting parameters in the GHz region of Ser solutions
ε∞

[Amino acid]
(M)
0.2

6.10

0.5

6.69

1

8.60

1.5

8.08

2

7.14

Sslow

Swater

7.84

70.11

16.91

66.65

31.86

59.6

45.88

56.42

63.38

53.08

1
(ps)
65.05

2
(ps)
8.98

σ
(S m-1)
0.58

67.31

8.92

0.54

75.24

8.74

0.51

86.86

8.91

0.44

104.76

9.47

0.36

Table 5.3.IV.5. Debye fitting parameters in the GHz region of Arg solutions
ε∞

[Amino
acid]
(M)
0.10

5.15

0.20

5.73

0.30

6.11

0.40

5.70

0.50

6.46

Sslow

Swater

8.64

71.25

16.16

69.33

23.35

66.87

30.26

65.19

37.19

62.69

1
(ps)

2
(ps)

σ
(S m-1)

157.23

9.43

0.67

168.44

9.72

0.64

180.65

9.54

0.64

189.75

9.46

0.63

200.14

9.51

0.62

Table 5.3.IV.6. Debye fitting parameters in the GHz region of Lys solutions
ε∞

[Amino acid]
(M)
0.20

5.79

0.40

6.51

0.5

6.62

0.80

6.75

0.97

7.02

Sslow

Swater

15.19

70.01

29.31

66.04

38.31

63.5

56.23

60.23

66.73

57.59
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1
(ps)
145.78

2
(ps)
9.44

σ
(S m-1)
0.25

164.54

9.74

0.32

176.64

9.52

0.38

203.72

10.63

0.44

222.02

11.05

0.47
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Table 5.3.IV.7. Debye fitting parameters in the GHz region of Asp acid solutions
ε∞

[Amino acid]
(M)
0.005

5.10

0.01

3.99

0.02

3.74

0.03

4.56

0.033

4.10

S1

S2

71.71

1.95

72.43

8.13

72.57

7.31

71.23

3.62

69.75

5.79

1
(ps)
9.36

2
(ps)
3.11

σ
(S m-1)
0.61

10.28

1.44

0.61

10.24

1.31

0.58

9.95

2.26

0.53

10.07

2.35

0.53

Table 5.3.IV.8. Debye fitting parameters in the GHz region of Trp solutions

S1

S2

1
(ps)

2
(ps)

σ
(S m-1)

4.00

73.04

4.3

9.83

1.50

0.15

0.02

4.01

73.21

3.74

9.76

1.27

0.15

0.045

3.97

3.97

9.71

1.24

0.16

[Amino acid]
(M)

ε∞

0.01

72.7

Table 5.3.IV.9. Debye fitting parameters in the THz region of Gly solutions
[Amino
acid]
(M)
0

ε∞

S1

1.94±0.03

S2

S3

S4

71.41

3.67±0.2

3.28±0.1

1
(ps)

2
(ps)

3
(fs)

4
(fs)

8.68±0.06

211.2±35

80

0.1

1.89±0.03

8.96

70.31

0.48±0.05

1.49±0.1

27.49

9.01±0.07

223.8±40

78

0.5

1.82±0.04

20.10

66.90

0.52±0.06

1.59± 0.1

37.69

8.77±0.08

218.7±45

78

1

1.86±0.03

36.55

60.49

0.55±0.06

1.50±0.1

39.00

8.38±0.07

212.8±35

77

1.83±0.03

51.00

58.30

0.57±0.06

1.52±0.12

46.08

8.40±0.08

216.0± 40

77

2

1.85±0.03

65.13

55.84

0.63±0.04

1.63±0.1

52.43

8.42±0.09

231.4±30

77

2.5

1.82±0.04

78.97

52.12

0.65±0.04

1.71±0.1

55.11

8.26±0.1

237.2±34

77

1.5

Table 5.3.IV.10. Debye fitting parameters in the THz region of Ser solutions
[Amino
acid]
(M)
0.2

ε∞

S1

S2

S3

S4

1
(ps)

2
(ps)

3
(fs)

4
(fs)

2.06±0.02

7.84

70.11

0.72±0.04

1.09±0.04

65.05

8.94±0.08

339.4±34

80

0.5

2.07±0.02

16.91

66.50

0.89±0.04

1.15±0.04

67.31

8.99±0.09

341±32

80

1

2.14±0.02

31.86

59.6

0.87±0.05

1.20±0.05

75.24

8.88±0.12

350.3±36

80

1.5

2.09±0.02

45.88

56.42

0.96±0.05

1.26±0.05

86.86

8.88±0.12

366.3±33

80

2

2.03±0.02

63.38

53.08

0.97±0.06

1.27±0.06

104.76

9.07±0.16

355.6±0.04

80
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Table 5.3.IV.11. Debye fitting parameters in the THz region of Lys solutions

1.50±0.12

1
(ps)
135.00

2
(ps)
9.01±0.07

3
(fs)
210.5±32

4
(fs)
80

0.49±0.06

1.43±0.12

145.78

9.29±0.08

214.5±42

80

66.04

0.50±0.07

1.45±0.12

164.54

9.14±0.07

209.1±41

80

43.02

63.5

0.48±0.06

1.46±0.12

176.64

9.01±0.08

215.1±43

80

1.85±0.03

49.08

62.05

0.53±0.04

1.573±0.1

189.85

9.05±0.08

227.6±0.04

80

0.8

1.85±0.03

56.23

60.23

0.56±0.04

1.545±0.1

203.72

9.19±0.09

227.1±36

80

0.97

1.82±0.03

66.73

57.59

0.56±0.04

1.68±0.09

222.02

9.25±0.1

222±43

80

[Amino
acid] (M)

ε∞

S1

S2

S3

S4

0.1

1.87±0.03

9.89

71.78

0.48±0.06

0.2

1.91±0.04

15.19

70.01

0.4

1.90±0.04

29.31

0.5

1.89±0.04

0.6

Table 5.3.IV.12. Debye fitting parameters in the THz region of Arg solutions
[Amino
acid]
(M)

ε∞

S1

S2

S3

S4

1
(ps)

2
(ps)

3
(fs)

4
(fs)

0.1

1.84±0.03

10.13

71.39

0.71±0.12

1.28±0.06

193.70

9.79±0.22

414.8±90

81

0.2

1.88±0.02

16.16

69.33

0.72±0.05

1.28±0.04

168.44

9.70±0.12

374.4±50

81

0.3

1.93±0.02

23.35

66.87

0.66±0.04

1.19±0.05

180.65

9.43±0.12

339.5±44

81

0.4

2.00±0.02

30.26

65.19

0.86±0.04

1.16±0.04

189.75

9.88±0.1

358.5±29

81

0.5

1.90±0.02

37.19

62.69

0.71±0.04

1.17±0.04

200.14

9.78±0.12

361.1±81

81

Table 5.3.IV.13. Debye fitting parameters in the THz region of Trp solutions

0.99±0.5

1
(ps)
9.43±0.10

2
(fs)
144.66±60

3
(fs)
82

0.73±0.03

1.03±0.5

9.38±0.09

147.17±54

82

73.89

0.32

1.90

9.53±0.20

265.54±56

82

73.79

0.82

1.00

9.37±0.09

142.60±56

82

2
(fs)

3
(fs)

ε∞

[Amino
acid] (M)
0.01

S1

S2

S3

1.90±0.1

74.45

0.80±0.02

0.03

1.96±0.09

74.17

0.04

1.74±0.09

0.048

1.89±0.09

Table 5.3.IV.14. Debye fitting parameters in the THz region of Asp solutions
ε∞

S1

S2

S3

1
(ps)

[Amino
acid]
(M)
0.005

2.07±0.03

71.58

0.70±0.02

0.77±0.03

8.50±.04

192.32±14

80

0.010

2.22±0.05

77.55

0.98±0.01

0.45±0.2

9.12±0.04

157.59±19

80

0.020

2.16±0.04

76.91

0.89±0.1

0.53±0.1

9.39±0.04

166.77±19

80

0.030

2.19±0.06

73.29

1.20±0.1

0.12

8.97±0.04

137.48±21

82
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5.4. Summary
We studied the collective hydration of water in the vicinity of various ‗protein denaturing
agents‘ (urea, GdmCl and their derivatives) in the 0.3-2.0 THz frequency range and found a
distinct change in comparison to the stabilizing agents. By fitting the real and imaginary parts
of the complex dielectric constants in Debye relaxation model, it was found that the
cooperative relaxation dynamics of water gets faster beyond a ‗threshold‘ salt concentration
where almost all globular protein denaturation occurs. This indicates that water network has a
pivotal contribution to the denaturing process of proteins.
How different amino acids modify the water network has been revealed by combined
GHz-THz frequency spectroscopic investigation. From GHz study we observe that the
molecular rotation of amino acids correlates their respective molecular volume. Also it is
concluded that amino acids do not usually aggregate even at high concentrations. From THz
study we found that Gly is a water structure breaker while the other amino acids are structure
makers. Consequently Gly accelerates cooperative hydration, while the others retard. Our
results establish that hydration of amino acids depends both on its hydrophobic as well as its
hydrophilic nature of side chains. The present study to understanding individual hydration of
amino acids is a step forward towards rationalizing the complex hydration behaviour of
proteins. Our study will pave the key understanding of how individual hydration contributes
towards to overall hydrophobic hydration of small poly-peptides and proteins.
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6

This chapter reveals the effect of polyethylene glycols (PEG) of different chain lengths (M n 400 and
4000) and their monomer ethylene glycol (EG) on the enzyme efficiency of a model protein hen egg
white lysozyme (HEWL) at pH 7 and 20 ºC. Micrococcus lysodeikticus (M. Lys.) cell has been used
as a substrate. We have found a critical concentration of the osmolytes up to which the enzyme
efficiency enhances and beyond that concentration it loses its activity. The structure and the local
environment of the active site of lysozyme have been detected in presence of the osmolytes by using
CD, fluorescence measurements. We have observed an interesting correlation between the thermal
unfolding temperature (Tu) and the enzyme activity and found a minimal activation energy barrier
for the critical concentration by analysing the catalytic parameters. There is a competition between
excluded volume effect and soft interaction with HEWL and PEG and we found a reflection to the
enzyme efficiency.

6.1. Introduction
Proteins and their functions are endlessly fascinating in living cell where upto 40% (w/v)
volume is occupied by different macromolecules, e.g., ribosome, microtubules, intermediate
filaments, nucleic acids etc. as well as some small cosolutes like glucose, salts, amino acids
etc.1,

2

It excites the curiosity to study protein in such crowded environment and to mimic

such intracellular as well as extracellular compartments some synthetic polymers (e.g.
dextran, ficoll, polyethylene glycol), and small molecules (e.g. sucrose, glycerol, TMAO) as
well as proteins are often used to investigate how the structure, thermal stability, hydration
and function or activity of proteins are modified under crowded environments.3-6 Until
recently such studies were mainly been concerned with the excluded volume effect which can
explain the compaction of protein due to minimize steric overlaps.7-9 In terms of
thermodynamics, excluded volume effect results in a loss of configurational entropy of a
protein under crowded environment.10 However, this theory finds incompetency rationalate
several in vitro studies which involve protein-crowder (or cosolutes) interactions which are
still believed to be nonspecific in nature.11 Recent studies have revealed that protein
stabilization in presence of cosolutes is governed mainly by enthalpy rather than entropy,
indicating specific interactions with proteins to govern predominate beyond the hard core
repulsion.12, 13 In an exciting recent study it is revealed that injected macromolecules inside a
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cell did not show compactness in accordance to the excluded volume notion.14 The authors
concluded that in real cellular environment it is the attractive, nonspecific interactions that
counteract the excluded-volume effect. In this notion study of enzyme activity in crowded
milieu has expressed as a fascinating topic of research.15, 16 It is not very trivial to predict the
effect of different crowding agents or cosolutes on the activities of enzymes which eventually
is example specific in nature. For amphiphilic crowders there remains always a competition
between preferential hydration and preferential binding with protein residues.17 In a previous
study18 the catalytic activity of α-chymotrypsin found to be retarded in presence of PEG 400
and terms of both catalytic parameters KM and kcat reduced. The phenomenon is believed to
be governed by the osmolytic effect exerted by PEG causing a depletion of hydration shell
and a consequence loss of water activity. Recently Shahid et al19 reported that lysozyme is
stabilized in presence of dextran 70 and ficoll 70 while its activity on M. lysodeikticus
decreases with the increasing concentration of both the crowders. They ascribed the retarded
activity in terms of the volume exclusion and increase in the viscosity which regulates the
diffusion or encounter rates of enzymes and substrates. The authors also found that Km does
not depend on the shape and size of the crowders while that of Kcat does. A similar decrease
in the catalytic activity of alkaline molten globular 5-aminolevulinate synthase in presence of
osmolytes and macromolecular crowders (TMAO, glycerol, dextran 200, ficoll 400) has
recently been reported.20
Unlike conventional crowding agents PEGs are of special mention as they can exert
either or both soft interaction (H-bonding, van der Waals force or hydrophobic interaction) as
well as excluded volume effect. The mode of interaction switches depending on the chain
length and concentration of the PEG as well as the nature of protein. Senske et al. observed
that in (wild type) ubiquitine the excess enthalpy of unfolding (ΔΔHu) increases (similar to
glucose, dextran) while its melting temperature (Tm) decreases (similar to urea) in presence of
PEG 20. This observation leads to the conclusion that PEG behaves as an intermediate
between being a stabilizing osmolyte (preferential hydration) and a denaturant (preferential
binding).13 In our previous study we also noticed an unusual thermal destabilization of human
serum albumin in presence of PEG 200 and 400. We found a PEG induced decrease in the
vant Hoff enthalpy and an increase in entropy of unfolding (ΔS).21 We proposed a polymerprotein interaction to switch from being non-interacting or weakly repulsive (as osmolyte) to
interacting (as a non-specific ligand) with progressive increasing of PEG.21,

22

This result

intrigues to study how the enzyme activity changes with the chain lengths of PEGs. We
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therefore take up the study to investigate the activity of a model enzyme lysozyme on
Micrococcus lysodeikticus (M. lys.) cell in presence of the monomer EG and polyethylene
glycols of varying chain lengths (400, 4000) in dilute to high concentration regions.
Hen egg white lysozyme (HEWL) is a single chain polypeptide of 129 amino acids
cross-linked with four disulphide bridges (see details in chapter 2).23 Substrates bind in this
cleft and are hydrolyzed under the action of key residues Glu35 and Asp52 (Trp62, Trp63,
Asp101, Trp108 are involved in substrate binding)24, in the active site of the protein.
Lysozyme catalyses the hydrolysis of β (1→4) glycosidic bond between N-acetyl
glucosamine (NAG) and N-acetyl muramic acid (NAM) which form the backbone of many
bacterial cell walls.25 In the initial step lysozyme attaches to the large surface cell wall mostly
driven by electrostatic interaction.26 The mechanism shown in the scheme is proposed by D.
J. Vocadlo et al.27

Scheme 6.1: Mechanism of lysozyme function as proposed by D. J. Vocadlo et al. [Source: Wikipedia]

In a previous study Malzert et al. have reported that lysozyme activity on M. Lys. cell
wall hardly changes in presence of PEG 400, 2000, 5000 upto 0.02% (w/v).28 However the
authors measured the activity after incubating lysozyme and the cell solution for 4 hrs at 37
°C., thus information on real time changes is not evident in the study. It therefore stands
concerned here the addition of PEG changes the real time activity of lysozyme.

6.2. Materials and Methods
Ethylene glycol (EG), polyethylene glycol (PEG 400 and 4000), lyophilised powder of hen
egg white lysozyme (HEWL) [Mw 14.31 kDa29, molar extinction coefficient30, ε280nm=36000
M-1cm-1], lyophilized Micrococcus lysodeikticus (M. lys.) cell were purchased from SigmaAldrich and used without further purification. The samples were dissolved in 10 mM sodium
phosphate buffer of pH ~7.4. Enzyme activity measurements were performed by turbid
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metric method using UV visible spectroscopy (Shimadzu UV-2450 spectrophotometer). The
absorption at 450 nm of the turbid solution of M. lys. cell was recorded with time
immediately after mixing with lysozyme. The structure of lysozyme was measured by
circular dichroism spectroscopy (JASCO J-815) both in Far and near UV range to probe the
secondary as well as tertiary structure of the enzyme respectively. Steady-state emission was
measured using a quartz cuvette with 1 cm path length in Fluorolog fluorimeter (Horiba-Jobin
Yvon, Edison, NJ) with a Peltier attachment (MODEL LFI-3751) to control the temperature.
To rule out the emission of tyrosine or phenylalanine lysozyme was excited at 299 nm to
study the tryptophan (Trp) emission only.
Following is the simplest mechanism to show enzyme (E) kinetic reaction on a
substrate (S) to form a product (P):
(6.1)
where ES is the enzyme-substrate complex and ES# is an intermediate transition state before
product formation. At a fixed lysozyme concentration (0.1 µM) we measured the initial rate
(V0) varying concentration of substrate (S) and found that it follows the Michaelis-Menten
equation (details are found in chapter 2). We have plotted enzyme catalytic efficiency
(kcat/KM) as a function of crowding agent concentration.

6.3. Results and Discussions
Lysozyme Activity Measurement
The rate of hydrolysis catalysed by the HEWL is found to be dependent on the concentration
of the added EG, PEG 400 and PEG 4000 (figure 6.3.1a). The initial rate of hydrolysis (V0)
increases in the low concentration region (~2% w/v) of all the cosolutes, however it decreases
at higher concentration (figure 6.3.1b). We have previously reported such enhancement in
activity of

α-chymotrypsin

(CHT)

in

presence

trimethylammonium bromide (DTAB) solution.

31

of

low

concentration

dodecyl-

6% enhancement in enzyme activity has

been reported by Pancera et al.32 However the activity has been found to lower in presence of
PEG 1500 and 4000. A 20% increase in the activity of glucose-6-phosphate dehydrogenase
was reported to by Pancera et al. in presence of 20 % (w/v) PEG 400 and 4000 solutions.33
The present bell shaped activity profile is intriguing and we try to investigate the factors
responsible for such concentration dependency.
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Figure 6.3.1. (a) A representative plot of lysozyme (0.1 µM) catalysed substrate (M. Lys. cell)
concentration (obtained from O.D. at 450 nm) as a function of time in presence of PEG 400 in buffer
of pH 7 at 20 °C. The linear fit has been shown by solid line. (b) Representative Lineweaver Burk
(LB) plot in different concentration of PEG 400. (c) Initial relative rate of hydrolysis of M. Lys. cell
wall in presence of different concentration of EG, PEG 400 and PEG 4000 at room temperature (pH
7). (d) Enzyme efficiency (kcat/KM) in presence of different concentration of EG, PEG 400 and PEG
4000.

For a quantitative understanding of the activity we measure substrate concentration
(8-120 mg l-1) dependent rate of reaction at a fixed lysozyme concentration (0.1 µM) in
absence and in presence of the PEGs and EG (1-20% w/v). The kinetics is found to follow the
Michaelis-Menten mechanism34 in the entire concentration region. The double reciprocal LB
plots show good linear fits (figure 6.1.1c) and from the slope and intercept of this fitting we
calculate the catalytic parameters (Table 6.3.1). The obtained KM (80.88±9.67 mg l-1) and kcat
((1.03± 0.12) 107 mg l-1 s-1 M-1 in buffer solution are in good agreement with earlier report19.
The enzyme efficiency as defined by the ratio kcat/KM, increases initially to reach a maximum
value at ~2% (w/v) beyond which it decreases with increasing concentration of both the
PEGs and EG (figure 6.3.1.d). The value of KM associates with the dissociation constant of
the enzyme-substrate (ES) complex; larger is the value of KM, weaker is the binding. In
presence of EG KM decreases upto 2% concentration indicating a strong E-S complex
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formation which eventually weakens at higher EG concentration as KM also increases (table
6.3.1). The kcat value is higher than that in buffer and exhibits a rather non-regular trend. In
PEG 400 and 4000 also smaller KM values infer stronger E-S binding; at higher concentration
kcat decreases overwhelmingly which consequently decreases the overall enzyme activity
(kcat/KM).
Secondary and Tertiary Structure from CD Spectra
Crucial to the understanding of enzyme activity is its structure and conformation, although
this is not the sole factor to govern the overall activity. The far UV (190-260 nm) CD spectra

Figure 6.3.2. Far (left) and near UV CD spectra (right) of lysozyme in presence of EG, PEG 400 and
4000 at 20 C, pH 7.4.

(figure 6.3.2 & 6.3.3.a) of HEWL reveal only minimal change in the spectral feature in
presence of EG, PEG 400 and 4000. At 20 °C the native structure of HEWL contains 32% α-
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helix, 19% β-sheet, 18% β-turn and 31% random coil conformation35. In presence of EG and
PEG 400 a marginal change in the α-helix content is observed whereas in presence of PEG
4000 the α-helix content is increased by 5%. This result can be explained on the basis of the
excluded volume model. As lysozyme (hydrodynamic diameter, dH ~4 nm) is comparable in
size with PEG 4000 (dH ~3.3 nm) while PEG 400 (~0.9 nm) and EG are comparatively
smaller, the native protein is excluded from the PEG 4000 whereas smaller EG and PEG 400
interacts preferentially with lysozyme.36, 37

Figure 6.3.3. (a) CD at 222 nm (b) Molar elipticity at 286 nm of Lysozyme (in buffer of pH 7, 20 C)
in presence of different concentration of EG, PEG 400 and PEG 4000.

The near UV CD region (250-300 nm) is the ‗fingerprint‘ domain to determine
protein‘s tertiary structure.38 The CD peaks in this region are associated with the aromatic
residues, usually, phenylalanine (254, 256,262, 267 nm), tyrosine (276, 283 nm), tryptophan
(280-295 nm) disulfide bonds.39 The band observed near 292 nm (figure 6.3.2) is due to
Trp108 which provides with direct insight into the active site of lysozyme.40 Figure 6.3.2
shows that as EG, PEGs are introduced into the lysozyme solution the overall spectral
features do not change abruptly compared to that in the buffer solution. This indicates that the
global tertiary structure of the lysozyme remains almost intact in presence of the cosolutes at
least in the studied concentration range. We measure the molar ellipticity of the enzyme and
plot it as a function of cosolutes concentration (figure 6.3.3b). We found that while in EG the
molar ellipticity increases in the PEGs it decreases gradually. This indicates that EG acts as a
stabilizer whereas PEGs marginally destabilize the tertiary structure of the protein.
CD measurements thus affirm that the structure of the enzyme is not abruptly
perturbed within the studied PEG concentration region; however, there occurs a definite
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modification in the conformation and or flexibility/rigidity of lysozyme that could in its turn
affect the enzyme activity. It is however difficult to specifically correlate this modification in
structure with the enzyme activity.
Intrinsic Fluorescence Measurement to Probe Local Environment
HEWL contains six intrinsic Trp residues among which Trp62, Trp63 and Trp108 are present
in the active site to bind the substrate while Trp28, Trp111 are present in the hydrophobic
core therefore being less solvent sensitive. Trp123 is mostly exposed to the solvent. Almost
80% fluorescence of lysozyme is due to the Trp62 and Trp108 residues since the emission of
Trp63, Trp111, Trp123 residues are quenched by the nearby disulphide linkages of Cys76Cys94 and Cys6-Cys127.41

Figure 6.3.4. (a) Fluorescence emission spectra (excited at 299 nm) of HEWL (0.4 µM) in presence
of EG, (b) PEG 400 and (c) PEG 4000. (d) Relative fluorescence intensity at 347 nm as a function of
concentration of EG, PEG 400 and PEG 4000. (Inset) hange in emission peak (Δν max) with respect to
buffer as a function of concentration of EG, PEG 400 and PEG 4000.
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As shown in figure 6.3.4(d) the relative fluorescence intensity (F/F0) increases with
increasing concentration of EG whereas a nonlinear trend in the intensity is observed for PEG
400 and 4000 solutions. In a recent study Singh et al have explained the fluorescence
quenching of Trp-HEWL in presence of Dextran (6, 40, and 70), Ficoll 70, and PEG 8000.42
On the basis of the excluded volume effect that modifies the protein to be conformationally
more compact in a way that the neighbouring amino acids gets in close vicinity to the Trp
residues (mainly Trp62, 108). The authors also reported nominal quenching for PEG 8000 as
it exerts lower excluded volume effect in comparison to the other crowding agents (dextran,
ficoll). In the present study also we have found a marginal increase in the fluorescence
intensity upto ~2% (w/v) concentration of PEG 400 and 4000 and then it decreases with
increasing concentration. The observation can be explained in the manner that shorter chain
PEGs exerts relatively lower excluded volume effect. In PEG solution several counter
interacting effects coexist i) excluded volume effect ii) nonspecific interaction with protein
and iii) lowering of the local solvent polarity or dielectric constant as experienced by the
probe. The latter two factors are likely to increase the fluorescence intensity.22 In the low
concentration region the lowering of solvent polarity factor acts predominantly whereas at
higher concentrations the excluded volume effect overwhelms. For the EG the excluded
volume effect is minimal and consequently we observe increase in the fluorescence intensity
(figure 6.3.4d). This result corroborates the near UV-CD study (figure 6.3.3) where we have
found contrasting spectral change in EG and PEGs.
Thermal Stability of Lysozyme
Study of the thermal denaturation process of a protein is reliant on the structural
conformation and interaction of the protein with cosolutes.43, 44 Mann et al. have reported that
lysozyme activity gets enhanced significantly in presence of ethanolammonium formate
(EtAF) which induces with thermal stability of the protein.39 We measure temperature
dependent (20-90 0C) fluorescence spectra of lysozyme in absence and in presence of the
cosolutes. From the first derivative plot of the change in intensity (at 350 nm) we obtain
unfolding temperature Tu (figure 6.3.5). The value in buffer solution (table 6.3.4) is in good
agreement with the previous literature.45
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Figure 6.3.5. (a) Representative plot for fluorescence intensity of lysozyme at 350 nm (excited at 299
nm) as a function of temperature in presence of different EG solutions. Inset shows first derivative
plot.

We observe a noticeable increase in Tu upto ~2% (w/v) concentrations in all the cosolutes
followed by a drop in Tu (figure 6.3.5). Such nonlinear bell shaped trend in Tu in lysozyme
and ribonuclease A has previously been reported in presence of betaine

46

. The observed

result can be rationalized on the basis of a trade-off between preferential hydration and
preferential binding, and an optimization between the associated enthalpy and entropy
changes. EG, PEG 400, PEG 4000 can act as both H-bond donor as well as acceptor to both
protein and water due to the presence of –OH group and ethereal oxygen (-O-). On the other
hand their hydrcarbon moiety can interact with the hydrophobic residues of the protein. At
lower concentration PEGs render modest thermal stability to lysozyme following the
excluded volume effect while at higher concentration the PEGs might offer favourable
preferential interaction with the unfolded form of the protein and thereby decreasing the Tu. 44
The excluded volume effect diminishes as the hydrophobic side chains of protein get exposed
upon unfolding and interact favourably with the hydrophobic part of the polymer rather than
water interaction. The trend in Tu extracted from the active site emission mostly corroborates
well with the change in enzyme activityas shown in the previous section.
For a better insight we consider a two state denaturation process of the protein
according to the following equilibrium,
where N and D stands for native and denatured state of protein respectively. The
equilibrium constant (K) of the process is related to the native fraction (fN) by the following
equation,
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(6.2)
(6.3)
where FT, FN and FD represent the fluorescence intensity at temperature T, in native state and
complete denaturation state, respectively. The Gibbs free energy change for the unfolding
process is given by,

, where R is the gas constant.

The vant Hoff enthalpy change (ΔH) for the process is obtained from the following equation,
(

)
(

(6.4)

)

The corresponding entropy change (ΔS) is obtained as,
(6.5)
Vant Hoff enthalpy is often obtained from calorimetric measurement which reckons the
global unfolding of the protein.21, 47

Figure 6.3.6. (a) ΔTm and (b) ΔHm, (as defined in the text) as a function of EG, PEG 400 and PEG
4000 concentration during thermal unfolding of HEWL. Dashed line represents for buffer.

The calculated van‘t Hoff enthalpy change (ΔH) for the unfolding process (at Tm where ΔGu
is zero) are shown in figure 6.3.6 for different concentration of EG and PEGs. We observe a
lowering of ΔH in the lower concentration region while increase at higher concentration of
the cosolutes. During thermal denaturation of protein in buffer solution we find positive value
of 61.63±3 kJ/mol which is quite expected as the H-bonds between amino acids (besides the
other weak interaction) break we would expect a positive value of ΔH. Now while
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introducing the cosolutes we observe (figure 6.3.6) a less positive value of ΔH than that in
buffer (i.e., ΔΔH <0,

) This indicates that less number of intra

H-bonds breaking occurs due to the cosolute effect. In the low concentration region
preferential hydration dominates over preferential binding, as a consequence there is a very
little contribution in enthalpy due to the formation of protein-cosolute inter H-bonds. For the
higher concentration regime of the cosolutes the scenario becomes just opposite. Then the
protein‘s intra H-bonds breaking occurs more on account of the preferential binding of the
cosolutes with the protein. As a result, ΔΔH becomes positive with respect to buffer. Simon
et al. group previously found such positive value of ΔΔH (with lowering of Tm) in 10-20%
PEG solution for the ubiquitin protein.13
Energetics for the Enzyme Catalysis Reaction
The conventional lock and key model of enzyme catalysis has been modified by an inducedfit model which suggests that the enzyme (E) is putatively not rigid; rather it can adapt its
structure to fit the substrate (S). When the substrate binds, the energy of binding causes the
enzyme to alter its conformation to form catalytically competent state (ES#). The dissociation
constant (Kd) of the complex ES, can be equated to the KM. The corresponding free energy
change can be written as48
(

)

(6.6)

GM relates to the ‗entrance channel‘, which controls the access of substrate and solvent
towards the active site of enzyme49 as E and S react to form the ES complex. For the
favorable interaction of E and S, the value of GM becomes negative. ES then reaches ES# at
the expense of a free energy change G# given as,
(

)

(6.7)

where kB is the Boltzman constant and h is the plank constant. The formation of ES# indicates
an ―exit channel‖, which controls the release pathway of unreacted substrate and product
formed after the reaction, as ES# is cleaved to form the products. The net free energy change
for the formation of ES# is given by,
(

)
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Scheme 6.2: Representative plot showing free energy change of lysozyme (Enzyme, E)-substrate (S)
reaction.

We notice that in EG, ΔGM becomes more negative upto 2% (w/v) concentration beyond
which it increases indicating disfavoured with respect to buffer (figure 6.3.7).

Figure 6.3.7. (a) ΔΔGM = ΔGMsolution-ΔGMbuffer (as defined in text) (b) ΔΔGt# as a function of cosolutes
concentration.

This signifies that the entrance channel (ES complex formation) is favoured in dilute
concentration region while it is disfavoured at higher concentration. The exit channel is
quantified by the value of

(eqn 6.7) and feasibility of the overall reaction is governed by
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the difference in the energy (

) which is equivalent to the activation energy. For higher

concentration of the PEGs exit channel is disfavored (more positive value of

) as

discussed in the previous section may be due to growing preferential binding. The net
activation energy change (

) with respect to that in buffer decrease upto ~2%

concentration and beyond that it increases for all the three cosolutes (figure 6.3.7b).
Table 6.3.1: Catalytic parameters of lysozyme in buffer, EG, PEG 400 and PEG 4000 at pH 7.
% w/v
0

KM (mg Lt-1)
80.88±10

1
2
5
10
20

77.91±11
68.45±11
99.52±5
99.89±7
163.40±70

1
2
5
10
20

54.75±6
52.14±3
79.80±6
104.94±33
40.52±8

1
2
5
10
20

67.49±6
59.83±4
46.20±2
49.39±14
76.34±10

kcat

10-7(mg Lt-1 s-1M-1)
1.03±0.1
EG
1.30±0.2
1.27±0.2
1.56±0.1
1.47±0.1
1.76±0.8
PEG 400
0.89±0.1
0.84±0.1
1.05±0.1
1.01±0.3
0.30±0.1
PEG 4000
1.27±0.1
1.10±0.1
0.82±0.1
0.55±0.1
0.23±0.1
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kcat/KM 10-5 (s-1M-1)
1.27±0.2
1.67±0.3
1.86±0.4
1.57±0.1
1.47±0.1
1.08±0.7
1.62±0.3
1.62±0.1
1.31±0.2
1.00±0.4
0.74±0.1
1.88±0.2
1.98±0.2
1.77±0.1
1.11±0.4
0.31± 0.1
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Table 6.3.2: Secondary structure content of HEWL in EG, PEG 400 and PEG 4000 solutions in
buffer (pH 7) at 20 C as obtained by CDNN software.

0

α-Helix
(%)
32.11

2
5
10
20
30

29.94
30.60
29.33
32.55
31.98

1
2
5
10
20

31.07
31.03
31.40
33.23
36.29

1
2
5
20

35.41
34.94
34.84
35.61

% w/v

Antiparallel Parallel β
β sheet (%) sheet (%)
9.71
8.90
EG
10.08
9.38
10.03
9.22
13.71
8.97
9.62
8.80
9.67
8.96
PEG 400
9.85
9.04
9.97
9.05
9.89
8.97
9.44
8.62
7.46
8.37
PEG 4000
7.55
8.55
7.63
8.63
7.63
8.63
7.55
8.45

β-Turn
(%)
18.00

Random
Coil (%)
31.29

18.04
18.03
18.15
17.91
17.92

32.66
32.22
29.74
31.22
31.57

17.97
18.11
18.04
17.85
16.53

31.98
31.84
31.70
30.77
31.45

16.60
16.57
16.57
16.50

31.99
32.13
32.23
31.89

Table 6.3.3: Calculated hydrodynamic diameter of the PEGs.
Macromolecules

Hydrodynamic diameter (nm)

PEG 400

~ 0.9

PEG 4000

~ 3.3

# Hydrodynamic diameter (dH) of PEGs of different molecular mass are calculated from their molecular
masses using the following equation:
[Ref: Asymptotic Behavior and Long-Range Interactions in Aqueous Solutions of Poly(ethy1ene oxide),
Macromolecules 1991,24, 5943-5947]

169

Chapter 6
Table 6.3.4: Thermal denaturation temperature (Tu) of lysozyme in buffer, EG, PEG 400 and PEG
4000 solutions.
% w/v
0
1
2
5
10
20
30

EG
70.06
71.17
70.7
70.75
70.6
68.9

PEG 400
70.06
71.98
72.02
70.26
68.96
68.91
67.86

PEG 4000
70.06
70.09
70.36
70.11
69.46
67.76
-

Table 6.3.5: Thermodynamic parameters obtained from temperature dependent fluorescence study.
[Cosolutes]

At Tm

(%) w/v

0

ΔHm (kJ mol-1)

ΔSm (kJ mol-1K-1)

61.63±3

0.19±0.01

EG
2

62.79±2

0.20±0.01

5

52.41±2

0.16±0.01

10

62.57±3

0.197±0.01

20

64.59±3

0.20±0.01

30

63.18±3

0.20±0.01

PEG 400
1

59.45±2

0.19±0.01

2

54.80±4

0.17±0.01

5

59.65±3

0.19±0.01

10

60.87±1

0.19±0.01

20

63.74±3

0.20±0.01

PEG 4000
1

59.72±3

0.19±0.01

2

59.82±2

0.19±0.01

5

60.32±2

0.19±0.01

10

59.90±1

0.19±0.01

20

63.97±3

0.20±0.01
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Table 6.3.6: Energetics for the Enzyme Catalysis Reaction
(kJ/mol)
Buffer

(kJ/mol)

-6.19

(kJ/mol)

83.73

77.55

83.16
83.22
82.71
82.86
82.42
PEG 400
84.09
84.24
83.69
83.78
86.77
PEG 4000
83.22
83.57
84.30
85.28
87.42

76.88
76.62
77.03
77.19
77.96

EG
1
2
5
10
20

-6.28
-6.60
-5.68
-5.67
-4.46

1
2
5
10
20

-7.15
-7.27
-6.22
-5.55
-7.89

1
2
5
10
20

-6.63
-6.93
-7.57
-7.40
-6.33

76.95
76.97
77.47
78.24
78.88
76.59
76.64
76.73
77.88
81.09

6.4. Summary
Enzyme activity in general depends upon several factors e.g., structure and conformation of
the enzyme, local environment (viz. dielectric constant, ionic strength, viscosity of the
medium) at the active site, and water activity. Our study elucidates an initial enhancement in
activity which then decreases with the increase in cosolute concentration. The change can be
rationalized on account of the following considerations:
Firstly, the electrostatic interaction between the positively charged lysozyme (at pH
~7) and the oppositely charged M.Lys cell wall vary inversely with the dielctric constant (ε)
of the solution. As water is replaced by lower dielectric material (EG, PEGs)50, 51, attractive
interaction between lysozyme and the substrate increases, thus favouring the entrance
channel. With increasing concentration of the cosolutes, due to the growing viscosity52-54, the
diffusion motion of both the enzyme and the substrate eventually gets retarded. As a
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consequence the encounter rate between enzyme-substrate decreases and perhaps enacts to
decrease the enzyme activity at higher concentration of the cosolutes.

Scheme 6.3: Representation for lysozyme-substrate (Micrococcus lysodeikticus, M. Lys. cell)
interaction in PEG solution.

In accordance with the results obtained by Wijaya et al.45 the enhanced activity can
also be explained in terms of favorable interaction of hydroxyl group (-OH) of EG and PEGs
with lysozyme in dilute concentration regime. Also the study by Mann et al reported that
lysozyme activity gets prominently enhanced in ethanolammonium formate (EtAF), which
contain –OH group and also interestingly EtAF provides thermal stability to lysozyme.39 This
result corroborates our understanding that cosolutes dependent thermal stability of the
enzyme is correlated with its activity trend. The decrease in activity at higher concentration of
cosolutes is quite expected as obtained by previous studies and this can be explained by
excluded volume effect or decrease in water activity or may be due to the lowering of enzyme
substrate encounter rate in presence of higher number of EG and PEGs.
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7.I. Summary
In the present thesis we have investigated the effects of crowding agents on protein structure,
thermal stability and hydration dynamics. We have studied human serum albumin (HSA) as a
model globular protein in presence of some synthetic polymers (PEGs of different chain
length) which serve to mimic the crowded cellular environments. The secondary and tertiary
structures of proteins have been detected by CD spectroscopy. Thermal stability of the
protein has been studied by temperature dependent CD and DSC measurements. Both
spectroscopic and thermodynamic studies reveal an unusual thermal stability of HSA in
presence of short chain PEG 200 and 400. We find an unusual behaviour in the hydration of
the protein which cannot be explained only by considering so called the excluded volume
theory rather one has to consider some weak attractive interactions between the protein and
the PEGs. The results show the dual characters (osmolytic effect as well as soft interactions)
of the PEGs. We have studied the hydration of the protein from short range (by DLS and
densimetry) to long range (by far IR-FTIR and THz spectroscopy) in presence of the PEGs.
The measurements affirm a noticeable interaction between protein and short chain PEG
hydration beyond a critical concentration (~30% w/v).
Our next study aims to understand the process of protein stabilization and
denaturation by different cosolutes. We have tried to address a debatable issue whether
protein denaturation (or stabilization) occurs due to the modification of water network by
using some well-known denaturing agents (urea, GdmCl) and osmolytes (sucrose, TMAO,
amino acids). Our finding using terahertz (THz) spectroscopy reveals an interesting
correlation between protein stabilization or denaturation with the modification in collective
hydrogen bond dynamics of water.

Chapter 7
Finally, we check the activity of a protein in presence of cosolutes. We have studied
the enzyme activity of a model protein lysozyme on bacteria (M. Lys.) cell wall in presence
of PEG 400 and 4000. We have also studied the same in ethylene glycol to understand the
monomeric effect. We have found an unusual enhancement of activity in very dilute
concentration region of cosolutes whereas activity decreases at higher concentration region.
We take into consideration various factors to address the activity trend and found a plausible
mechanism.
In a nutshell, this thesis reveals detailed investigation of water soluble globular
protein structure, conformation, hydration and activity in presence of different types of
cosolutes (e.g. macromolecules, osmolytes, chemical denaturants) at physiological condition.

7.II. Future Perspective
The basic studies done during my PhD could imprint implications for the study of protein
stability, which is crucial to understand some rising neurodegenerative diseases viz.
Alzheimer‘s diseases, Parkinson‘s disease, Type II diabetes, mad cow disease, transthyretin
amyloidosis disease etc.1,

2

In certain physiological condition the concerning proteins (e.g.

amyloid β, tau protein, α-synuclein, prions, transthyretin etc.) form fibrillar aggregation
which eventually results in the diseases. For the progress of invention of effective therapeutic
agents to prevent these diseases it is essential to study in details the structure, hydration of the
related proteins and the process of fibrillar aggregate formation. Macromolecular crowders
and osmolytes can modulate the aggregation/fibrillation pathways. Earlier studies have shown
that the fibril/aggregate formation rate could be enhanced by crowding agents.3, 4 There are,
however, few studies which report that osmolytes, synthetic polymer could also inhibit the
rate of fibrilation of oligomeric proteins in in vitro studies.5
With this perspective in view we plan to study the fibril formation of protein in
crowded environments. How the rate of fibril formation/aggregation is modified by crowding
will be studied. We also plan to study the enzyme activity of a native protein in presence of
fibrilar proteins and consequently the effect of the crowders on it. We will use circular
dichroism (CD), dynamic light scattering, and fluorescence spectroscopy to investigate the
structure of the protein. To study the kinetics we would use the stopped flow technique and
UV spectrophotometer. We design to study the effect of amyloid fibril on water network
structure by using THz spectroscopy. The effect on ps to sub-ps dynamics of water will be
measured by dielectric relaxation study. We expect inhibition of fibril formation in presence
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of some suitable osmolytes or crowding agents for a specific protein depending upon the
interactions.
The experimental scheme has been shown below:
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# Preparation of buffer of a particular pH
Buffer is termed as an aqueous system that tends to resist changes in pH when small amount
of acid or base are added. It can be prepared by mixing aqueous solution of weak acid and
its conjugate base.
The acid (HA) dissociation equilibrium in water is as follows,
(

)

(

)

(

)

(

)

The dissociation constant (Ka) is related to pH by the Henderson-Hasselbalch Equation given
below,

(
(

)
)

The buffer capacity range is pKa ± 1 and maximum capacity at pKa.
In our experiment we have generally used sodium phosphate buffer (pH 7.4) or sometimes
called phosphate buffer saline (PBS) which is isotonic with physiological fluid. Na2HPO4
and NaH2PO4 are mixed in a particular ratio to prepare the buffer solution.
Calculation:

or,
or,
If we take equimolar mixture (say 50 mM) of both the solution in a total volume 100 ml then
we can write the equation in terms of volume,

or,
or,
Therefore, 61.34 ml Na2HPO4 (50 mM) and 38.66 ml NaH2PO4 (50 mM) are mixed to make
100 ml 50 mM buffer of pH 7.4.
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# Debye relaxation model fitting in Origin 8.5 software
To fit the frequency (GHz/THz) dependent real and imaginary dielectric constants we have
used nonlinear curve fit by origin 8.5 software.
Say, we have to fit into double Debye model,

̃( )
Following are the steps:
Step 1: Go to Tools: Fitting Function Organizer (or press F9)
Step 2: Define a new fitting function, say DoubleDebye in new category in the following
window and put Independent variable as x, dependent variable as y1, y2 and parameters
name as e, E1, E2, t1, t2 for

,

,

,

and

respectively.

In Function put the equation as shown below and then compile:
complex cc =e+(E1-E2)/(1+(1i*6.283*x*t1*10^(-12)))+(E2-e)/(1+(1i*6.283*x*t2*10^(-12))) ;
y1=cc.m_re;
y2=-(cc.m_im);
Step 3: Save the fitting function named DoubleDebye.
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Step 4: Now open a new Workbook and import the values of frequencies (X column) and
real, imaginary dielectric constant values in two consecutive columns (Y column).
Step 5: Select the three columns and go to Analysis/Fitting/Nonlinear Curve Fit/Open
Dialog.. (or press Ctrl Y).
Step 6: Select the fitting function named DoubleDebye and put the guess values of the
parameters accordingly.

Step 7: Then fit until converged and check the good ness of fitting (adj. R-square ~0.99).
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