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Abstract

This dissertation documents detail investigations of the protein structure,
conformation, hydration and enzyme activity in presence of diffe rent kinds of
cosolutes (e.g. macromolecules, osmolytes, chemical denaturarg) at the
physiological condition . Our goal is to understand how proteins fold/unfold ,
hydrates and function in crowdedcellular environment through in vitro studies. With
this end in view, we have chosen somesynthetic 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
poly ethylene 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
theoryrather one needs to conside 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

decreasesn the higher concentration regime.
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AA Amino Acid

BSA Bovine Serum Albumin

CD Circular Dichroism

DLS Dynamic Light Scattering

DSC Differential Scanning Calorimeter

EG Ethylene Glycol

FTIR Fourier Transform Infrared Spectroscopy
FIR Far Infrared Spectroscopy

GdmCl Guanidinium Chloride

HEWL Hen Egg White Lysozyme

HSA Human Serum Albumin

PEG Poly(Ethylene) Glycol

SASA Solvent AccessibleSurface Area

TCSPC Time Correlated Single Photon Counting
THz Terahertz

TMGdm Tetramethylguanidinium

TRFS Time ResolvedFluorescenc&pectroscopy
Trp Tryptophan

TTDS Terahertz Time Domain Spectroscopy
uv Ultra Violet
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Chapter

1. Introduction

roteinsfrom fbirth to deatb i s e x t r e mfeoim yheirfbimsynthisis ta théirn g
Pfolding, signallingand degradatiarProf. George Rosgaid inalecturef The f ol d o
protein links the onedimensional, linear world of DNA to the thrdeanensional world of
bi ol ogical functi on; accordingly, .potarsei n
haveevolved to function incellular crowded environments&nd it therefore is important to
understand howt folds, interacs, hydratesin vivo. From amino acids to polypeptides to
fiproteird T this journey takes placat ribosome frotein factory which is embedded in
crowdedcytoplasm After transcriptionmessenger RNANRNA moves out fromthe nucleus
to the ribosomewhere transfer RNA(tRNA attached with a specific ano acid (AA)
translates the amino acahe after another following the codoas mMRNAand thus forms
primary structurewith a specific sequencé  Finally it undergoesertainsteps to build a
fully functioning protein by minimizing the free energy by forming hydrogen bonds,
disulphide bridges, ionic, van der Waals interactlmtween amino acidand lowering
configurationalentropy Protein folding processakes placewithin real time in a highly
heterogeneousedia and sometimes it fails to follow the right pathway and it misfolds.
living cell upto 40% (w/v) volume is crowded byarious macromolecules and other
cosolutes. Suc h e nerowded ratherrthtanconcentrdteebecausedno a s
individual moleculemay exist at high concentratidiBoth intraas well a®xtra cellulare.g.,
blood plasmaenvironments are heterogeneous due to the presence of several organic and
inorganic compounds includingacromoleculeske lipids, nucleic acidgroteins osmolytes
(small organic moleculestermed as osmolytesvhich are ubiquitously found in living
organisms, primarily involved in maintaining osmotic pressure in the tk#) sugars,
trimethylamine Noxide (TMAO), metabolitesalong with macromolecular arrays (e.g.
cytoskeleton fibre etc) ®> For instance,erythrocytescontent D35% (w/v) protein in

cytoplasm (Escherichia cdligndin human lensthere aréD34% (w/v) protein.
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Scheme 11: (a) Cartoon of eukaryotic cytoplasm at a magnification of 1,000;000he test protein molecule
(red) is in a fluid medium that is crowded by soluble proteimeér), RNA speciesyellow), and ribosomes
(pink) and conihed by cytoskeletal fiberdlue).® (b) Composition of blood plasma to represent the extracellular
crowding

In suchcrowdedmediaprotein stabilityis very crucialto exploreas poteins are biologically
active mostly in its native formndmisfoldingcouldoften leadto malfunction and diseas®s

9 Under certain pathological conditions.g A | z h e idiseaseRas k i sdiseasebype

Il diabetes,mad cow diseaseprion diseaseHu nt i n gt o ret)s thetd appears e
fibrillation/aggregationwhich might enhanceurther crowding*®* In suchcases osmolytes

are proving to be successful therapeutic agéis examplejn case of Alzeima 6 s di s ea
the forma i o n-anoylbid daque which leads to neuronaletl death was found to be
inhibited in presence ofosmolytes like TMAO and glycerdf Hence it is of utmost
importance taunderstandhe conformational stability, the associated hydration dynamics in
its solvation sheathe as well as the activitypodteins in presence dfifferent types of
cosolutes Due to experimentathallengeso observe a particular protein in living species
scientists havesuccessfullymimicked' the crowding effectsby adding apparentlynert
cosolutes which servéo mimic suchcellularcrowdingeffect To comprehend the factors for
protein stability some synthetic polymers (e.g. dextran, ficoll, polyethylene glycol), and
small molecules (sucrose, gbrol, TMAQO) as well as proteiitself are oftenemployedto
investigate how the structure, thermal stability, hydration and function or activity of a protein
are modified:®*® Theoretical studigusingsimple analytical calculations based on scaled
particle theory(SPT) haveshownthat artificial macromoleculesan bemodelledas simple
hard spheres or rods in sh&pé@rotein folding in a crowded medium was first investigated
applying coarsegrained molecular simulatioy Cheung et &' It was found thatthe
folding stabilitiesin such mimicking crowding environmeabtained from simulations agrees

well with the experimentally measured vali&§
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theavailable spaceAs a consequence there is a decreasieeirandomness of distribution of

the particles i.e. lowering of configurational entropyearlierstudiesthe observedncreag

in thenative unfolded 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 thiledfstate more compact

to minimize steric repulsioand thereby energetically less favourabfé ** However recent
studieshaveshown thathe excludd volume effectis not the sole factpthere are several
other factorsto be considereth crowded environmentkke viscosity, perturbed diffusion,

dire c t physical Il nteractions between the ©cr
(e.g.electrostatic, hydrophobic, and van der Waals interactions) between the crowding agent
and the protein, and, most importantly, the effects of crowders on sqiveperties®
Macromolealles inside real cellular environmeiato not show compactness as expected by
excluded volume effect as tladtractive, nonspecific interactions counteract ételuded
volume effect’ In a recent study Ebbinghawet al. have introduced a thermodynamic
overviewto understad the effect of different cosolutes on proteinsthe following way i)

Ideal excluded volumeffect(for ficoll, sugar)does increasthe thermal stabilityifcreasen

the melting temperature, J) anddecreasén the change in entropyith marginal change in
enthalpyduring unfolding of proteinii) preferential hydratio (for glucose, KCI, dextranf

protein causesraenthalpic stabilisation and protect the protein to interact direti)y
preferential bindingof the cosolutesf@r urea) causes a decrease in enthalpy and thermal
stability (decreasein melting temperatre), iv) when both the preferential hydration of
protein andpreferential bindingof cosolutes to the proteisimultaneouslywork (e.g. for

PEG), there occurs an increase in enthalpy and decrease in thermal stibiigying of
melting temperaturedf proteins.>* ThereforePEG can be considereds an intermediate
between stabilizing osotytes and chemical denaturant and the overall effect depends on the
chain length and the protein uséds not a trivial task to predict the effect of different PEGs

on the Mysical properties of specificprotein. This makes iinteresting tostudyPEG as a
crowding agentThe effect of several small and large molecular weight osmolytes on the
biomolecular stability has theoretically been investigated by the group of Recaiff*
However, the exact mechanism of the stabilization (whether direct or indirect interaction) has
not yet beemroperlyunderstood for small polym&which also behave as osmolgt&ecent
studiesby Chowdhuryet al. have concludeddirect evidenceof substantialsoft interaction

rather tharexcluded volumeepulsionto prevailbetween proteand crowdingagents™ #2
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The authorsproposedthat in dilute concentration regn such polymers (not in enough
entangled form) are more prone to intemdicectly with the proteis. Despite all these studies

it is evidentthat the interactiocannot be predicted asisthighly dependent on the proteins

well as the crowding agent&.detailed understandinggarding the hydration state of protein
surface under ixh strained environment has not yet been well rationalized is a
demanded study asonformation and functionality of proteins are slaved by these factors.
The present research work is an attempt to explore the effexbwiled environmenbdn
differert physical processes of protein molecules as manifested in the solvation dynamics and

associated energy cost during the processes.

Thereexistssome otherwise indifferertiologically relevantsmall solutes e.g. urea,
guanidinium cloride (GdmCI), amino @ds, which arewell knownto denatureor stabilise
proteins.Amino acidsoften act as intermediates in metabolism as well as osmolytes that can
stabilize proteind**® Moreover lydrophobicity of amino acids is believed to be a key
parameter that regulates phenomena like protein foldiriglding, aggregation, activity,
proteinligand binding and protein hydration in aqueous environméft§. 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 eeslileci
interaction with the protein backbone or as an indirect effect in which these molecules perturb
the water network structuré® Some earlier studies have reckoned traad GdmCI™® to
bebwat er s t r u.cThisi nypothelsis laa, khewewer, notewed considerable
support from experimental or simulation studies with only a few reports documented in the

literatures®>*®°,

(o Direct
W . q
e 6d Interaction with

protein?

Water
structure/dyna
mics mediated

effect on
protein ?

Schemel.3: The mechanism girotein denaturation or stabilisation by cosolusestill a debatable issue
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The concept of these molecules beeghract ed as a Owater stru
challenged by a series of simulation and experimental sttfffédn this notion the
denaturing ability of GdmCI is believed to be due to direct interaction of ‘Guth the
protein® “° But question arisewhenGdm,SO, hasbeenfound tostabilizethe proteis.”* In

an early study von Hippel and Wong reported thhertnal melting temperature of
ribonuclease increaswith the GdmSQO, concentratiorin contrast taadmClL’? In this regard
another interestindact is that argining¢Arg) havingconsiderable structural similarity tbat

of guanidinium (Gdr) cation, however, shows remarkably contrastihaviour with
proteins: while Gdrh denatures them, Arg modestly stabilizeenT®. This makes it worth
comparing their hydration behaviourSo investigation of the mechanism of

denaturatiorstabilizationof proteins by small solutes is still on demand.

How proteirs functionin presence of different cosgesis vital to understand ahey
act as biological catalyst to almost all life processg&idy of protein functionin crowded
milieu is a widespread topic of reseaféh? It is not a trivial task to predict the effect of
different crowding agents or cosolutes mmtein activitybecausesach protein behaves in
different ways in presence of materials due to their variable hydrophilic and hydrophobic
residues on the surface and on the binding.ditee et al. reported the enzyme activity f - U
chymotrypsin in presence of different osmolytes and denatufafisey foundreduced
activity of the enzyme when introduced the stabilizing osmolytes (®JCFMAO, betaine,
sacrosie and proline) and in presence of urea, GdmCI the enzyme aetimtst finishes
Most of the previous studieevealed loweringof protein activity owing to the volume
exclusion and an increase the viscosity has been believed taffect the diffusionor
encounter rates of enzyraadsubstraté” "® On the other hang6% enhancementf enzyme
activity was reported by Pancesial.”® for yeast hexokinase in presence of very dilute PEG
400 solution, howevethe activity was lower in PEG 1500 and 4000 solutions. The activity
of glucose6-phosphate dehydrogenase was repbtteincrease in presence of%aQwi/v)
PEG 400 and000 solution&® But amolecular leveplausible mechanisiis still lacking due

to severajuxtaposed factors which control the protein function.

The pincipal objective ofthis thesisis to understand protein foldihgfolding
process and the associated changes in the structure and dynamics of the protein hydration
sheathe in presence of model crowding agemgsnolytes of variable hydrophobicignd
chamical denaturants. Conformational stability of protein molecules (e.g. human serum

albumin, lysozyme, bovine serum albumin etc.) in presenceasfromolecularcrowding
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agents (e.g. PEGdsmolytes (amino acids) amtiemical denaturants (e.g. urea, Gdm@B h
been determined usingrcular dichroism (CD) spectroscopy. The overall hydrodynamic
diameterof the proteins has beabtainedusingdynamic light scatteringDLS) technique.
Intrinsic fluorescence from the constituent tryptophan residues of proteiaspotential
marker of the local environment of thatofein. Additional information orthe hydration
structure of proteins is extracted from absorption spectrosagystic (high precision
density and sound velocignalyse), FTIR (by measuring the ggtra in the GH stretching
(3000:3800 cni') or O-D (in D,O solution) stretching (220B700 cm™), and intermolecular
O-H stretching in the FIR region (D0 cm')). Enzymatic activity of proteins in such
environments has been determifgdUV spectrophtometer 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 difegrgntial

scanning calorimetryDSC)techniqueand temperature dependent optical property study

Hydration dynamicsaround cosolutes and proteihas been measured using two
complementary techniqueme resolved fluorescence spectrosc¢pRFS) andTHz time
domain spectroscop¢T TDS). In the forme one, relaxation of polar environment (water)
around an excited fluorophore is measured usingegslvedtime-correlated single photon
counting (TCSPC) techniqué“®® The collective Hbond network and ultrafastydamics of
hydration water is studied usinkHz spectroscopyl THz = 16% Hz = 1 ps'), which has
recently been emerged as a potential toollateel free determination of thecollective
dynamicsof water around biomolecul&$® The main advantage of THz radiation is its low
energy(1THz corresponds te 4 meV)which leaves biomolecules unharmed and thdgut
timescale that probes the ultrafast collective dynamics of the hydrogen bond network in the
solvation water in it@xtended hydration sheathédnich extends up to several hydration layer
about the solute surface and is otherwise wiped off in cororeiti spectroscopic
techniques® ** TTDS offers with an additional advantage of measuring both the phase and
the amplitide 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 solutiobsy numeri cal |l y swmittamaeng F
equation¥, such parameters are used to extract the collective hydration dynamics of solvents
around biomolecules usimgultiple Debye relaxation mod& °3 (detailsprovidedin chapter
2). It is a reliable tool to extract ultrafast watdgynamics in psub ps time scaldt is very

sensitive tadetectthe times scales of ~ 8 ps, ~ 200 fgl a80 fs for watelmandany alteration
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inducedby the cosolutes or biomolecul®sThe ~8 ps and 200 fs timescales ardue to the
well-known cooperative rearrangement of the hydrogen bomdddork and therotational
modes of individual polar watenoleculesrespectively* The~ 80 fs timescale has its origin
rooted to the 60 cihvibrational band due tthe hydrogerbond bending and the related
transverse acoustghonons which propagate in a direction normal to the hydrbgeds in

between two righbouring water molecul€s %

The present thesis is based on the investigation of structure, conformation, thermal
stability, hydration andinally the activity/function of some model proteins/enzymes in
presence of a special kind of crowding agent PEG of different chain Iefrgthand some

bio-relevant small cosolutes (urea, GdmCI, amino aditiS}

This thesis consistsf the followingseven chaptsrasdescribedn brief.
Chapter 1 discusses the introduction and motivation behind this thesis work.
Chapter 2 is based on some relevant basic thegi®rmationand experimental methods
that we have usedhis chapter also provides the chemical stiecof the samples used.
Chapter 3 representsall the instruments used aratiefly describestheir basic working
principles.
Chapter 4 describesthe effect of short chain PEGs on the physical propertidsunfan
serum albumin and unusual behaviotithermal stability as well ashydration of the protein
We have foundhe primary nature of interaction of tREEGwith the protein changes from a
nortinteracting or weakly repulsive (as an osmolyte)nteracting &s a norspecific ligand
mode with the in@ase in concentration of PEBere we have shown the effect of the
crowding agents on theollective hydrogn bondedvater network structure by using THz
spectroscopy.
Chapter 5 discusseghe investigations to understand the process of how protein falds o
unfolds by cosolutes in water medium. Our study revealscttiective hydrogn bond
dynamics in presence someproteindenaturing(urea, GdmCl)and stabilizing cosolutes
(TMAO, sucrose, amino acids)
Chapter 6 revealsthe study ofthe enzyme activitpf hen egg white lysozyme (HEWL) on
the cell wall of amicrococcusbacteriumin presence of cosolutes and found an unusual
enhancement of activity in very dilumncentrationregon of cosolues whereas activity
decreases thehigher concentration remie.
Chapter 7 provides the summary of the present thesis work and also a brief discussion about

somefuture plars.
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2. Basic Theories & Experimental
Methods

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

2.1.BasicTheories

2.1.1.Noncovalent Interactions and the Energies

Noncovalent interactionareweakerthancovalent bonds but have a great raeontrol the
structure ofall biomoleculesThe energy required to break noncovalent interacti®msly
4120 kJmol, much lessr than those of covalent bonds(~110700 kJ/mol) Hence
noncovalent bond®rm and beakat room temperaturas the thermal energy 2s5 kJ/molat
298 K! Although thesénteractions aréndividually weak and have a transient existence at
physiological temperater (25 37 °C) multiple noncovkent interactions can acblledively

to produce highly stabland specific associations between different parts of a raajecule

or between different macromolecules.

Table 2.1: Noncovalent and covalent bond distances and bond erfefgies

Interaction Distance (A) Energy (kJ/mol)
Thermal energy ~25

at 298 K

Van der Waals ~35 ~204.0
Electrostatic variable ~6.0

Hydrogen bond 2.83.0 ~4.0-130
Covalent bond 0.91.5 ~ 116700
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Scheme 2.1Relative energies of honcovalent interactions and covalent fbralwnusing thedata
given in the tabl.1).

2.1.2. Cooperativity inHydrogen Bond Networks

The termcooperativityis often used for hydrogen bonded networks which means that each
H-bond assists its neighbouringliénd toget stronger® All the H-bonds are affected by the
presence of each other: if one is removedethire networkcould getweaker; add one and

the whole systermmouldget stronger.

Scheme 2.2Hydrogen bonding in water

2.13. Protein Structure
Proteins are built chmino acidg§H,N-HCR-COOH). Nature has selected onlydmino acids
to constituteall proteins.There are four levels giroteinstructure’ i) Primary structure:

Series of amino acids linked one after another by peptide bonds to polypeptideiithain

16
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Secondary structure: Pol ypepti de c Hhail n-sheetf thingdand ooit my U
hydrogen bondingiii) Tertiary structure : Water soluble protesfurther fold into compact

structure by hydrogen bonding, van der Waals interaction, electrostatic interaction and

Amino acid (1) H Amino acid (2) H

Primary

Structure
Secondary - N
b -_, »
S Structure ;
o. H
g ' 537
5 « e
§ g e
N 8 N’(I:/
4
QHH RamuQEFaH, _8 ARG o é
. c-n c\é_»ﬂ C,c:;-,:,c\é_,',\c,é_,: C‘C:"‘I‘\c'(:?-': °~c:-r'«\c,c 2’3’7/
Tertiary WOR R R R Y A
: ¢ 3 . . s 2 . i ﬁ
Structure N W W W
I AT S TS S B S S /,f.R
Quaternary
Structure
Scheme 23: Four levels of protein structure pr i mar y, s eandquateanary structurer t i a

(Modified from the source fitehttps://en.wikipedia.org/wiki/File:Main_protein_structure levels_en)vg

di-sulphidebridges (covalent bosdformed between cysteine residues in different parttseof
protein). iv) Quaternary structure: Sometimes folded polypeptide chains assemble into

multisubunit structures.
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Chapter 2

2.1.4. ExcludedVolume Effect

The concept ofexcluded volum@awas introduced by Waer Kuhn in 1934 andiasapplied
to polymer molecules shortly thereafter by Paul Floryn | i qui d s éxauded t he
voum& of a mol ecule is the volume that i s i
result of the presence dhe fird molecule.This model is based on hacdre repulsion
assuming that nsolute penetrate each otherFollowing is a schematido elucidatethe

excluded volumerinciple

Volume of a sphere of diameter, d

4 14
| —mt(H3= = (=md3
|
T Excluded volume per pair of spheres =

4

§T[d3 = 8 X volume of the sphere

A
A

2d

Therefore, excluded volume per sphere = 4 X volume of the sphere

Test molecule Test molecule
(very small size) Available volume (comparable size)

o—\ ,/-‘
o o’/ @ o
9 2 O
9 = @ /0 9

/

Excluded volume

Scheme: 24: Representation of excluded volume assuming hard sphere.

This excludedsolume theory is applied for a globular protein in presence of macromolecular
crowding agents.
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2.15. Electromagnetic Spectrum

The full electromagnetic spectrumas follows

Electronics Photonics
: Nonionizing radiation e lonizing radiation
101 103 10° 108
Energy (J/mol) -
GHz THz PHz VHz
| 1 | ! 4 I
| , | . . |
. 9 12 24
3 (v/HZz)
MW/Radio FIR IR uv

Interaction
="
=y

D

< Wavelength
0.5mm 0.1mm 800nm 4nm 0.4nm 0.1nm 1pm

Atom Nucleus
Hydrated  Molecule Atom

protein

Size scale

Human Single Cell
Pen nib Hair width

Little Girl

Scheme 2.5: Electromagnetic spectrum from low (leftp high (right) freqgency (Gigahertz,
Terahertz, Peteertz, Exahertz, Zettahertz and Yottahgremd correspondingnergy, wavelength,
matterwave interactioncomparablesize scale.

In this thesis work we are concerned in GHz (dielectric relaxation study), THz (sfttioky
collective hydrogen bond dynamics of water), IR (covalent bond vibration) and PHz ¢étudy

the absorptionfluorescence emissiaorresponding telectronic transitiog) regimes.

2.1.6 Dielectric Relaxation: Origin of DebyeM odel

Dielectric relaxation ma&surement is a sound methdd investigate intermolecular
interactions and capabl® monitor cooperative processes at the molecular fév@his
method is more @propriate than any other to monitor such different scalemalecular
motions. It is a widely used methdd studythe structure,dynamics, and macroscopic
behaviour of complesystems

A brief discussion(detail is found elsewhefeabout basic pnciple of dielectric
polarizationis presenteth the following section
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Dielectric Polarization in Static Electric Field:

If dielectric materials are placed an externalstatic electric field G, there occurs a eige
displacement which in turoreates amacroscopic dipole momei@®) and this process is

known as polarizatio(t?) or dipole densityscheme ).

+ y + .
@& p
—
— -
- Unit cube
+ - + -

| Electric field | Electric field

(a) (b)

Scheme2.6: (a) Polarzation of dielectric. (b) Polariion vector.

The polarzation is related to the(®> (ensemble average) and volume (V) of the sample by

the following equation,

»

(2.1)

If a static electric fieldf strengthQis applied to aisotropic and uniform dielectrimaterial

of di el ect r ithen tseunactoscppic ipdiaaizbnicanype expressed as
® -.0 (2.2)

wh e ry s thé& dielectric permittivity of the vacuumpplying the macroscopi Maxwell

theory the electric displacement (electric induction) ve&aran be written as
® -0 ® - p ..0 (2.3)

As we knowthat the relative dielectric permittivity (odielectric constantasin the linear

regime it is in@pendent of théeld strength- p ... Therefore,
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@ --0

There are different types of polarization mechanisms by an applied electric field in different
frequency regions (scheme7R.1) lonic polarisation ii) Orientation or dipolar rotation
polarisation iii) Deformation (Atomic and Electronic) polarisation

T T T T
lonic Dipolar Atomic  Electronic

00 4 'I
é

o

-
Polarization of dielectric

€real —
Eimaginary -

Dielectric loss
v

| S |
106 10° 1012 10%°
Frequency (Hz)

Scheme 27: Frequency dependent real and imaginpgymittivity and corresponding processes:
ionic, dipolar relaxatiomand atomic, electronic resonandéteference: Wikipedia]

The total polariation (P is the sum ofnduced polarization ;) and dipole polarization

(@).
Therefore, ® ® - - po (2.4)

For polar dielectricthe individual moleculgpossess a permanent dipole moment evehen
absence oéxternaleledric field but forthe nonpolarone there is no dipole momemtless

an electric fields 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 wouldrpe
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 propertesAs sumi ng a conti nuum pwi whith podintel e c

di pol es wi §ame embeddedyme nan wrie the induced polarizaisdiollows,
® - - po (2.5)

The orientation polarization is given by the dipole dendiyg to the dipoles;. If we

consider a sphere with volunvecomprised of dipolesye can write

2] B b

»

(2.6

Dielectric Polarization in Time Dependen€lectric Field:

When a time dependent electrieldl is applied the decay function of dielectric pdation is

given by,

%O  —— 2.7)
p]

where (Xt) is the time dependent polarization vect®ime dependent displacement vector

‘@(t) can be written as follows,

®0 -0o0 ©vwo (2.8)
@6 - - @6 . K Q0 &Qe (2.9)
where 0 is the dielectric response functidp, 6 - - Tp < 0 . sath @ ard)

the dielectric permittivity at low and high frequency, respesdy. The frequency dependent
complex permittivity-° 7  is connected to the above relaxation function through Laplace

transformatior?;*°

0 —e 0 (2.10)

where0 is the operator of the Laplace transformation, which is defined for the arbitrary time

dependent functiofit) as
0"Qo0 k O . Q Qo000 (2.112)

wherenj ® "Qandw® T
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Equation 2.10 givesquivalent information on dielectric relaxation propertéshe sample

both in frequencylomain andime domainmeasurementd herefore thalielectric response
might be measured experimentally as a function of eftbguency or time, providing data in
the form of a dielectric spectrutd(w) or the macroscopic relaxation functiditt). For

instance, Wen a macroscopic relaxation function obeys the simple exponential law
0 Agb— (2.12)

w h e r,endicdtes the relaxation tim&quation 2.11 and 2.12 give rise to the following

relation

(2.13)

e -" - — (2.14)
This is known ashe Debye modefor frequency dependedielectric permittivity.
2.2. ExperimentalM ethods

2.2.1 Analysis of ProteinStructure

Protein secondary and tertiary structure can be obtained from CD spectra atliasyaisery
reliable tool tounderlinethe protein conformatimal changesWhen multiple chromophores

in a chiral environment are in close vicinity, the excited states of the chromophores can mix
resulting in @ exciton coupled circular dichroisnThis phenomenon is highly dependent on
the relative orientation and pxrimity of the chromophores (amide bond§he region 190

260 nm(far UV CD) and 250310 nm(near UV CD)can sense the secondary and tertiary
structure,respectively.U-helix, b-sheet, and a random coil have amide bonds in different
orientations at differe distances and thus give CD signals with different amplitudes of
different signs asa function of wavelengthFor each pure secondary conformation the

distinctive CD spectrum is shovim scheme 3.
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e fAlpha helix
Beta sheet
Random coil

mean residue ellipticity (deg.cm™dmol™)

L) T T L) L L) L) L
180 190 200 210 220 230 240 250 260
Wavelength(nm)

Scheme2.8.: Typical CD spectrdor each secondaryrstture contentt

The CD spectra ofi-helices are characterized by a negative peak with separate maxima of
comparale magnitude at 208 nmand 222 nm. The negative 222 rband is due to the
peptide A p  transition, while the 208 nm band results from the exciton splitting of the
lowest peptidep- p’ transitiort> . The spectrum features arisirig near UV regioraredue

to the absorption of the aromatic residpkenylalanine, tyrosineand typtophan and di
sulphide bonds.

The secondary structural analysssdone by deconvolutingthe CD spectra using
CDNN software (http//bioinformatik.biochemtech.tralle.de/cdnn).

2.2.2 Thermal Stability of Protein

Thermal denaturatioprocess of a proite can be considedasa two state transition between
the native and the unfolded statés

0 &€ OWOALMANE WO Oi QQ

The corresponding equilibrium constant for the unfolding prodégsdan analytically be

expressed as,

0 (2.15)
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Transition state

Denatured protein

Potential energy

Native protein

Configuration

Scheme 2.: 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 dV. The optical property at a particular wavelength is related

to the native fraction by the following equation,
QN — (2.19

whereYr, Yy andYp represerg the optical propertyat anytemperature T, ithe native sate
and in the complete denated state, respectively. The Gibbs free energy change for the

unfolding process is given by;O Y'Y & whereRis the gas constant.

The var@ Hoff enthalpy changey§ H for the process is obtained from the daling equation,

> 1 yo 2.17)
The corresponding entropy change (®S) is ol
YO YO "¥Y (2.18)

Vand Hoff enthalpy is often obtained from calorimetric measureniB®C) which
reckons the global unfolding of therotein'> '® The area under the experimentsat
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capacity Cp) curveis used to determine the calorimetric transition enthalpy:4) given by

the relationyO . 0 Q"Y This calorimetrically determined enthalpy is maodel
independent and is thus unrelated to the nature of the transition. The temperature ttevhich
excess heat capacity is maximugefines the transition temperatur€,). The mode}
dependent v anbBH,) wdoobtéineckas,t hal py (

y

YO Y 1YY 5

(2.19)

where Y6 "Y) is the height of the heat absorption peak at the midpdigt ¢f the
transition'” '® The entropy changeaf) for the unfolding process is obtained using the

relation,
yY  —Q'Y (2.20)

Flory Exponent:
Cheung and cwvorkers proposed a direct relation between the size of the confinement space
and the thermal stability of proteins in a crded environment according to the relation,

Y'Y .« 7. where ¥YY Y Y . f. is the volume fraction of
macromoleculeor crowder ¢ is a constanincluding dmensionof the crowder and the
accessible veimeanda is a parameter related to the Flory exponehtafid is determined

from theplot In(OTy) vs. In(f ),

Iy -1% 11. (2.21)
For a spherical shapecan be calculated from valuesaccording to the relatight®*

" - -andforslitshape -.

The Flory exponent is related to the behaviour of the macromolecules in a space of defined

dimensionsd) according to B. Flory by the equatiod, —

For d=2,3=0.75 indica¢selongated coiwhile for d=3,3=0.6 indicates random coil.
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2.2.3. Partial Volume andAdiabatic Compressibility of a Solute
According to scaled particle theoby Prof.Reiss(1965), the paiial molar volumeV’ of a

solute can be consideradthe sum of four terms,
w W w w I Y'Y (222

where Vy is the intrinsic molar volume of the solut¥y is the thermal volumetlis

corresponds to an empty domain arotinel solute moleculahich results from the mutual
thermal motions of the solute and solvent molecul®$)js interaction volume which
represerdg the change in the solvent volume due to hydrafion’y “Ys an ideal term where

I is the oefficient of solvent isothermal compressibility.

Partial specific volume® of a protein of molecular mas4 can be considered equel

the sum of only three terms

b 0 0 O — — — (2.23)

Molecular surface

Solvent accessible surface

van der Waals surface

Scheme2.10.: Molecular surface, van der Waals surface and solvent accessible surface (SASA)
b & —— (2.24)

wherew is the partial molar volumef water in the hydration shelb is the partial molar
volume of wate in the bulk stateVy is the sum olvan der Waals volume of the constituent
atoms andotal volume of the voids inside protein molecule which result from its imperfect

packing.
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2.2.3.1. Apparent Specific Volume & Apparent Adiabatic Compressibility:

Adiabatic compressibility f{;) of the protein solutiortan bedetermined by measuring the

protein solution densityrf) and sound velocityyf) and appl ying Lapl ace
r —_— (2.25
The apparent specific volume of the protdiyis obtainedy,

%o — — (2.26)

where P] is the concentration of the protein solution gg@&nd}, are the densities of the
solvent and protein solutions, respectively. The corresponding partial apparent adiabatic

compresdiility (7y) is obtained from the following relation,
% T g ¢o — (2.27)

where [J] is the relative specific sound velocity increment given by, ——, with upand

Up being the sound velocities golvent and protein solutions, respectively.

2.2.4. SteadyState and TimeResolved Fuorescencdo Study Protein
Fluorescence spectroscopy is a vemdespread method to acquire domain specific
information of protein?? Tryptophan(Trp), tyrosine(Tyr) and phenylalanindPhe)are the

threeintrinsic fluorophores presenin proten.

Molar abs. coef. X 102 (M* cm™)

240 260 280 300

Wavelength (nm)

Figure 2.1: Absorption spectra of tryptophan, tyrosine and phenylalanine in water of [Mbdified
from literature? plot.]
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Tryptophanabsorbs at the longest wavelengtmong the threend displays thdargest
extinction coefficient( J&k=5579 M* cm™). So the eission of proteins isnostly dominated
by theTrp. At wavelengths longer than 295 nm, the absorptionastlydueto the Trp which
can beselectively excited at 298305 nm.Thereforewe excited the prein at 299 nnto
avoid excitation ofTyr and Pheln our study we have chosen the emissionas itis highly
sensitive tothe local environmentyhile that oftyrosine israther insensitiveBesides, the
number of Trp residues in a protein are limited.(eHSA contains single Trpyhich helps to

interpretmore preciselyhe local environment around fluorophore of a protein.
2.2.4.1. SteadyState Fluorescence Anisotropeasurements:

Anisotropy is defined as the extent of polarization of the emissmn & fluorophorelt is

based on the principle of phoselective excitation of those fluorophore molecules whose
absorption transition dipoles are parallel to the electric vector of the polarized excitation light.
In an isotropic solution, fluorophoreseaoriented randomiyWhen 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 estétl
population is partially oented. A significant fraction of the excited moleculeseh¢heir
transition moments aented along the electric vector of the polarized exciting ligbt.the

steady state anisotropy measurement emission polarization is adjusted to be parallel or
perpendtular to that of the excitation and anisotropy is obtained by the following equation

P — (2.29)

where 1 and | 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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Excitation TTT Excitation TTT
X € ,\{y X € dl
\
Plane lll Plane lll

s | I
polarized light = 1 polarized light 1

W, \Y Y

V Detection Detection

A

Low anisotropy High anisotropy

Scheme2.11.: Representation for steady state anisotropy.
2.2.4.11. Time ResolvedrluorescenceMeasurements:

Time resolved fluorescence study measures the time the fluoroppenes in the excited
state before coming back to its ground stafiéetime measuremestare advantgeous in
many cases over steady state measuremé&isexample a protein contains twdrp
residues,each with distinct lifetime Because of spectral overlap tfer absorption and
emission, it is not usually possible tesolve the emissiofrom the two residues from the
steadystate dataHowever, the timeesolved dat@anreveal two decagimes, which can be
used to resolve the emission speena relative intensities of the two tryptophan residues.
The time resolved measurements carvaal how each of théryptophan residues in the

protein is affected byheir respective local environments

A fluorophore is excited with aarrowpulse of light. If i is the initial population of
fluorophore moleculesn the excited statet decaysin different ways (radiative,non
radiative intersystem crossing, photochemistgh arateof k. +kn+kisctKpr. The number of

excited molecules at timas given by,
— Q Q 1 Q €0 (2.29)
On integration,

¢o0 t¢nmA@PQo ¢t mA@bPGt (2.30)
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where @ Q Q, @ g;(%‘. and the lifetime is the inverse of total decay rate

T Q .In terms of intensity
0 Abyt (2.31)

This is a single exponentladecay. However, ost of the systems show mudkponential

decay,
" B OAGDG T (2.32)
whereB & p and the average lifetime is given by the following equation,

otf0 B &t (2.33

AL
Pulsed

excitation
—

Photon counts

Detection

Intensity (time)
T

Time (ns)

Scheme 212.: Time resolved fluorescence lilme measuremertiy exciting witha pulsedlight.

In our study we observed the lifetime of free Trp and the Trp of HSA by using 299 nm LED.
The instrument response function (IRE)measured from the Raleigh scattering (gsilust

in water) atthe excitatiorwavelength (299 nmandt hen t he e mi sdadfthen dec
sample was measured. Both the decasssfitted by reconvolution methodnd then the
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lifetimes are obtained by fitting in multiexponential equatiorusing P00 software
(Edinburdn).??

2.2.6. THz Measurement

THz (1 THz = 10%Hz = 1 p&’) frequency region has recently been evolved as a potential and
sensitive tool to label free probe the g intermolecular collective dynamics of water
network which is otherwise wiped off in conventional spectroscopic techritjtiéehe GHz

as well as MIR frequency range are limited to the imidecular stretching band of water
and does not protrude into the global collective motibwater which extends to more than
one hydrationlaye®. Such global collective information can only be realized in the THz
frequency domaiR®

Data analysis:By varying thetime delay between the probe and the pump b@hatailsin
chapter3) the amplitudeand phase of the THz electric field are measured as a function of
time. Frequency dependent power and phase of the transmitted amelsdbtained using
Fourier analysis of the measured electric field amplitggg(t). In this thesis work we have
used Tera K8, MenloSystems time domain THz spectroscopy weextractedrequency
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 taelthe optical parameters with high
precision up to ~2 THzDifferent optical parameters are extracted from this frequency

domain data.

The absorption coefficient, | ’ _ (2.34)

wherelo () andls (' ) representhe intensities in air (reference) and in presence of sauhple,

indicates the sample thickness.

nro__
@ =0asPstapPptapPp

» Solute (as)
> Hydration shell (o)

* Bulk water
(ap)

Scheme 213: Interpretation of THz absorption of an aqueous solution of a solute with known volume
fract)ion (40
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The refractive index can be calculatedrbgasuring the phase in air andsample,

R — (2.35)

The imaginary refractive inde3Q’ — (2.36)

The frequency dependent red) (and imaginary &) dielectric constants of the samples are
extracted as; ’ ¢’ Q' and- ¢t ' Q' |, where the complex refractive

indexisgivenas; '’ &' Q0.

We have extracted all the parameters by commercially available TeraLyzer Terahertz

software fttp://www.menlosystems.com/products/itime-domainsolutions/teralyzesingle)).

5
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Figure 22: TTDS data extraction: Time domain to frequency domain convelsjoRast Fourier
Transform (FFT) method using origin 8.5 software.

2.2.7. DielectricRelaxation Fitting (GHz-THz Regime)

We have employed amultiple Debye modéP 2" ?® to describe the dynamics of water
molecules incosolute solutions. According to the Debye model, the complex frequency

dependent dielectric respor{s& - ' Q ' ] can be described as:
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$§ - B — (2.37)

where,T is the relaxation time for theth relaxation mode, is the static dielectric constant,

- are the dielectric constants for different relaxation processess the extrapolated
dielectric caistant at a very high frequenapdm describes the number of relaxation modes.
The magnitude of induced polarization is given by the dispersion amplittide;

We fit the relaxation data of water imi$ frequency range using threelaxation 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 describdéise frequencydependent complex permittivityg

5 - (2.38)

where $is the relaxation strength of théhi mode andv is the angular frequency.

The following equation is to describe frequerttependent complex permitivities in a

solution containing considerable number of ©Bns

4 _ B

— (2.39)

where $is the relaxation strength of thehyj relaxation modes is the dc conductivity of the

solution and is the permittivity in free space.

2.2.8.Measurement ofEnzymeKinetics

Following is the simplest mechanism to show enzyrig Kinetic reaction on a substrats) (

to form a productR):
0O YaOPO0Y 0O 0 (2.40

whereESis the enzymesubstrate complex arfeiS’ is an intermediate transition statefore
product formation At a fixed enzyme concentration we measured the initial r&tg i
presence ofvarying concentration ofhe substrate (S). Most of the enzymes follow the
Michaelis-Menten equatiof

A — (2.41)
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where Vnax iS the maximum rate attainable at saturating substrate concentrégipn,
represents Miclgis-Menten constant defined by the substrate concentration at tilecite

Is given by Vo=Vma{2. The @azyme kinetic parameters are obtained by using Lineweaver
Burk (LB) plot i.e.1/\p vs. 1/[S] plot in the lower concentration regime thfe substrate

concentration,

- — (2.42)
0 — (2.43)

Catalytic constant.,: representshe turn over number which can be definasithe number
of substrate molecules converted ttee product per unit time when the enzyme is fully
saturated witlthe substrateTheenzyme catalytic efficiezy is given by the ratidcadKw.

2.3 Chemicals Used

2.3.1. Protein, Enzymeand Bacteria Cell:

Human serum albumin (HSAs a principal extracellular globular protein abundantly present
in blood plasm¥ consisting of three structurally similar domains (I, I, and 1ll), each
containing two swalomains (A andB) and stabilized by 17 disulfide bridgéslt contains

585 amino acids. The molecular weight of HSA is 66.5 kDa and the molar extinction
coefficient () at 280 nm is 36500 chM™. 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 understodd Furthermore, the protein has an
intrinsic fluorophore in the form of a single tryptoph@irp214) moiety in the 1A sub

domain which ca selectively be used to extract domain specific information.

Bovine serum albumin (BSAg an extracellular globular protei~70 % similar to HSA)

present in blood plasma of coicontainsabout583 amino acids with7 disulphide bridges
with 1 sulfhydryl group The molecular weight of BSA is 66kDa and the molar extinction
coefficient () at 279 nm is 44318.9 ¢hv .34 %
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Scheme2.14: 3D structure of the proteins (HSA, BSA and HEWL) as obtained from protein data
bank.[modifiedby Viewer Lite software]

Hen egg white lysozyme (HEWis) a single chain polypeptide of 129 amino acids eross
linked with four disulphide bridges antiet peptide chain is arranged in twequal size
segmentslisjointed by a deep cleft The molecular weight of HEWL i$4.307 kD&', molar
extinction coefficien®, 2g0k4=36000 M'cmi™. Substrates and inhibitoksnd in this cleft and

are hydrolyzed under the action key residuesGlu35 and Asp2 (Trp62, Trp63, Aspl01,
Trpl08 are involved in substrate bindjffgin the active site of therotein Lysozyme
catalyses the hydr ol y sbetsveenNfacefyl glgchsHdingNAG) y c os
andN-acetyl muramic aci@NAM) whichform the backbonef many bacterial cell waff’ In

the first step of mechanism lysozymgets attached to the large surface cell widliough
electrostatic interactioff. As the isoelectric point (pl) of lysozyme is 1135t, as a whole

is positively charged at least upto pH 11 (as pH < pl) whereas the cell wall is negatively
charged Ref: M. R, J.Salton Proc. 3rd Intern.Synp. Fleming's Lysozym@Jiilan (1964),
SocietaProdotti Antibiotic, p. 5/RT even at neutral pH.

Lysozymesubstrate: Micrococcus lysodeikticus ceis a gram positive, to gram variable
bacterium which is found in soil, dust, wasardair. It is also found is mammal skin, mouth,
mucosae and upper respiratory traidhe cell wall is composedf N-acetyl glucosamine
(NAG) andN-acetyl muramic aciNAM).
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2.3.1ll. Denaturing Agents

9 9
Urea Thiourea Tetramethylurea
+ 0 }
)
J
Guanidinium Chloride Tetramethylguanidinium Chloride

2.3.1V. Osmolytes:

A . .«‘5’ ,e,

Trimethylamine N-oxide Guanidine sulfate

Sucrose
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Amino Acids
) ‘ v )
aad > =)
Glycine L-Serine L-Aspartic acid
J }o’
3 ’J/-( #/(
L-Lysine L-Arginine

L-Tryptophan

** The previouspictureshave beerd r a wn Gabsgview0O5 soft war e

the symbda usedare as follows:
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3. Instrumentation and Basic Principles

Dynamic light scattering
Spectroscopy







Chapter 3

transition consists of a vast number of lines spaced so closely that spectrophotometer cannot
resolvet h e m. Rat her, the instrument traces an
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 empiricalbacgkrawn

asBeerLambert lawas given below,
6 11'G0 - oaf(foragiven wavelength) (3.1)

where A=absorption is the intensity of light incident upon sample ckik the intensity of
l ight 1l eaving s ampilitg cis thd niolar cahcentratiomod dolate dncé b s o

is the length of sample cell.

3.2.Circular Dichroism (CD) Spectrometer

CD was measured by JASCEBI5. Spectropolarimeteavith a Peltier temperature controller

attachmentA Xe-lamp is used as sourceliwfht. N is purged to remov@s; gas.

) My

N, atmosphere

M, P,
(Mz |-|§|Iit
Shutter

CDM
Filter .
- I 0

Sample Cell PMT

Lock-in
2 amplifier

M, O-ray  Slit

o M >
e

E-ra\;

ai>» -

Scheme3.2 Ray diagram of a Circular Dichroism (CD) spectropolarimeter,. Mb, P, L, PMT,
CDM, O-ray and Eray represent concave mirror, plain mirror, reflecting priemg photomultiplier
tube, CDmodulator, odinary ray and extraordinary ray, respectively.
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CD is defined as the difference in absorbance ofheftded (L) and righhanded (R)
circularly polarized light and occurs when a molecule contains one or more chiral

chromophores (light absorbing groups).

60 0 _ 0 _ (3.2
Mol ar ellipticity [d] is defined as,
— (deg cni decmot®) (3.3)

whered ( mid theggQD in mdeg uniCy is the molar concentration of the samples the

path length of the ceih cm unit.

3.3.Steady State Fluorescence Spectroscopy

We have useé@luorolog HoribaJobin Yvon, Edison, NModel LFI-3751). Ozone free Xe

Arc lamp has been used as a source of continuous wave I[igigre are two
monochromatorswhich are excitation and emission monochromator. The essential part of
these nanochromators is reflection gratingpntaining1200 grooves/mm and are blazed at

330 nm (excitation) and 500 nm (emission).

Extinction Mongchromator
Polarizer Sample

Beam splitter

Diffuser

Analyzer

Xe-Aré Lamp

Data
Output

Monochromator

Emission

Scheme3.3: Ray diagram of an emission spectrofluorimeter. M, G, L, S, PMT and PD represent
mirror, grating, lens, shutter, ploobultiplier tube and reference photodiode, respectively.
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These gratings give an excitation wavelength coverages@@hm and emission wavelength

coverage 29@50 nm.

3.4.Time ResolvedFluorescence Spectroscop{T RFS)

Picoseconeresolved fluorescenéetransients were recorded usitigne carelated single
photon countingTCSPQ technique' The schematic block diagram of BCSPC system is
shown in scheme3.4. TCSPC setugEdinburgh instruments, U.K.was used during
fluorescence decay acquisitions. The instrument response functions (IRFs) of the laser
sources at different excitation wavelengtasiedfrom 60 ps to400ps.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) withespect to the polarization axis of the excitation beam.

Laser
Driver

Sample

TAC
Start  Sto [L
o .E I —
CFD Delay

Data Acquisition/
Control Electronics

Scheme 3.4:Ray diagram of a TCSPC spectrophotometer. A signal from microchannel plate
photomultiplier tube (MCHPMT) is amplified (Amp) and connected to start channel of time to
amplitude conveer (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 Dersity Meter

Density and sound velocitwere measured usin@ high precision density meter (model
DSA5000) from Anton Parr (Austria) with an accuracy of 5%tpcc! and 0.5 m ¢ in

Chapter 3

density and sound velocity measurements, respectively.

\

Optical pick-up

Reference
oscillator

Piezo-element

Scheme 3.5Density meter based on oscillatingtube principle

A hollow U-shaped glass tube of known volume and mass is filled with the liquid

sample andxcited electronically by a Piemement. The Hube is periodically oscillating
with a frequency (sayj. Optical pick-ups record the oscillating peridd as P=1/f. The
proport i Oheaénsity i

frequency i s

inversely

obtained from the following equation,

where A and B are parameters. Thus the déypsf the sample can be determined after

adjusting the instrument with air and water (water must beofra& bubble).

5

v

—

&
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3.6.Viscosity M eter

Viscosity of a liguidsample was measured by amtomated Micro Viscometer [AMVn,
Anton Parr(Austria).

Ball
Capillary

Schane 3.6:Representation for micro viscometer based on falling ball principle

This instrument measures viscosity by theppler falling ball principle. In this method the
elapsed timeds required for the ball to fall under gravity throughliquid samplefilled
capillary tube inclined at an angl@&he tube is mounted on a pivot bearing which quickly
allows rotation of it by180 degrees, thus allowing a repeated measurement to run
immediately. The average time is converted into a viscosity valwentipoise(cP). The

dynamic viscosity is calculated by the followind'eq

~- 0” 7 0 O (3.5)

where— is the dyamic viscosity (mRS), t is the travelling timeof the ball ” and” is the
density(g cmi®) of the bdl and the sample, respectivel) is theball constant (mPam>g?)

andF is working angle constant.
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3.7.Dynamics Light Scattering (DLS)

Dynamic light scatteringdLS), also known as photon correlation spectroscopy (R8C)

quasi elastic light scattering (QELS) is one of the reliable technique to determine the
hydrodynamic diameter of the particle. In our tabasurements were carried outhiiano S

Malvern instrument employing a 4mW Hé¥e LASER ( &= 63 2. 8 nm) equi
thermostated sample chamb®rhen light hits small particlesompared to the wavelength,

the light scatters in all directionRdyleighscattering.

(Digital signal Processor)
Correlator

Beam Avalanche
Primary mirror sampler photo diode
( | |]—‘— He-Ne LASER
Optical fiber
Ej Attenuator
Y Fibre coupler
1730
\‘ » :_ U i |§|Beam dump/
laser power
Se'condaw Lens and Sample Cell ~ monitor
mirror translation P
assembly

Scheme 3.7Ray diagram oflynamic light scatteringdLS).

For themonochromati@andcoherentight, the scattering intensity fluctuates over time due to
small molecules in solutions undergoiBgownian motion and so the distance between the
scaterers 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 scllen@vement of the
scatterersAll the scattered photons are collected at 173° scattering angle. The details of DLS
measurements has been reported elsewhehe measured data in DLS experiment is the

correlation curveEmbodied within this correlation curve is all of the informatiegarding
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the diffusion of particles within the sample that has been mea®dyddting the correlation
curve to an exponential fation, the diffusioncoefficient O) can be calculatedD( is

proportional to the lifetime of thexponential decay)

Hydrodynamic diameter (J of the particle is estimated from the intensity
autocorrelation function of the tirgeependent fluctuation in t@nsity. According to Stokes
Einstein (SE) model they is related to the viscosity and the diffusion coefficient of the

solution as given below,
Q 9 — (3.6)

wherekgis the Boltzmann constgrg is the viscosity.

3.8. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR measurements were performed on a JASCO 6BBO spectrometer (transmission
mode). Michelson interferomer is the heart of FTIR spectrometer. It corsist a fixed

mirror (M4), a moving mirror (M5) and a beasplitter (BS, as illustrated iffigure 38. The
collimated IR beam from the source is partially transmitted to the moving mirror and patrtially
reflected to the fixed mirror by the beesplitter. The two IR beams are then reflected back to
the bearrsplitter by themirrors. The detector then sengles transmitted beam from the fixed
mirror and reflected beam from the moving mirror, simultaneously. The two combined beams
interfere constructively or d@é&ructively 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 amerferogramwhich has the unique property that every data
point (a funcion of the moving mirror position) which makes up the signal has information
about every infrared frequency which comes from the solite.measured interferogram
signal is then processed through a Fourier transform to obtain the final sped&aah.

spet rum consists of 1'aBquiedaa hsschiesblEi®OT 4000 ¢ m
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Sample Chamber

Scheme 3. Ray diagram of Fourier Transform Infrared (FTIR) spectrometer. Indnly a
Michelson interferometer in which one of the two fel@flecting mirrors is movable,llawing a
variable delay (in the trawdime of the light) to be included in one of the beams. M, &M BS
represent the mirror, focussing mirror and beam splitter, respectively. M5 is a moving mirror.

FIR (in collaboration withRuhr Univergy, 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) OPUS softwarel-or spectra
acquisition in the FIR region (3050 cm'), a mercuy-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 um.

3.9. Terahertz Time Domain Spectroscopy(TTDS)

TTDS measurements were carried out in a commercial THz spectrophotoiiefRk K8,

Menlo Systejn > ® A 780 nm Er doped fiber laser having pulse width’ @00 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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f S g Fiber laser
Motorized:~ < - 80 MHz, 100 fs
Delay © o 1 ' '

THz Emitter

Pump beam

Scheme 3.9. Schematicdiagram of Terahertz time domain specoscopy . M, L, 8
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 temperatugeown).

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 déposited

on LT (low temperature grown(saAs substratémobility € ~400 cm/s, carrier lifetime-1

ps) With applied bias voltage-R0 V, 10 kH2 the electric energy is stored in the gap area.
When laser light focuses on the gap, electron hole pairs are créaese charge carriers are
accelerated by the bias fielld. 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 Evy, (t) which is proportional to the derivation of therrentdensityJ(t).
o o0 ———— (3.7)
vo 0 0Q0 (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 dependenapawer
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LT-GaAs

Pulsed laser, 780 nm

Pulsed laser, 780 nm Gold dipole

THz Detection THz Generation

Scheme 3.10THz generation and detection by using photo conducting antenna.

phase of the transmitted pulse are obtained using Fdtaiesformof the measured electric
field amplitude Ep(t).

3.10. pGermanium Terahertz

(In collaboration withRuhr Univergy, Germany) In the pGe (pGermanium) difference
spectrometer measurements the THz radiation source used is@ohigh(1 W) pGe laser.

This setup has been described in elsewHelidne pGe crystal emits THz radiation in the
range of 1 to 4 THz, accessing the intermolecular collective modes of the hythauging
network of water. The THz radiation emitted from th&@ 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) & polyethylene lens. We used th&sp 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 andor 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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Chopper

Mirror

"\

ple

1
Lens
Reference Sam

==

Mirror&/

Lens

Detector

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 regimes measured in PNA 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.

Fixture

Inc|dent - Transmitted
6
a\e‘e

Source

<

XX P4
L

Incident Reflected Transmitted

Receiver/detector

Processor
/display

Scheme 3.12: Vector network analys er. MUT means material under test.
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3.12. Differential Scanning Calorimeter (DSC)

(In collaboration withlICB, Kolkata): The temperature dependetransitions in the protein
were measured on a Microcal \@ferential scanning calorimeter (DSC) (MicroCal, Inc.,
Northampton, MA) by monitoring excess heat capacities as a function of temperature as

described elsewhefe.
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4. Effect of Crowding Agents on Protein
Conformational Stability and Hydration
Dynamics

To mimic the real cellular environment biomolecules are studied in presence of crowding agents (e.
polyethylene glycol, ficoll etc.). We aim to study the structure, thermal stability and collective hydration
dynamics of a globular protein human serum albunm (HSA) in presence of two short chain crowding
agents, namely polyethyleneglycols (PEG 200 and 400). The secondary as well as tertiary structures
HSA have been studied by using circular dichroism (CD) spectroscopy. The alteration in the collectiv
water network structure is investigated using FTIR spectroscopy in the fainfrared (FIR) frequency

range (30450 cm?) and site specific changes are obtained by tiresolved fluorescence spectroscopi
technigque 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. C
study affirms that PEG 200 and 400 interact with HSA differently in comparison to higher chain PEG
10000 and smaller slute sucrose. For PEG 200 and 400 we have found a critical concentration beyor,
which the hydration of HSA alters abruptly.

4.1. Introduction
Cellular environments are crowde@(see scheme 1.1, chapter 1) with several

macromolecules like lipids, sugars, nucleic acids and proteins, along with
macromolecular arrays (e.g. cytoskeleton d)band the large volume occupied by such
molecules can have profuse effect on a number of processes of biological impoSacbe
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 conformatibims phenomenon
of macromol ecul ar crowding has generally b
model which predicts a relative stabilization of the native state compared to the fully
unfolded state's® as has also been experimentally realized in many earlier $ttidiekiding

those in which wea attractive proteircrowder interaction has been envisaged*® In all
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these studies increase in nativenfolded 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 enkamyscape by making the unfolded
state more ampact and thereby energetically less favourai§ié® This model is based on
hardcore 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 themsef/& However, a point of concern that
emerges i s whether there exist any O0truebd
effect apartfom the volume exclusinalso direct effect of the crowding agent on the folded

as well as unfolded states of proteins could not be ruletiasuthee have been reports
available in which crowding agents are found to ease the unfolding pro&eskhis could

make apriori 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 denharttiis regrd
hydration of protein in such crowded milieu is a matter of study as we kreter,wan
integral and active component of life, plays both dynamic as well as structural roles in most
of the biophysical processé&slt is an essential component for protein structure, defining the
collapse of the hydrophobimre in maintaining its structufé.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 M§>m considerable

effort has been put forward on proteirowder interactions with a major point devoted to the
protein stability and refolding kinetit$ **2° whereas the effect of crowding on the structure
and dynamics of hydration around proteins has rarely been addfé$3étighly crowded
environment is expected to alter the hydration structure of proteinofoti ng t he &6e
vol umed model as wel | as significant I nt er
result in a reduction of the diffusion ritend can affect various biological procesSds. an

earlier study crowding induced alteration in hydration dynamics has been reported to modify
the enzymatic activity ofi-chymotrypsir®® A recent MD simulation study by Harada efal.

have reported that macromolecular crowding at low crowder concentration moderately affects
the hydration structure and dynamics at the protein surface, wherggifiasst change has

been recorded beyond a certain concentration (~30%) of the crowders. 2D IR study by the
group of Kurbaryh et & has shown that both PEG amdotein themselves induce a

dynamical transition wherein the coupled protfeydration dynamics exhibits a sharp
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retardation beyond a certain concentration of PEG -@&B0%v/v) indicative of an
independento-collective hydration transition. A more recestidy showed that in contrast to

the prediction of the excluded volume theory, an enthalpic stabilization and an entropic
destabilisation was observed upon addition of PEIG.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 expetahewvestigation 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 Mty watersoluble synthetic polymer which has
extensively been used as a macromolecular crowing AG8rPEG is best modelled as a
spherical particleandbelogs t o one of the Omodificatoro
as protein structure stabilizefSPEG is regarded as a flexible spherical coil in the dilute
regime and in the semi dilute as well as in concentrated regime the polymeanstdegi
penetrate one another forming a méka entangled network® * 3" PEG molecules are
associated with a hydration of 2200 water molecules which are essentially stabilized by
dipoledipole forces in the form of hydrogen bondifigLarge molecular weight PEGs
experience predominantly repulsive interaction with proteins and induce macromolecular
association and compéon in accordance to the crowding theBrnHowever, a number of
studies have shown that this interaction cannot skaly be described in terms of excluded
volume aloné&” *!, rather an atérctive interaction between PEG and nonpolar or hydrophobic
side chains on the protein surface needs to be taken into considér&fioBuch dual
behaviour of PEG to act both as a crowding agent obeying tledexi volume theory as
well as being covalently or nezovalently adsorbed at the protein surface seems intriguing.
PEGs of higher molecular weights (e.g.,, 000, 10000) stabilize the native compact
structure of HSA, the interaction between these potgnamd HSA is thermodynamically
unfavourable and becomes even more unfavourable for the denatured*hHreE® 3500
has been found to bind HSAmspecifically and induces its conformational change at high
PEG concentratidfi. On the other hand, higher molecular weight PEGg @000, 10000)
have been found to stiibe the unfolded state of lysozyme and consequently reduce the
unfolding temperature of the protéinwhereas they offer onlparginal effect on the thermal
denaturation of ribonuclead&Most of these previous studies involve high molecular weight

(My>1000) PEGs and the role of PEG in modifying protein stabilization either in the form of
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an smolyte 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 &f have studied the concentration dependent effect of PEGs with
varying chain length (starting from the monomer) on intramolecular hairpin and
intermolecular dulex DNA formation. The stability of the formation is found to be
dependent on two factors, namelye excluded volume and the preferential interaction. The
authors reported that for the large PEGs the later factor has a positive stabilizing effect
whereasthe 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 tWelsana 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 usloyg farcular
dichroism (CD) spectroscop$tatic lydration at the surface of the peon 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 tesseege measured using
differential scanning calorimetry (DSC) techniqudéere we have further addressed the
guestion how the hydration dynamics, especially in the collective network structure at the
protein surface is affected in presence of the smalincREG molecules around the critical
concentration. To address this issue we have investigated the hydration behaviour of HSA in
presence of short chain PEGs usingifdirared (FIR) FTIR and fluorescence spectroscopy,
while the hydration dynamics has beexplored using THz time domain spectroscopy. The
elusive spectral range of THz has proven to be an important tool to study hydration dynamics
around biomolecule¥>" This technique is sensitive to the subtle changes of these vibrational
modes of water which can extend up to several layers beyond the solute ¥urfameler to
compare the behaviour of PEG 200 and 400 we study the effect of two other otherwise

indifferent or moderately protein stabilizing crowding agesucrose and PEG 10000.

4.2. Materials and Methods

HSA (Human serum albumindnd mly ethylene glycols (PEG00, PEG400, PEG 10000),
sucrose and Ltryptophanwere purchased from Sigafddrich with a purity of~99% All

the chemicals were used withdutther purification. All aqueous solutions were prepared in
sodium phsphate buffer (50 mM) at pH 7.0 anded after filtration with syringriven filter

(Millex) of diameter 0.22m. For farUV CD measurements the protein concentration was
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fixed at 2nmM. For nearUV CD and volumetric study 3@M protein was used, while for
DSC and DLS measurements 2GM protein solution was used. For fluorescence

measurements it was fixed atii].

We have used following instrumentind methodsfdr detaik seechapters 2 3).
Protein structure was measured by @i2spectroscopyWolume and compressibility of HSA
solution in the absence and in the presence of PEG were calculated using the density a
sound velocity data obtained with a high precisiensity meterThe hydrodynamic diameter
of HSA was detected b®ynamic Light Scattering (DLSYo probe the local environment
fluorescencaneasurements were done by bethady stateindtime resolvedexperiments.
During time resolved fluorescence stu#89 nmLED was used foexcitationand found480
ps instrument response function (IRF)he decay profile igitted with a multrexponential
equationusing F900 software provided by Edinburgh Instrumentermal stability of the
protein was studied bRifferential scanning calorimeter (DS@fter buffer or bufferPEG
solution subtraction and base line adjustments, the DSC thermograms of HSA in buffer or
buffer-PEG solutions depicting the excess heat ciéypas. temperature were analyzed using
Origin 7.0 software. The data obtained from the DSC measurements is of analysis of a non
two state model. The area under the experimental heat cap@gjtgurve was used to

determine the calorimetric transitiontealpy ((Hca) given by the relatiory"O .0 Q7Y

where T is the temperature in Kelvin. This calorimetrically determined enthalpy is-model
independent and is thus unrelated to the nature of the transition. The temperature at which
excess heat capacity is maximum defines ttaasition temperatureT{). The model

dependent v anBHy) waobtdinekas,t hal py (
Yo v TYYSL— (4.1)

where Y6 "Y) is the height of the heat absorption peak at the midpdigt ¢f the

transitio?> >*. The entropy changesx) for the unfolding process is obtained using the

relation,Y'Y _ Z-Q"Y

To study the collective hydratiowe used thé=TIR spectra(FIR regimg and THz
(TTDS and p-Ge TH2 spectroscopyWe employed a Debye mod&!’ to describe the
dynamics of water molecules in PEG solutions. The details of the Debye fitting model are

described irChapter 2In the pGe (pgermanium) difference spectrometer s@@ments the
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THz radiation source used is a higbwer (1 W) pGe laser® 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 absorlodn@EG 200 and 400
solutions at different concentratiofl | | ). The net change in the
absorption coefficient of the protein solutions compared to the respective buffers is obtained

as:

(YAY)

¥woo¥

K

(4.2)

where ¥ | |
4.3. Results and Discussion

4.31. Effect of Short Chain Polyethylene Glycolson the Structure &

Thermal Unfolding of Human Serum Albumin

CD Measurements

FarUV CD measuremnts of HSA inthe range of 20@60 nm are shown idigure
43..1.(a). At 20°C the protein retains its native structure in the buffer with two characteristic
negative peaks at 208 and 222 rirhe protein is mostly constituted afhelix (67.1%) with
smaller contributios of other secondary structures like random cbitsirn etc?* > ®° 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 spectrunT he ¢ or r e-bBefical ncontemt gncraks 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 thehelical content with increasing
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Figure 4.3..1. (a) Far UV CD spectra of HSA in 50 mM phosphate buffer at different concentrations of PEG
400. The inset shows the correspondirgarUV spectra. (b) Temperature dependent CD spectra of HSA in
30% (v/iv) PEG 400 solution. The inset figurepresents the unfolding temperaturg @s observed from the
CD signal of HSA measured at 222 nm as a function of PEG concentrations.

PEG concentratidh *, 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 $tructure
The observed increase in tleehelical content in the present investigation suggests the
formation of a more compact structure which perhaps renders a greater stability to the native
protein structure aa result of the addition of the crowding agent. CD spectrum in the near
UV region (between 250 and 300 nm wavelen
aromatic amino acid environmé&hf®, The NearUV CD spectrum of HSA at 2@ 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 indating 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 tertiay 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 techniqué&idgure 4.3.12a). HSA is a globular protein with a
hydrodynamic diameter of ~10 nm in aqueous sol@tid®onsidering a hydration shell of ~5

A thickness this value is in googr@ement with the crystal structtit€”. As observed from
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remains almost constant with the concentration of PEG in soldti@observedalues off ,
andfy for HSA in buffer are found to be in good agreement with those reported in earlier
studie§’. With increasing PEG concentratibnincreases gradually up to 30% PEG, beyond
which it starts decreasing. A similar trend is also observed ifytheofile. The present trend

of increasing y andf « up to certain PEG concentration is consisterth our previous study

in which an increase iri, and fx were observed upon addition of PEG 400 iato
chymotrypsifi®. It is worth mentioning here that bathandf « values for PEGwater mixture

do not change appreciably with incre@siREG concentratiéi The partial molar volume

(V) of a protein is a sum of two different contributidh®,
6 O O 43)

where theV,, is the change in the volume of solvent due to hydration\agpds the specific
intrinsic volume which is the sum of two contributions, namely the intrinsic molar volume of
the protein V) which water cannot peher at e and t he V) twhiehr mal
corresponds to the void volume due to imperfect packing of the prote\/,; term usually
contributes a positive share towards whereas the contribution of thg term towards the

total molar volume is wslly negative. The initial increase fiQ is attributed to a decrease in

the V;, contribution due to the dehydration of the protein surf&®. measurements have
concluded a gradual increase in t#belix content with PEG addition which corresponds to

a nore compact structure and correspondingly a partial dehydration at the protein surface,
corroborating the observed changefin The sharp decrease f beyond 30% PEG is
striking, as it suggests a drastic change in the hydration structure at the puoteoe. The
observed decrease in volume might have the following redsdrigher hydration of the
charged and polar groups, or, volume changes associated with thiertrainsonpolar

groups from hydrophobic environment to solvent water, the loss of void volume due to
imperfect packing in the protein interior. As observed from the CD measuotgnthe 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 nmigiodify the \f, which produces the

overall decrease if,.
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Thermal Denaturation ofHSA:

Effect of temperature on HSA has previously been studied using different techffifues

One of the early studi&shave concluded thahé process follows multiple steps: native (N)

Y extended (E) Y unfolded (U). In the exte
apart keeping the native conformation almost intact, whereas in the unfolded state (U)
domain Il starts to melt, disrupg the secondary and tertiary structure of the protein. The
NYE transition is reversible whereas for t
retrieved upon decreasing the temperature. We measure the CD spectra of HSA in the
absence and in the pence of PEG at different temperatures and it is found that in buffer the
a-helical content decreases from 67% dlC2@ 48% at 7%, which then recovers to 62% as

the system is cooled down to°ZD Figure 4.31.1b 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 calculatedhelical content decreases from 71%26’C to 50% at

75°C, recovering to 63% at 20 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 alsobserved in the compressibility
measurements in which, and fy 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 tfwded state¥, and the
corresponding equilibrium constant for the unfolding procd&g €an analytically be
expressed as,

0 (4.9)

where these fractions are related to the ellipticities for the unfoldgg é€nd native (])
state$’. 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 adifferent concentrations is shownfigure4.3.1.5.
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Figure 4.3.1.5. Temperature dependence of the native fraction of HSA as determined by CD measurements in
presence of different concentrations of PEG 200. The corresponding plotffyria(InOT ) is shown in the
inset. The solid line corresponds to a linear fit.

The transition temperature at which the protein starts unfoldiy)dhés been estimated from

the first derivative plot of the CD signal (at 222 nm wavelength) as a function of teurperat
and the obtained, values are plotted as a function of PEG concentrdfigare 4.31.1b,

inset). The unfolding temperature decreases with increasing PEG concentration, revealing

that in presence of PEG the protein is more prone towards thermalmdioat

Temperature dependent DLS measurements are shofgure 4.3.12b. It can be
observed that the size of the protein in buffer does not suffer considerable change’ay to 65
and on further increase in temperature the size increases sharptimglio an onset of the
unfolding proces&’ 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
increasein 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 dependembfolding of HSA has also been monitorading the
intrinsic fluorophore Trpfigure 4.3.1.4.(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 intesity.*® A probable explanation for the observed blue shift could be brought
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Hoff enthalpy DH.u) valuesuffers a slight decrease (from 122.5 to 103.2 kcaljneith
increasing PEG contenffigure 4.3.16b), which is somewhat contrary to the thermal
unfolding of lysozyme in which molecular weight and content of PEG does not offer
significant change irthe DH,4 value$'. The ratio of the masuredcalorimetric enthalpy

(DHca)

30} - 68 } =
— (@) —_ ?S;e;EG 400 . a E:: . A
o 25 20% PEG 400 A £ 10
3 30% PEG 400 64 } I
- 20 40% PEG 400 | —~ A< P00 30 w0 50
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Figure 4.3.1.6. (a) G, 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 plof fpwén(n©T,,) for

PEG 400 system. The solid Iline is a |linear fit. Th
function of PEG concentration in another inset.

and estimated v BHu) for HIA is fless ghart unigyTaple 4.1.0 and
decreasegradually with increasing PEG concentratasmore than one transition states are
involved for the conversion of native to unfolded stiteslicating several domains of HSA
undergo indepadent transitionsThe progressivencrement ofDHcy with increasing PEG
concentration is due of the fact that more heat is required to break the additiooadi$iin

the HSAPEG aggregateés small chain PEGs are sterically less hindered compared to the
higher PEGs, the netovalent attractive interaction plays major role during thermal
unfolding. The decreasing trend iDH,y and the increased entropgs) of unfolding with

PEG concentration indicate that the hydrophobic side chains of the protein pypseéx
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 entropysenpesof crowding agents

which in turn has destabilized the unfolded state making tite Mcreas®
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Record et af® % " 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 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 fornmof 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 nepecifically binds to the proteiA§ The first factor
stabilizes the protein while a predominant +specific interaction between PEG and protein
exceeding the repulsive exded 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 hating up to 78C. 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 %0 the random coil content is increased by ~72% compared tmtive

state. Addition of 30% PEG 400 increases dhleelix 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 crovedjagts in accordance to the
Ovol ume exclusion principlebd. However, up
stabilized due to strong interaction of the exposed hydrophobic moiety of the protein with the
small PEG molecules at the protein surface &edeby 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 st&tof 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 transion.
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Scheme 43.1.1. A model to representot to the scale)he potential energpf native and denatured state of

HSA in absence and presence of the short chain PEGs.

Table 4.3.1. Thermodynamic parameters obtained from DSC during thermalwtatiah of
HSA in absence and presence of PEG 200 and PEG 400

System W Tin® DHecal DHyn DHyt /DHcal DSrm
°C) °C) | (kcal molY) | (kcal molY) (kcal mol*
OC-l)
Buffer 65.4
67.5 | 137.50.6 | 122.50.7 0.89 2.04
PEG 200
10% 64.4 | 66.4 | 140.5:0.8 | 120.2t0.8 0.85 2.12
20% 62.7 - - - - -
30% 60.9 | 624 | 196.3+0.5 | 118.50.4 0.60 3.15
40% 57.2 - - - - -
50% 541 | 57.9 | 226.8t1.0 | 115.6:0.6 0.51 3.93
PEG 400
10% 64.9 | 66.2 | 144.80.3 | 117.20.3 0.81 2.19
20% 63.2 | 650 | 174.30.4 | 115.40.4 0.66 2.69
30% 620 | 634 | 210.606 | 113.50.4 0.54 3.33
40% 60.1 | 61.8 | 222.50.4 | 110.%0.2 0.50 3.61
50% 56.2 | 57.7 | 234.80.7 | 103.2:0.4 0.44 4.08

(1) from CD measurements. (2) from DSC measurements.
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4.3.1l. 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-480 cmi’) FTIR spectra of hydrated

HSA in presence of PEGs. The results are depiatefigure 4.3.11.2. In this frequency
window water produces two characteristic peaks, one in the ~200region which is
distinctly collective in nature and corresponds to the hindered longitudinal motiontexf wa
molecules along hydrogen bonds, while the other one appears at a higher frequency ~600 cm
! which emanates from their librational (hindered rotational) m&t&s® When we plot the

FIR spectra of buffer and HSA at different concentrationfguare 4.3.11.1a, we observe a
marginal decrease of absorption with increasing HSA concentration. Thus aladethat

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 @0hem® peak tigure 4.3.11.1b).

PEG is found to have lower absorbance than water and produces an absorption band at ~225
cm’. The progressive blue shift of the 200 tipand in the waterPEG mixture clearly

indicates an influence on the hydrogen baetivork in water.

w

Water + HSA 3 | Water + 300 uM HSA + PEG

Water

=== 100 uM HSA
300 uM HSA

—— 500 uM HSA

[ (b) Water + PEG

w

N
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Absorbance (a.u.)
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o
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Figure 4.311.1. (a) FIRFTIR of water and HSA at different concentrations. (b) -FIRR of PEG 400 at
different concentration. The absorption spectrum of pure PEG 400 is shown as a broken lineHENRFER
HSA in presence of diffent concentrations of PEG 400.

In figure 4.3.11.2a weplot the absorbance of 0.5 mM HSAffer 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 in086 PEG. To exclude the contribution of the PEG
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hydration from the observed spectra we calculate the difference absorbgnee4(3.11.2b)
in which the spectrum of PEG solution is subtracted from that of HAS in presence of PEG
(Diff. Abs. = Absorbance afolution with HSAI Absorbance of solution without HSA).

— Buffer
20 l——— Hsaosmm 000 p e
5 “7|——8%Pec L0 N T T
5 — ——  30% PEG with HSA 005}
3 1.5 p—— so%Pec @
s —_—— 50% PEG with HSA 2
C —
S 10} g 010y
§ (m]
2 ) | ——— 30% PEG 400
2 05} 0.15 50% PEG 400
(b)
0.0 : . - : -0.20 ' : : :
100 200 300 400 100 200 300 400
Frequency (cm™) Frequency (cm™)

Figure 4.3.11.2. (a) FIRFTIR 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 HSAland WBA

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 obtainesenaf 50% PEG, especially in the

200 cm' 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. Therdase in the intensity in the 200 drange
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 peit 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

theprevious study. The changelnf, (apparent specific volume) can be writterfas:

Y% oqF — (4.5

where, [h, is the change in hydration number at the protein surface, M is the molecular
weight of the proteing andw are the partial molar volumes of water in the hydration shell

I1192\ye estimate a loss of ~950 and

and in thebulk, respectively. Considering ~11cnfmo
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 hydnationd

the protein surface this number accounts for ~25% of the hydration shell.
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FluorescenceAnisotropy and lifetime Measurements:

The intrinsic fluorophore Trp214 has extensively been used to extract site specific
information of domain 11A ofHSA X% %*We have measured tisteady state anisotropy ()
(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 diffeREEG
solutions. Figure 4.3.11.3b 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 fluorophdfeand the observed linear increase in Trp anisotropy in-PEG
buffer solutions isin accordance with the increasing viscosity of the soluti®h3he
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 watePEG solution the anisotropy of Trp214 in HSAedonot 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 PEGWe measure the lifetime of Trp in buffand in HSA; the results are
depictedin figure 4.3.11.3d Some representative emission transients are presentegiria
4.3.11.3c. The emission decay of Trp in buffer could be fitteeekponentially with time
constants of 0.5 ns (17%) and 3.2 ns (83&#)d with an average time constarit><

B &t of2.73 ns.
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In accordancehe previous tudies” *°® 1% we deploy a triple Debye dielectric relaxation
model to fit the curvesfiure 4.3.11.4a), the fitted data are presentad table 4.3.11.1. In

water, the Debye dielectric time constants are found tQ+®9 ps,t,=222 fs and ;=84 fs;

these timescales are in excellent agreement with those reported in earlier’$ttffiesand

t, are attributed to the cooperative rearrangement of the hydimgeed network and the
rotational modes of individual polar water molecules, respectiv&lfandt is related to the

60 cm’ vibrational band which is found to be associated with a concerted motion of the water
molecules involving the second hydration sh¥ilAs PEG is gradually added to water,
increases linearly whilé; changes within the experimental ertonit (figure 4.3.11.40.We
reported a similar increase tinwith another crowding agent, sucrose in aqueous solutidns.
The increase in the; 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 d structured hydration layer around PEG.
p-GeTHz Sudy:.

We measure the hydration dynamics of the extended solvation shell of HSA using a high
intensity pGe THz laser which measures the absorption coefficient in the frequency range
around 80 cil (2.1-2.8 THz) region. This technique has previously been explored to

determine the hydration dynamics around proteins and biologically important solute

moleculeg” %8 112113
0
°l ® PEG 200 g ; 6
—~ -0 A PEG400 | ~ 21
T £
5 -100 5 . 3
3 : :
> 3 é
-150 5l
(a) . .
2006 Y
0 10 20 30 40 &0 0 10 20 30 40 &0
[PEG] (% viv) [PEG] (% viv)

Figure 4.3.11. 5. (a) Difference absorbance compared to PBS buffer dbBHffer 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 respdfeige
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Figure 43.11.5 summarizeshe results obtained from@e measurements. We first investigate

the hydration dynamics around PEHgure 43.11.5.a shows the difference absorbarofe

PEG 200 and 400 solutions as a function of PEG concentrasoobserved from the figure,

Da decreases linearly with increasing PEG content, which is explained by the replacement of
water moleculesvith PEG 200 or 400 which have decreased absorption coefficient compared
to that of water (integrated absorption coeéfids at the frequency range 2B THz of

water, PEG 200 and PEG400: 424, 138 and 113, aespectively). However, the slopes
obtained from the experimental linear fits (solid lines) are found to be steeper than those
obtained by considering a simple twomponent 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 ffierent 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 abgation coefficientDDa which exclusively reflects the changes in the
hydration dynamics of the protein excluding the contribution in the PEG hydration (figure
4.3.11.90). It can be noticed from the figure that at low PEG concentrab®a, increases
linearly suggesting that the observed changes irctiiective dynamics of protein hydration

is related to the depletion of the protein hydration layer in presence of PEG with a
concomitant increase in tleehelical content and the consequent compaction of toip

mol ecule in accordance wi t'¥This blso sgiests that ats i o n
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 insufficiengxplain 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 sometinaddizes proteins to a
moderate extertt> *® while the later one stabilizes proteins in low concentratibhgve
measure the CD spectra of HSA in presence of both the crowding &ugunts4.3.11.6). It is
obsened 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 z#abihe

protein, however, at and beyond 30% PEG, the CD signal decreases drastically indicating a
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A PEG 10000 é
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Figure 4.3.1.7. 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 sudfesefand
PEG 10000 solutions.

For PEG 10000 als® a produces a linear decrease (fig@&.11.7, 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
charge in protein hydration dynamic® O ashows a neadlinear increase (figurd.3.11.7),

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 elifféhan the otherwise

protein stabilizer caolutes.

We al so measure the temperature depende
PEG 400. We increase the temperature up tc
native to extended state transitiprocess!® Figure 4.3.11.8 shows change in the absorption
coefficient of the protein solutions compared to the respective buBdisgas a function of
temperatureD aof 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 48Qidtrease iD D & moderate, which can
be explained from the fact that at 10% PEG 400 the protein gets slightly stabilized following
the fiexcl usi on A BamREG, phoveveg ithp Idecrease DnD &
considerably sharp indicating an altogether different interaction mechanism between the
polymer and the protein at this PEG concentratibseems reasonable to a priori consider
that beyond the critical PEG concentration protein hydration caenéated independently
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Figure 4.11.8. Temperature dependenbange 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 beencluded by King et &F Since the protein
surface has more complex morphology compared to homogeneous PEG surface, the
hydration structures in these two systenare presumably different. Nedv CD
measurements had affirmed that the protein
change in presence of smaller chain PE®Gnd 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 attribdtto the change in the protein structure such as protein
denaturatiort’ Based on the results of the study with an otherwise indifferent or protein
stabilizing cesolute sucrose and PEG 10000 we conclude that in the studied concentration
range the protein hydration is not significantly or "all the sudden" modifieddaygresence

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
phenomeno® Incase ofPEG 10000, the protein o6depl et
PEG 400, which makes the polymer assisted diffusion of the protein masile in the

former environment allowing multiple collisions between the protein molecules leading to
eventual precipitation as observed from the CD measurer(féguse 4.3.11.§ andloss of

optical transparency. For the smaller PEG 400, such aggregatianfavourable 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 obseBv&xan

beyond the critical concentration. However, only a rmmigchange in the CD signats
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indicates only a fraction of the protein to underyoy 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 inaej@mtly as the hydration layers of the HSA and

short chain PEG overlap.

Table 43.11.1. Debye relaxation fitting parameters of aqueous solutions of PEG 400 at different concentrations

[PEG]

G - : : b t2 ts

(% viv) v U U (ps) (fs) (fs)
0 2.13+0.03 75.13 3.92+0.06 3.49+0.10 8.86+0.2 222+65 84
10 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 | 239457 84
30 1.90+0.03 58.76 3.57+0.06 3.07+0.08 14.58+0.4 | 237454 83
40 1.82+0.03 51.48 3.48+0.06 2.96x0.08 16.70£0.5 | 234454 83
50 1.86+0.02 44.65 3.43+0.03 2.90+0.08 19.59+0.6 | 210+34 84

(@) Vvalues are taken from Ind. J. Pure Appl. Phys. (2007%46481

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 finteractingor weakly repulsivgas an osmolyte)

to interacting (as a nespecific ligand) mode with the increase in concentration of PEG.
Addition of the polymer increases the compactness of the protein without adversely affecting
the tertiary structureAt 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
interacton of the unfolded protein with the polyméte further investigate the hydration
behaviour of HSA in presence of the PEGs. Combining acoustic anéF HR studies we
conclude that the protein hydration is affected in a distinct way below and abovetita cri
PEG concentration of 30% (v/v). Site specific fluorescence study exploiting the intrinsic

fluorophore Trp214 of HSA affirms the hydrophobic moiety of domain Il of HSA does not
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directly interact with PEG. TTDS study unambiguously confirmed a retardaif 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 hydratind theyo

critical PEG concentration.
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Chapter

5. Understanding the Way of Protein
Destabilisation/Stabilisation by
Cosolutes

How protein folding or unfolding occurs in presence of stabilizing or denaturing agents is still g
debatable issue. Ths chapter addresses very fundamental question, whether urea and guanidinium
chloride (GdmCIl) act as water &éstructure breec
(TTDS) confirms that both these molecules perturb the extended solvation layer annd themselves
which supports the strongly debated fAwat eifThiss/tr uc/
chapter also concers about a detailed understanéhg of hydration of amino acids which are not only
the building units of protein but also act as emolytes. Itis a key step to realize the overall solvation
processes in proteinsA combined GHz (0.250) to THz (0.32.0) experimental spectroscopic study
reveals the dynamics of water at room temperature in presence of different amino acids.

5.1 Introduction

xact molecular mechanism @irotein unfolding or stabilizatioly cosolutes isstill
Eremains a strongly debatable isslteis believed to resuleither from their direct
interaction with the protein backbone or as an extieffect in whictcosolutegerturbs the
water network structureThe 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 whter limited to first 12 hydration layer, the
cooperative Fbond network dynamics which extends up b @ 4" hydration layer and
leaves its imprint in the elusive THz frequency region, faasly been investigatedThe
principal motive of the preseimmvestigation is to underline the effect different cosolutes

on the collective hydration dynamics of water.

Urea and itsDerivatives. Ureais a neutral molecule having a size comparable to that of
water and hasistorically beenrecognizedo offer unque physicochemical properties like
protein denaturatigh hydrocarbon solubilisatiof etc, however, the exacmolecular

mechanism of the processinvolved still remaina strongly debatabliesue The interaction
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of urea with protein molecules during its denaturation process has beergedesher as a
result of its direct interaction with the protein backbone or as an indirect effect in which urea
perturbs the water network structiir®ne of the earliediscussions made on the mechanism
ofdmaturation ability of urea was bdwhcH on
encompasses the concept that incorporation of urea molecules Inghkgen 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 literdture
Koga et af'* made detailed solution thermodynamics consideration and concluded that urea
does form direct hydrogen bond and therebyysbst the hydrogen bond network of water.
Vanzi et al*® showed that the hydrogen bonded network of water predominates around the
amine groups, however, the wgtture gets distorted around the carbonyl group. Simulation
studies by Zou et &f showed that the average number of hydrogen bonds per water molecule
as well as the average wateater hydrogen bond lifetime decreases in the presence of urea.
Molecular dynamic simulation study by Wei et‘atoncluded that ureaduces considerable
reduction in thelistance®f the second hydration shell of hydrogen bonded network in water.
The concept of urea being enactedaawater structure breaker has been challenged by a
series of simulation and experimental studfé& Polarization resolved mithfrared pump

probe spectroscopi experiment by Rezus et ‘8l.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 -fgiice relaxation time of thé’O

nucleus of water molecules in urea/water system by Shimizu ‘étcahcluded water to

remain mostly unaffected in the peege of urea. Similar observation has also been reported

by mid-infrared (MIR) FTIR® and dielectrit” measurments, as well as several simulation
studies which unambiguously concluded the water structure to remain unaltered in urea
solutiong*?*. Some recent resultsatie suggested a direct interaction of urea with protein
backbone which eventually leads to its denaturdfioff According to the
denaturation process §® tha process initiatesswettd a poeferentall a
solvation of the globular protein by urea and exclusion of water from the protein solvation
shell followed by solation 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 studi€sThe preferential solvation of wads usually driven

by Van der Waals interactions along with an additional solvent entropy gain as initially

constrained water is displaced by ufe&® There has also been studies that even support the

( )
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electrostatic basis of urea activifyThe interaction of urea with protein thus still remains
debatable and it is now commonly believed
der Waals attraction, hydrogen bonding and hydrophobic effect plays the kew ribie i
protein denatwuration process, however, t he

water structure perturbation can nqiréori to be neglected

There have been several experimental studiesurtderstand the structure and
dynamics of water around urea. Ultrafast optical Kerr effect spectroscopy of aqueous urea
solution reveals several low frequency bands a@530100 and 17200 cm' region®" %

The lowest frequency band arises due to the vibrational motion of urea or water ifi'acage
absorption of watet* The other two bands are related to the hydrogen bond interaction of
water with urea and absorption of water, respectively. For pure watmnanent peaks
observed at ~200 chwhich corresponds to thiirst-shell dynamics, whereas a concerted
motion involving the second solvation shell contributes most significaintiyhe 80 crit
region®®* Raman spectroscopic studies by Idrissi et @nd Mazur et al? have identified

urea to act as a mild structure breaker.eRéy Funkner et at* studied the changes in the

fast solvation dynamics of water around urea in the frequency range of 1.5 to 10 T350(50
cm®). Their study concluded the water structure to remain unpedunbthe thin hydration

shell of urea. MIR pumyprobe spectroscopic study by Rezus éf aentified an unaltered
hydration dynamics of water in presence of ure#s, lhowever, 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 generallgensitive to the first solvation shell and thus unable to provide
information on the extended solvation shell which extends up4tdn&iration layerg® The
previous studies thus were not meant to detect any possible change in the syfamea
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 (% THz) frequeng 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 r&fig& which identified strongly
associagd water exhibiting slower relaxation dynamics compared to that of bulk water, as has
also been identified in MIR pump probe spectroscopic stdii€ke GHz as welas MIR
frequency range are limited to the intrlecular 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®® Such global collective information can gnbe realized in the THz frequency
domain® 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.ln order to achieve a better insight, we have also investigated water dynamics in
two derivatives of urea, namely thiourea (TU) and 1,i&&amethylurea (TMU)We
compare the resultef urea with a welknown structure maker trimethylamirg-oxide
(TMAQO) with the goal tounderstand the solvation behaviour as a consequence of the
overwhelming protein stabilization behaviour of TMAQO over urea.

Guanidinium Salts: Another denaturing agemuanidinium chloride (GdmCI) exhibits the
remarkable ability of denaturing proteifs® There has been substantial advancement in the
studies of the denaturing effect on GdmCI, however, the exact mechanism involved in the
phenomenon continues to be controversial spetulative’® *° It has generally been believed

&0 4L 42 31s0 the rte of Gdni in alteration of

that Gdni interads directly with protein
solution structure of water has also been ardti®dwhich however, has received only
limited support from experimental findingsNeutron scatterify and delectric
spectroscopy experiments have concluded the fdstence of any strongly bound
solvation shell around Gdmprimarily because ofts low charge densitl}, however, MD
simulation results have predicted a significant ordering of hydration layer arounti@dm
depending upon its orientatiéfh.*® According to Scott et 4 Gdm’" denatures protein by
altering the water structure; theiudies revealed that Gdmirives the preferential formation

of strong, linear Fbonds over weak, bent-bbnds. IR pumprobe study by Bekker et 4.

has shown that the reorientation dynamics of water molecules suffers considerable alteration
upon the addition of GAmCI. While GdmCI is known to be a strong protein denaturant, salts
like NaCl or MgC} mostly remain indifferentThis ambiguity certainly evokes the most
pertained question that what drives these salts to act in opposite modes, and it remains mostly
unanswered. Arakawa and Timashgfhave previously inveljated 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 Gdni behaves in a manner much comparabl¢hat 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 betweerettentof the various interactions
between Gdrhand N& which probably brings about the remarkable denaturing ability for the

former. In a later study Courtenay et&investigated the effect of GdmCI on BSA on the
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basis of changes in the watcessible surface are&/ASA) of the protein in presence of

the denaturant. The authors reported the existeof a strong favourable BSBdm'
interaction as compared to the waam' 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 changethe net charge density. While several earlier studies
have concluded Gdfrto form hydrogen bond with peptide carbofiyl* °2 such possibility

has strongly been opposed by Lim et’dh a recent NMR study.

The above mentione@bservations make it evident of the fact that the exact
mechanism of the protein denaturation ability of GdmCI is debatable: it broadly is based on
the fact that Gdihshows preferential interaction with parts of proteins, which leads to its
denaturationwhile, the role of hydration of Gdimon the denaturation phenomenon has
hardly been critically addressed. It can be apprehended that the direct and indirect
denaturation mechanisms are not mutually exclusive and mighttbetimechanisms be
simultaneouslyactive. In the present contribution we have investigated the collective
hydrogen bond dynamics around GdmCI in aqueous solutions as well as in presence of a
model globular protein human serum albumin (HSA) using terahertz (THz) time domain
spectroscopy (TDS) 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 dyrwiEsxtend
that study towards a more involved question related to the protein denaturation with GdmCl
and have investigated the changes in hydration dynamics oftletprotein and the salt
during its chemical denaturation. Such denaturation study has previously been carried out
using several experimental technigd&showever, the consequent changes in the
corresponding hydration dynamics has hardly been consid8iade theproficiency of
denaturation of proteins by ionmartly dependsupon 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 Gdie have investigated the hydration dynamics of
GdmCl in the THz frequency range (23 THz) using a multiple Debye dielectric
relaxation (DR) model, which has extensively been used to underline the ultrafast dynamics
of water associated with biomolecufdsRecently Hunger et &l. have studiedhe DR of

GdmCl and GdmC®@in the 0.180 GHz frequency region; their study was mainly focused on
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the possibility of the formation of large ion pairs. They unambiguously found texistent

of such large ion pairs in the solution, however, some recemnitabsimulation studies have
predicted the possible existence of contact ion pair in Gdfitie DR study by Hungeet

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, tieerefve attempted to
compare the collective hydrogen bond dynamics in GdmCI 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 ade(TMGdMCI). 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 betwettie hydration dynamics of GAmCI and its ability to denature
protein as well as the rationale behind the way this particular salt differs from the

conventional monovalent cations.

NH,* K* Na* Li* Mg* Ca** C(NH,)*

(Gdm")
Kosmotropic Hofmeister Series Chaotropic
$0,> HPO,~ CH,CO,, CI NOy I Cclo, SCN

Salt out (aggregate)

Surface tension

€

Cavity (in water) formation ability >
P Hydrophobic effect
) Protein denaturation >
< Protein stability

Scheme 5.1.1 Hofmeister seried to show the effect of different cation and aréoto the
protein/peptide in water.

Over 100 years agdofmeister(scheme 5.1.1) showdlde effect of different cations
and anions of salts to protelhThe denaturing ability of GdmCI is often believed to be due
to direct interaction of Gdfrwith the proteirr® *® Question arises when GdB0O, was found
to stabilize protein§ In a very early study von Hippel and Wong reported that melting

temperature of ribonuclease increase with the £&@n conentration in contrast to
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GdmCI® But there is a lack oplausiblemechanismbehind this fiding Earlier studies
showed that the protein denaturation ability is dependent on Gdion as well as the
counter ionlIn this notion wehave further studied witguanidiniumsulphate (GdR80y) salt

to observe the perturbation in water network struetru

Amino Acid: Amino acids are not only the building blocksprbteins;they often also act as
intermediates in metabolism as well as osmolytes that can stabilize pPétéiBepending
upon t he Pamind acidsgareo alapsiied as hydrophilic or hydroph®bit®
Hydrophobicity of amino acids is believed to be a key parameter that regulates phenomena
like protein foldingunfolding, aggregation, activityproteinligand binding and protein
hydration in aqueous environmefifs’ It has also been established that structure and activity

of biomolecules are slaved by the associated hydr&ido. unravel the heterogeneity in
protein hydration it is of utmost importance to understand how individuahcarmacid
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™ " While analysing the solvation of hydrophobic and hydrophilic parts of a protein
separately ve 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 acidecafsva

side chains in the exposure to solvents.

From a thermodynamic poimtf view a hydrophobic solute weh exposed to water
creates a void by breaking thelddnds adjacent to its surface and the enthalpic penalty is
minimised by ordering the water netwdrka more favourable directidi.There havebeen
several experimental as well as theoretical studies carrying out addressing the hydrophobicity
of the amino acidd ° ® 7" as well as structure, stability and solvent effect on different
amino acid$®® Aqueous solutions of amino acids have extensively been studied using
different experimental techniques involving IR spectrosEbp)NMR spectroscopy
Raman spectroscopy neutron diffractiof® as well as using molecular dynamics
simulatiorf® technique. Recently Panuszko et al. have investigated the hydration structure in
some amino acids using FTIR andMimulation studied’ There have been a few dielectric
relaxation (DR studies in theMHz-GHz frequency domairito probe the dynamics of
hydrated amino acid§® 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 ptiobeultrafast
collective hydration dynamics. Sato ef%have studied DR on a model amino acid glycine

in the range of 0-B9 GHz. They reported three time scales of ~ 40 ps for the rotational
diffusive motion of glycine, ~ 9 pand 12 ps for bulk water and localized free water or
weakly hydrogerbonded dynamics, respectively. Arteche e @arried out DR in a series

of amino acids (glycine, alanine, threonine, histidine, proline, arginine, lysine)-200GHz
frequencyrange 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 indBizise
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-rlmmge collective water
network arounddifferent 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, fait is more localized on the solute and little energy is transferred to the
surrounding water. Niehues et al. studied the dyoin of a series of amino acids in ~2.4 THz
window and observed t hat U of hydr at ed
hydrophobicity and fraction of polar volume of amino acids. They have shown that glycine
has the largest positive THz slope followeyl serine whereas for the other amino acids the
slope becomes gradually negative with increasing hydrophoBicityey have simulated the
hydration dynamics around hydrophobic and hydrophilic model particle using MD simulation
technique. In a more recent report Shiraga & lawve studied the hydration network around
a fixed concentration of glycine and a series of analogoulscuies in which hydrophobicity
is progressively increased by adding methylene groups into the side Chiagsuthors
found a correlation between the extent ebéhding and the hydrophobicity of the sid. 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 &tfisThe thus calculated hydration
scale is often not the best interpretation of their complex structures. Solvensildeces
surface area (SASA) is an important parameter that explicitly defines hydration behaviour in
proteins> Likewise, amino acids can also be assigned to different SASA values. It has been

observed that SASA of hydrophobic solutes often describes hyabaphydrationmn a better
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mannerHerewe have used glycine (Gly) and theiL.s o mer s o f -&mino &cidsd, i f f e
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 GHAHz 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 & Sampldreparation:

Sucroseurea (ltra-pure), thiourea, 1,1,33etramethylurea (TMU), and trimethylamihe
oxide (TMAO), sodium chloride (NaCl), guanidinium chloride (GdmCl), 1,1;3,3
tetramethylguanidine (TMGdn)guanidinium sulphate (Gdi8O,), human serum albumin
(HSA) (M,, 66 kD) and anino acids (Glgine L-Arginine, L-Seiine, L-Tryptophan L-
Lysine, L-Aspartic acig were purchased from Sigma Aldrighith a purity ~99%and used
without further purification. 1,1,3,3tetramethylguanidiumchloride (TMGdmCI) was
prepared by mixing a stoichiometric hydrémic acid (HCI) withTMGdn. All the solutions
were prepared in a0ImM sodium phosphate buffer (pH=7.4) using deionized Nllkater.

5.2.B. Instruments & Methods:

TTDS measurements were carried out in a commercial THz spectrophotomiefk K8,

Menlo System (seechapter3 for details.

Dielectric relaxation measurements in GHz regime were performed using a
PNA-L network analyser (N5230C) with an open ended coaxial pi@b@7QE) Before the
measurements it was calibrated using air, shottiogk and water as open, short and load
respectively and the details could be found elsewféPéerhe sample solutions were taken in
a glass cylindrical cdainer 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 modke (detailsprovidedin chapter 2was used to describtbe dynamics of
water moleculesin various cosolutes solutions. For Keeping in mind that a considerable

fraction of water molecules in these concentrated solutions move rather slowly, we

102

—
| —



Chapter 5

introduced an additional Debye md&@ethe following eqation describg the frequency

dependent complex permittivityg

-4 - (5.1)

t t t t

where§ (i=slow, 1,2,3)is the relaxation strength of thehhmodewi t h r el apamdt i on
w is the angular frequency. Theg Values have been fixed using the literature data for
ureg®, TU*®, TMU®" and TMACO®. For ionic solution an additional terr,j Q- ) is

introducedn Debye equatiomwherel is dc conductivity (details in chapter. 2)

5.3.Results andDiscussions

5.31. 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
stability’® and often act as an osmol§¥& Figure 5.3.11(a) depicts a representative THz
signal and the correspondifast Fourier Transformation (FFT) spectra of sucrose solutions

at different concentrations. The extracted frequency dependent optical parameters, viz.
refractive index (n) and absorption coefficierat) (has been shown at different sucrose
concentrations ifigure 5.3.I11 (b), (c). It can be observed that decreases almost linearly

with increasing sucrose concentratiovijich is consistent with earlier reports for another
disaccharide, lactose in the 28 THz frequency regioft™ *°* The observed decreasedn

can be rationalized as highly absorbing water molecules being replaced by comparatively less
absorbing sucrose molecules. Hmwer, it should be taken into consideration that
carbohydrate molecules are associated with a dynamic hydration shell which extends up to 5
7 A from the solute surface and offers an absorption coefficient different from that of bulk
water'®* Thus the overall change &(n) is a collective contribtions from the solvent, solute

and the hydration water, which often makes &lte) profile to vary nordinearly with the

solute concentration. We fit the obtained and e, in 0.31.5 THz frequency window
considering a multiple Debye relaxation modal aome representative fitted plots are shown

in figure 5.3.1.1(d). Dielectric relaxation of carbohydrate solutions in kHz to GHz region has
previously been studied by several graff$®® 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° s), g (~10" s) andb (~10° s) relaxation
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mode'® A double Debg (and/or ColeCole) relaxation fitting of dielectric measurements in
the 200 MHz40 GHz region by Fuchs et &Ff and Weingartner et af* have extracted two
gross relaxation times, which are of the order of ~10 ps ané4533% for 1M sucrose

solution, the former one being the rotation of water while the second one-dffsisbve in

nature.
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Figure 5.3.1.1. (a) Frequency dependeiiiHz signals in air lflack line, through the celldrey ling, the cell
containing waterlflueline) and 1.5 M sucrosedd line). Inset shows representatiVélz signal in time domain
window. (b) Frequency dependent refractive indexgfraqueous sucrose solutions at different concentrations.

The arrow indicates increasing sucrose concentrat@nFrequency dependent absorption coefficientof
agueous sucrose solutions at different concentrations. The inset shows the absorpimantasf sucrose
solutions at 1 THz as a function of its concentratial). frequency dependent real and imaginary dielectric
constants of water and various sucrose solutions. The solid lines are the Debye relaxat@rafits ) show

the time scale (t; andt,) as a function of sucrose concentration.

The focus of our presemvestigation 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 regionThus the timescale of ~3@ ps is rather slow for the present frequency
window to detectlt can be noted herdnat water exhibits a strong IR active mode-200

cm* whichis due to the hydrogen bond stretchfi@nd another verweak band at+60 cm*
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which emanateom hydrogerbondbending® *°’ which does notontibuteto the diffusive

and reorientatial relaxation process For water, the obtained times scales are ~ 9 ps, ~ 200
fs and ~80 fs, which are in excellent agreement with previous sttfdielse ~9 ps and ~200

fs timescales are due to thell-known cooperative rearrangement of the hydrogen bonded
network and therotationalmodes of individual polar watenolecules respectively®. The

~80 fs timescale has its origin rooted to the 60 aribrational band due tthe hydrogen

bond bending and theelated transverse acousphonons which propagate in a direction
normal to the hydrogebonds in between two neighbouring water molecti&$" It can be
observed fronfigure 5.3.1.1 (e), (f) that the timescalé; increases with increase in sucrose
concentration, whilé, suffers only marginal change within the error limit. The increase in
the t; clearly indicates that the cooperative reagement 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 veataround the solut®llowing previous reports in the

literature®®t 192

The results of the urea measurementssam@vnin figure 5.3.1.2 Figure 5.3.1.2 (a)
depictsthe a(n) profile of urea differs from that of sucrose and does not show amnylinear
dependency with urea concentration. An interesting phenomenon of intersecta(n) of
curves of urea solutions with that of bulkterahas also been observed. Appearance of such
crossing point (CP) in agueous solutions has significance in the THz frequency region as it
indicates that at that particular frequency, the solution offers heyleampared to that of
pure water. It is int&rsting to note that the(n) profile has been reported to be rather regular
in the 2.42.8 THz frequency region, with the hydration water showing higkiey compared
to that of bulk watet®* *°?In the frequency range of 02LTHz instead, the hydration water
offers lowera(n) at lower frequency and beyond the CP it overturns the bulk water Y&lues
The location of &CP usually depends on the extent of hydrophobicity (or hydrophilicity) of
the solute surface. Tha(n) profile as observed in sucrose is rather featureless compared to
that of urea and decreases gradually with increasing sucrose content indicating that the
sucrosewater interaction results only in the formation of hydration layefigure 5.3.1.2Zb),
we have shown tweepresentativa(n) intersections for 2M and 5M urea solution and the CP
at different urea concentration has been ploftegure 5.3.1.2b, 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-& M region. MD simulation studies have concluded that when
water interacts with a hydrophilic surface, a CPpisduced at a frequency blue shifted
compared to that in case of a hydrophobic surfadée observed blue shift thus infers that
with increasing urea concentration, surface water experiences a more hydrophilic
environment. We plot the rasureda at 1 THz as a function of urea concentratiigure
5.3.1.23, inset) and it is found thad suffers a smaller decrease with urea concentration
compared to that of sucrosieglre 5.3.1.3. This observation qualitatively leads to infer that
urea bings 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.
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Figure 5.3.1.2. (8) Frequency dependent abgtion coefficient,a of aqueous urea solutions at different
concentrations. The inset shows the absorption coefficient of urea solutions at 1 THznatoa fof urea
concentration. (pThe circles demarcate the crossing point between the absorptioitieoef water and that
of 2M and 5M urea solutions. The inset shows the crossing point (CP) ast@riuof urea concentration. (c)
and (g show the time scales;(andt,) as a function of urea concentration.

In order to obtain a more gquantitativedenstanding, 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 discusgméviously after fixing the slower relaxation times
arising out of the urewater cocluster interaction, following previous literatur@s® The

results are depicted iiigure 5.3.12(c), (d) and table5.3.1.1. Earlier studies have concluded

that the slow relaxation dynamics of watirea solution (~ 2B0 ps) which is associated

with the rotation of water in the ure@ater cluster suffers only marginal changes with urea
concentration, however, the strength of this relaxation mode increases with increasing urea
concentratiof® In this context it is important to understand that our investigation is aimed
more towards the watavater collective network dynamics and the timescadpsrted in this

study are purely associated with the cooperative hydrogen bond rearrangement and hydrogen
bond makingbreaking dynamics in water. Thus we focus our attention on the changes in the
timescaled; andt, as a function of urea concentrationcén be observed that 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 decreasenambiguously

points out towards a faster cooperative hydrogond rearrangement dynamics, which could
have originated from a possible disruption in the extended hydration layer around urea. A
similar change has also been observed intthealues wherein the timescale decreases
sharply in the 46 M urea region. iBce t, is associated with the rotational modes of
individual water diploes within the network, the observed decredsandicates towards an
abundance of weakly bonded water molecules in the network. The observed dectgase in
andt; is in strong acamlance with the simulation results by Zou et“akhich concluded a
decreas in the average watgrater hydrogen bond lifetime in presence of urea. Our study
also experimentally verifies earlieMD simulation studies by Wei et &l.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®etaich concluded distortion of

the tetrahedral distribution of water in the presence of urea. It is also interesting to note that
the obsered perturbation is more prominent in the54M region, which interestingly
coincides with the threshold denaturing concentration of urea for most of the ptbidins

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 atdifezmation on the structural
aspect s, thus our observation does not a
breakingd hypothesis of ur e a, however, t he

offers a direct manifestation of a perturbatiof water structure in the extended hydration
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sheathe of uredhe change in the water dynamics could be intuited to play a pivotal role in

the protein denaturing ability of wurea thr

To further support the conclusions weidst 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 denaturdhts* 1*> The fitted parameters are depicted in
figure 5.3.13 and table5.3.12, 5.3.13, respectively. TU has a lower tea 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 sulphum.aide observed result is in excellent
corroboration with the simulation results by Venzi et2aihich concluded that water

structure remains unaltered arduthe amine groups, and gets perturbed only in the carbonyl
part of urea.
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Figure 5.31.3. Time scalest(; andt,) as a function of thiouread) and g)] and tetramethyl uread) and €)]
concentration in aqueous solutions.

It thus appears that the indetion 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 providefigure. 5.3.13(c),(d) and table
5.3.13. It can be observed that; increases mildly within the error limit up to 4 M

concentration, beyond which it decreases sharply to 2.6 ps at 8 M concentratior». The
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values also offer a regular decrease beyond 4 M concentration. The observed change
somewhat recifmrcates the trend observed in case of ufigaire. 5.3.12.c, d). The decrease

in the time constants clearly indicates a perturbation of the network water structure in
presence of TMU. Such a tetrahedral net wo
previously been concluded on the basis of the change in the distribution function ofGhe O

O angle of water molecules by TMU A detaileddielectric relaxation and polarization
resolved fs MIR pumyprobe experiment on aqueous solution of TMU has been reported by
the group of Bakker et af: '® ¥’ 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 standssponsible for the observed retardation of water dynamicseager
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 dyniikse observed
acceleration of; andt, 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
structureof proteins toward the folded stdt& **° The exact mechanism of the opposing
effect of TMAO on ura denaturation is, however, still not clearly understood. It has
experimentally been shown that TMAO does not directly interact with,‘dtemwever,
neutron scattering experiment have concluded the oxygen atom of TMAO to preferentially

form hydrogen bonavith urea*?

There have been several counterintuitive proposals which
include preferential exclusion of TMAO from prot&ifiby altering the water structdfeand
preferential solvation of TMAO by water and uréaln the present study we attempt to
address the question that whether the water dynamics suffers any significant alteration when
TMAO is added to urea solohs. Figure. 5.3.K(a), (b) shows then(n) anda(n) profiles of

TMAO at different concentrations. It can be observed #{a) decreases almost linearly

with increasing TMAO concentration.

The Debye relaxation fitting parameters are depictefigure. 53.1.4. (¢), (d) and

table 5.3.1.4. It can be observed that; 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.
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Figure 5.3.1.4. (a) Frequency dependent refractive index, n of aqueous TMAO solutions at different
concentrations. The arrow indicates increasing TMAO concentratinFrequency dependent absorption
coefficient,a of aqueous TMAO solutions at diffareconcentrations. The arrow indicates increasing TMAO
concentration. The inset shows the absorption coefficient of TMAO solution at 1 THz as a function of its
concentration.lf) and €): Time scalest andt,) as a function of TMAO concentration in aquscsolutions.

(e) Absorption coefficienta of 5 M urea solution in presence of 1.0, 2.0 and 3.3 M TM&ADAbsorption
coefficient,a at 1 THz of TMAO and TMAO + 5M urea solutions as a function of TMAO concentration.

Such observation is in excellent agmeent with previous IR studff as well as simulation
results which concluded enhancement of water structure by TAMAS % The restricted
dynamics is thus related to the structured water cutds at the TMAO surface. We then
extend our study to the mixture of urea and TMAO solutikigure. 5.3.4.(e) depicts the
a(n) profile of 5 M urea in the presence of different concentrations of TMAO. It is clearly

evident thata(n) decreases steadilyithv increasing TMAO concentration. In order to achieve
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at a more comprehensive insight we plot the absorption coefficient of agueous TMAO
solution in absence and in presence of 5 M uredigare. 5.3.4.(f). The striking
comparability of thea values forthe 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 bondig 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 destabilizatiom order to obtain additional support towards our
findings, we extend our study to the mixture of urea and suckFogere 5.3.1.5 showsthe

a ( pryfile of 5 M urea in absence and in presence of sucrose and aksortbasured at 1

THz of 1.5 M sucrose in presence of different concentration of urea solutions.

Figure 5.3.1.5. (a) Absorption coefficient,a of 5 M Urea solution inabsence angresence ofdifferent
concentrations of Sucrose solutigh) Absorption coefficienta at 1 THz ofSucroseand Sucrose + 5M lka
solutions as a function &ucroseconcentrationThe inset shows the absorption coefficiengt 1 THzof Urea
and Urea+ 1.5M Sucrosesolutions as a function afreaconcentration.

From this comparative study it is evident that the absorpirofile of the mixedsystem
follows a trend similar to that of the sucrose itself rather than that of urea. This firmly
suggests the wat structure breaking ability of urea to be overwhelmed by the structure
making ability of sucrose. This results is in excellent accordance with a previou¥ Sty
reports the ability of sucrose to reduce the protein denaturing ability of chaotropic agents, and
thus render support to our notion that tatin 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 basi & of
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