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Preface

Present thesis deals with fluorescence spectroscopic studies of excited state dynamics and
photophysics of biologically important fluorophores and drugs. It majorly contains three
topics; (a) folding-unfolding dynamics of a flavo-enzyme cofactor named as flavin adenine
dinucleotide or FAD, (b) environment sensitive emission of an anti-cancer drug and its
respective color switch to probe non-specific protein-DNA interaction, and (c) dynamics of
solvents over hydrophobic surface as well as hydrogen bonded solids in nano-cavity. The
thesis is divided in six chapters.

Chapter 1 (Fluorescence; the Principles and Applications) gives a brief introduction
to fluorescence spectroscopy and principles of fluorescence based techniques (like
fluorescence quenching, lifetime, anisotropy and solvation dynamics), which are used to
explore the research projects.

Chapter 2 (Working Systems, Materials and Methods) introduces the working
systems, like, micelles, reverse micelles, carbon nanotubes (CNTs), serum albumin (SA) and
RNA aptamer, as well as several photo-physically and biologically important fluorophores
which are used during the research.

Chapter 3 (Instrumentation, Technique and Analysis) offers a detailing about
instrumentations (absorption, steady state fluorescence, time correlated single photon
counting (TCSPC), fluorescence up-conversion, circular dichroism (CD), isothermal titration
Calorimetry (ITC) and field emission scanning electron microscopy (FE-SEM) etc.) and
methods (detailed of sample preparation, experimental and theoretical procedures), which are
majorly utilized in research.

Chapter 4 (Modulation of Flavin Adenine Dinucleotide (FAD) Dynamics and
Selective Detection of Flavins) describes the folding-unfolding dynamics of an enzymatic
cofactor; flavin adenine dinucleotide or FAD (one of the most known electron shuffling
agent, ubiquitously present in living organisms) and its impact on its electron shuffling
properties in presence of external stimuli like pH and urea. It also encircles the association
behavior of flavins (namely FAD, flavin mononucleotide (FMN) and riboflavin (RF, also
known as vitamin By)) with serum protein (human serum albumin, HSA) and RNA aptamer.

This chapter is sub-divided in to 4 (4a to 4d) sections which are as follows;




4a. pH Dependent Dynamics of Flavin Mononucleotide (FMN) and Flavin Adenine
Dinucleotide (FAD): a Femtosecond to Nanosecond Study.

4b. Urea Induced Unfolding Dynamics of Flavin Adenine Dinucleotide (FAD): Spectroscopic
and Molecular Dynamics Simulation Studies from Femtosecond to Nanosecond Regime.

4c. Comparative Study of Flavins Binding with Human Serum Albumin: A Fluorometric,
Thermodynamic and Molecular Dynamics Approach.

4d. Role of Mg*? lons over Flavin Recognition by RNA Aptamer: Spectroscopic and

Thermodynamic Glimpse.

Chapter 5 (An anticancer drug to probe non-specific protein-DNA interactions)
portraits that the visible fluorescence switch of an eminent anti-carcinogen; ellipticine has
been used to probe non-specific protein-DNA interaction. The unique pattern of protein-DNA
complexation is depicted for the first time through field emission scanning electron
microscopy (FE-SEM) images and spectroscopic techniques.

Chapter 6 (Solvation Dynamics in Heterogeneous and Confined Media) deals with
the two issues related to solvation dynamics; (a) Dynamics of water over a hydrophobic
surface and (b) solvation dynamics of hydrogen bonded urea network confined inside reverse
micelle cavity. This chapter is subdivided in two parts as follows;

6a. Solvation Dynamics of Coumarin 153 in SDS Dispersed Single Walled Carbon Nanotubes
(SWNTS).

6b. How does the urea dynamics differ from water dynamics inside the reverse micelle?




Glossary of Acronyms

ADC
AOM
AOT
4-AP
AuUNP

BIV
[bmim][BF4]
[bmim][PF6]
[bmpy][TfN]
Brij

BSA

BSE

C-152
C-153
C-343
C-480
C-481
C-490
CD
CFD
CHO
CLD
CNM
CNT
COM
CPM
CT
CTAB
CTAC
CVvD
Ccw

DAPI
DC
DCM
2DIRS
DLA

Analog to digital converter

Acousto-optic modulator

Aerosol-OT (dioctyl sodium sulfosuccinate)
4-aminophtalimide

Au (gold) nanoparticle

Bovine immunodeficiency virus

1-butyl-3-methylimidazolium tetrafluoroborate

1-butyl-3-methyl imdazolium hexafluorophosphate
N-butyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide
Polyoxyethylene glycol alkyl ethers, a nonionic surfactant

Bovine serum albumin

Back-scattered electrons

Coumarin 152

Coumarin 153

Coumarin 343

Coumarin 480

Coumarin 481

Coumarin 490

Circular dichroism

Constant fraction discriminator
Chinese hamster overy
Cytoplasmic lipid droplet
Composite nano-material

Carbon nanotube

Center of masses
7-(diethylamino)-3-(4-maleimidophenyl)-4-methylcoumarin
Charge transfer / Calf thymus

Cetyl trimethylammonium bromide
Cetyl trimethylammonium chloride
Chemical vapor deposition
Continues wave

4',6-diamidino-2-phenylindole

Dielectric constant
4-(dicyanomethylene)-2-methyl-6-(p-dimethylaminostryl) 4H-pyran
2 Dimensional infrared spectroscopy

Diffusion limited aggregation



http://en.wikipedia.org/wiki/Polyethylene_glycol
http://en.wikipedia.org/wiki/Cetyl_trimethylammonium_bromide
http://en.wikipedia.org/wiki/Cetrimonium_chloride

DLC
DLS
DMF
DMSO
DOPC

DWNT

EDTA
[emim][BF4]

FA

FAD
FCS
FDA

FE
FE-SEM
FFCF
FMN
FRET
FWHM

GAFF
GB1
GFP
GO
GOD

HA
HEPES
HIV
[hmim][PF6]
HNF

HSA

IC
IET
IL
ISC
Iso
ITC

KSI

Delocalized lipophilic cations
Dynamic light scattering
N,N-Dimethylformamide
Dimethylsulfoxide

1,2-di-(9Z-octadecenoyl)-sn-glycero-3-phosphocholine

Double walled nanotube

Ethylenediaminetetraacetic acid
1-ethyl-3-methylimidazolium tetrafluoroborate

Formamide

Flavin Adenine Dinucleotide

Fluorescence correlation spectroscopy

Food and Drug Administration

Field emission

Field Emission Scanning Electron Microscopy
Frequency frequency correlation function
Flavin mononucleotide

Fluorescence resonance energy transfer

Full width half maximum

General amber force field

B1 domain of streptococcal protein G
Green fluorescent protein

Graphene oxide

Glucose oxidase

Hyaluronic acid
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Human immunodeficiency virus

1-hexyl-3-methyl imdazolium hexafluorophosphate
2-hydroxy-7-nitrofluorene

Human serum albumin

Internal conversion

Intra molecular electron transfer
lonic liquid

Inter system crossing
Isoalloxazine

Isothermal titration calorimetry

A°-3-ketosteroid isomerase



http://en.wikipedia.org/wiki/Ethylenediaminetetraacetic_acid

LBO
LE
LED

MCAD
MD
Met
MeCN
MEOH
MG
MSA
MWNT

NaDC
NaDDBS
NIH
NMRD

OLEDs
ORD

P-123
PET

PDB
PEPS
PME
PRODAN
PSA
PSMA

QCM
QD

RBF
RESP
RF
RISM
RM
RMSD
RT

SAW
SA

Lithium triborate
Locally excited
Light emitting diode

Medium-chain acyl Co-A dehydrogenase
Molecular dynamics

Metallic

Acetonitrile

Methanol

Molten globule / Malachite green

Mean spherical approximation

Multi walled nanotube

Sodium deoxycholate

Sodium dodecylbenzenesulfonate
National institute of health

Nuclear magnetic relaxation dispersion

Organic light emitting diodes
Optical rotary dispersion

Pluronic-123 tri block copolymer
Photo-induced electron transfer

Protein data bank

Photon echo peak shift

Particle Mesh Ewald
6-propionyl-2-dimethylaminonaphthalene
Prostate specific antigen

Prostate specific membrane antigen

Quiartz crystal microbalance
Quantum dots

Riboflavin binding protein
Restrained electrostatic potential
Riboflavin

Reference interaction site model
Reverse micelle

Root mean square deviation
Reverse transcriptase

Surface acoustic wave
Serum albumin



http://en.wikipedia.org/wiki/Prostate_specific_antigen
http://en.wikipedia.org/wiki/Prostate_specific_antigen

SANS
SAXS
SC
SDS
SEM
SHG
SPT
SIRNAs
SS I/
SWNT
SYNC

TAC
TAR
TCSPC
TDSS
TFTs
TRES
TRFSS
Trp
TX-100

VEGF

Small angle neutron scattering
Small angle X-ray scattering
Subtilisin Carlsberg / Semi conducting
Sodium dodecyl sulfate
Scanning electron microscopy
Second harmonic generation
Single photon timing

Small interfering RNAs
Sudlow’s site /11

Single walled carbon nanotube
Synchronizer

Time to amplitude converter

Trans activation responsive

Time correlated single photon counting
Time dependent Stokes shift

Thin-film transistors

Time-resolved emission spectra

Time resolved fluorescence Stokes shift
Tryptophan

Triton X-100

Vascular endothelial growth factor

Vi


http://en.wikipedia.org/wiki/Sodium_dodecyl_sulfate
http://en.wikipedia.org/wiki/Vascular_endothelial_growth_factor

Contents

1.

Fluorescence; the Principles and Applications

1.1.
1.2.
1.3.
1.4.
1.5.
1.6.
1.7.

1.8.

Introduction
Fluorescence; When and How?
Fluorescence; What and Why?
Fluorescence Lifetime; the Time to Emit
Fluorescence Quenching; the Dumped Emission
Fluorescence Anisotropy; When Rotation Matters
Solvation Dynamics
1.7a. What is Solvation Dynamics?
1.7b. Theoretical Aspects of Solvation Dynamics
1.7b.1. Continuum Model Theories
(1) Homogeneous Dielectric Models
(i) Inhomogeneous Dielectric Models
1.7b.2.  Microscopic Theories of Solvation Dynamics
1.7c. Literature Reports of Solvation Dynamics Studies
1.7c.1. Solvation Dynamics in Pure and Mixed Solvents
1.7c.2. Solvation Dynamics in lon-Solvent Mixture and lonic liquids
1.7¢.3. Solvation Dynamics in Micelles and Mixed Micelles
1.7c.4. Solvation Dynamics in Reverse Micelle
1.7¢.5. Solvation Dynamics in Different Bio-Macromolecular
Confinements like Protein, DNA and Inside Cells
Reference

Working Systems, Materials and Methods

2.1.

2.2.
2.3.

Working Systems

2.1a. Reverse Micelle

2.1b. Carbon Nanotubes

2.1c. Serum Albumin

2.1d. Aptamer

Materials

Methods (Experimental and Theoretical Method)

2.3a. Buffer Preparation

2.3b. Sample Preparation

2.3c. Reverse Micelle Preparation

2.3d. Experimental Specifications

2.3e. Simulation Method and Molecular Docking
2.3e.1. Urea Induced Unfolding Dynamics of FAD (Chapter 4b)

2.3e.2. Comparative Study of Flavins Binding with HSA (Chapter 4c)

Vii

O N o WwWN k-

11
11
13
13
13
15
16
17
17
19
22
24

28
34



2.4.

2.3e.3.  An Anticancer Drug to Probe Non-Specific Protein-DNA
Interactions (Molecular Docking Study) (Chapter 5)

Reference

Instrumentation, Technique and Analysis

3.1
3.2.

3.3.

3.4.
3.5.
3.6.
3.7.

Absorption
Steady State Emission

3.2a.
3.2b.

Modified Scatchard Method for Binding Constant Determination
Benesi-Hildebrand Method for Binding Constant Determination

Time Resolved Fluorescence Measurements

3.3a.

3.3b.

3.3c.
3.3d.

Time Correlated Single Photon Counting Technique (TCSPC);

Fluorescence Lifetime Measurements

3.3a.1. Deonvolution Method and Analysis of Fluorescence Lifetime
Decays

Fluorescence Anisotropy Measurement and Analysis

3.3b.1. Steady state Anisotropy

3.3b.2. Time Dependent Anisotropy

Solvation Time Measurement

Femtosecond Time Resolved Fluorescence Upconversion

Circular Dichroism (CD)

Isothermal Titration Calorimetry (ITC)

Field Emission Scanning Electron Microscopy (FE-SEM)
Reference

Modulation of Flavin Adenine Dinucleotide (FAD) Dynamics and Selective
Detection of Flavins

4.1.
4a.

Introduction

pH Dependent Dynamics of Flavin Mononucleotide (FMN) and Flavin Adenine
Dinucleotide (FAD): a Femtosecond to Nanosecond Study

4a.1.
43.2.

4a.3.

Motivation

Results and Discussions

4a.2a.  Absorption and Fluorescence Characteristics of FMN and
FAD

4a.2b.  Time Resolved Fluorescence of FMN and FAD Measured by
TCSPC Set-up

4a.2c.  Time Resolved Fluorescence Features of FMN and FAD
Measured by Femtosecond Up-conversion Set-up

4a.2d.  Time-Resolved Fluorescence Anisotropy Features of FMN and
FAD Measured by TCSPC Set-up

4a.2e.  Conformational Dynamics of FAD

Conclusion

viii

69

70

93
95
97
99
100
100

102

103
103
106
108
109
112
113
115
118

119
122

122

123

123

125

128

131

132
133



4b.

4c,

4d.

4.2.
4.3.

Urea Induced Unfolding Dynamics of Flavin Adenine Dinucleotide (FAD):

Spectroscopic and Molecular Dynamics Simulation Studies from Femto-Second

to Nano-Second Regime
4b.1. Motivation
4b.2. Experimental Results and Discussions
4b.2a.  Steady State Results
4b.2b.  Pico-Second to Nano-Second Time-Resolved Decay Features
of FAD with Increasing Urea Concentration
4b.2c.  Femtosecond Time-Resolved Decay Features of FAD with
Increasing Urea Concentration
4b.3.  Molecular Dynamics Simulation
4b.3a.  Structure and Dynamics of FAD
4b.3b.  Hydrogen-Bond Analysis
4b.3c.  Structural Arrangement of Urea Around FAD
4b.4. Conclusion

Comparative Study of Flavins Binding with Human Serum Albumin: A
Fluorometric, Thermodynamic and Molecular Dynamics Approach
4c.1. Motivation
4c.2. Results and Discussion
4c.2a. Steady State Results of Flavins
4c.2b. Excited State Lifetime Measurements
4c.2c.  Time Resolved Anisotropy Measurements
4c.2d.  Structural Information of Protein Using Circular Dichroism
4c.2e.  Thermodynamic Parameters from ITC
4c.2f.  Docking and Molecular Dynamics Simulation
4¢.3. Conclusion
Role of Mg*? lons over Flavin Recognition by RNA Aptamer: Spectroscopic
and Thermodynamic Glimpse
4d.1. Motivation
4d.2. Results and Discussions
4d.2a.  Steady State Absorption and Emission Results
4d.2b.  Association Behavior of Flavins-Aptamer Interaction
4d.2c.  Impact over RNA Structure; CD and thermal Melting Study
4d.2d. Isothermal Titration Calorimetry (ITC): A Thermodynamic
Glimpse
4d.2e.  Time Resolved Measurements
4d.3. Conclusion
Reference
Appendix

An anticancer drug to probe non-specific protein-DNA interactions

5.1.

Motivation

135

135
136
136
137

139

142
142
147
148
150

152

152
153
153
156
158
160
162
164
170
172

172
174
174
178
178
180

183
184
186
193

201



5.2.  Results and Discussions
5.2.1. Ellipticine-Serum Protein Interaction
5.2.1a. Steady State Results
5.2.1b. Steady State Anisotropy
5.2.1c. Time Resolved Lifetime Measurements
5.2.1d. Time Resolved Anisotropy Measurements
5.2.1e. Molecular Modeling
5.2.2. Ellipticine CT-DNA Interaction
5.2.3.  Serum Protein-Ellipticine-DNA Interaction
5.2.3a. Steady State Results
5.2.3b. Time Resolved Lifetime Results
5.2.3c. Time Resolved Anisotropy Results
5.2.3d. Field Emission Scanning Electron Microscopy (FE-SEM)
Images
5.3.  Conclusion
5.4. Reference
55.  Appendix

Solvation Dynamics in Heterogeneous and Confined Media

6.1.  Introduction
6a. Solvation Dynamics of Coumarin 153 in SDS Dispersed Single Walled Carbon
Nanotubes (SWNTS)
6a.1. Motivation
6a.2. Results and Discussions
6a.3. Conclusion
6b. How Does the Urea Dynamics Differ from Water Dynamics Inside the Reverse
Micelle?
6b.1. Motivation
6b.2. Results and Discussions
6b.2a.  Steady State Absorption Spectra
6b.2b.  Steady State Emission Spectra
6b.2c.  Time-resolved Studies
6b.2c.1. Time Resolved Anisotropy
6b.2c.2. Dynamic Fluorescence Stokes Shift
6b.3.  Conclusion
6.2. Reference
6.3. Appendix

203
203
203
205
206
209
211
213
215
215
217
219
221

222
224
229

232
233

233
236
243
244

244
246
246
248
249
249
252
260
262
269



Fluorescence; the
Principles and
Applications




1.1. Introduction

“Light”, the origin of life on earth, is able to distinguish objects that can respond to it (named
as living) from those who do not (called dead). Not only the livings but the non-livings also
offer finite response to light in several ways which are intriguing but not easy to detect. Being
a practitioner of light, I am distinctly interested in such light induced changes in molecules.
Molecules irradiated with photons of desirable energy, results electronic transitions.
Sometimes during the return of molecules to the ground state, it is accompanied by colourful
emission, known as luminescence (majorly of two kinds; fluorescence and phosphorescence).
I majorly used fluorescence spectroscopy based techniques to probe diverse processes, like
excited state folding-unfolding dynamics, intra- and inter-molecular proton transfer, electron
shuffling, visible colour switching, solvation dynamics and binding interactions. The thesis
consists of such intriguing events like, dynamics of flavo-protein chromophores (namely,
flavin adenine dinucleotide or FAD, the most known electron shuffling agent in living
world), environment sensitive emission switch of an anti-cancer drug ellipticine to probe non-
specific protein-DNA interaction, and dynamics of solvents over hydrophobic surface as well
as dynamics of hydrogen bonded solid in nano-confinement. The present chapter offers an
insight about florescence principle and several fluorescence based techniques, which have
been extensively used in this thesis. More precisely it details about the basic principle of
fluorescence spectroscopy, fluorescence quenching, principles of steady state and time

resolved fluorescence measurements, fluorescence anisotropy and solvation dynamics.
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Fluorescence; the Principles and Applications | Chapter 1

1.2. Fluorescence; When and How?

During last few decades’ fluorescence has been pervasively used in the field of chemistry and
biology. Fluorescence is a dominant methodology used extensively in material analysis, flow
cytometry, DNA sequencing, biotechnology, medical diagnostics, forensics, and genetic
analysis etc. The very basic advantage related to fluorescence detection is its high sensitivity
due to which fluorescence easily substituted the complicacy of marking a molecule by
radioactive tracers for most of the biochemical measurements. In recent days fluorescence
imaging revealed the intracellular localization of molecules and even extended up to the level
of single-molecule detection, which in term is a research focus of the present era.

The journey of fluorescence started at the year of 1845, when Sir John Fredrich
William Herschel observed a beautiful celestial blue colour from quinine solution® after
irradiation by sunlight. After seven years Sir George Gabriel Stoke first coined (in 1852) the
term fluorescence.? Interesting to note that quinine, one of the oldest known fluorophore on
earth was itself responsible for development of fluorescence spectroscopy. During World
War-11 malaria epidemic caused several lives in the war fronts and war department was
interested to study anti-malaria drugs including quinine. At the year 1950 National Institute
of Health (NIH) developed the first practical fluorescence spectrophotometer to study anti-
malaria drug assays majorly focusing on quinine.® Due to high sensitivity and cost worthy
nature gradually the fame of fluorescnece started grasping several fields of apllications
including daily life techniques. In 1877 the sensitivity fluorescenec was practically used for
first time out of a research lab to show the underground connection of Danube and Rhine
river streams.* This was shown by placing a large amaunt of fluorescein (a green fluorescent
dye) in Danube, and around sixty hours latter the characteristic fluorescence started appearing
from a stream that led to Rhine river. From such daily life application to research labs,

gradually fluorescence became an indispensable tool in the field of research.
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1.3. Fluorescence; What and Why?

In spectroscopy we often come across the term photoluminescence, fluorescence, and
phosphorescence etc. Luminescence is the emission of light from an electronically excited
molecule. Depending over the nature of the excited state the process of emission is typically
subdivided into two categories namely fluorescence and phosphorescence. The basic
properties of any electronic transition are very well described from Jablonski diagram named
after Professor Alexander Jablonski®. A typical Jablonski diagram is shown Figure 1.1 where
the singlet (unpaired spin) ground, first, and second excited electronic states are represented
as So, S1, and Sy, respectively. A number of vibrational states within each of the electronic
states are shown by 0, 1, 2, 3 etc. The decreasing spacing between consecutive vibrational
levels is trivial and are well known outcome of anharmonicity of vibrational states and hence
not extended in detail. The electronic transitions are shown by vertical arrows (Figure 1.1).
When a molecule is irradiated by the light electrons from different ground (So) vibrational
energy states jump to higher vibrational states of higher electronic states (S,, where n>0).
This transition due to absorption of energy occurs in ~10™ seconds or femtosecond time-
scale, a time period too short for significant displacement of nuclei, (known as Franck-
Condon principle). The energy difference between the Sp and S, excited states is too high for
any thermal population at S, and hence, light energy is required to populate the higher singlet
electronic states. Following light absorption, several energy dissipative processes take place.
The thermal relaxation of molecules from higher vibrational levels to the lowest possible
vibrational state of that corresponding electronic state is known as thermal or vibrational
relaxation and is usually completed within ~10"%-10"" seconds. Excluding few rare
exceptions, molecules in solution phase rapidly relax to the lowest vibrational state of S;
within a time scale of ~1072 seconds (picoseconds) or less. This phenomenon of molecular
transition within electronic states is termed as internal conversion (IC). The electronic
transition of a molecule form its lowest possible vibrational state of first electronic state (S1)
to the ground vibrational states is termed as “Fluorescence”. Since fluorescence lifetimes are
typically near 10 to 10° (nanosecond) seconds, all other energy dissipative processes
complete prior to fluorescence emission. Hence, fluorescence results only from a thermally
equilibrated excited state, that is, the lowest energy vibrational state of S;. Moreover,
molecules from S; state can also undergo a spin conversion to the first triplet state T.

Conversion of S; to Ty is called intersystem crossing (ISC). Emission from T; is termed
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“Phosphorescence” which is designated as another kind of luminescence. Electronic
transition from T; to the singlet ground state (S;) being spin forbidden, phosphorescence
results a rate constant several orders smaller in magnitude than those for fluorescence, and
occurs within a time scale of 1073-10° seconds. Heavy atoms like bromine and iodine are
known to facilitate phosphorescence in a molecule; the detailed mechanism is avoided as it’s

not a topic of interest of the present thesis.
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Figure 1.1. Jablonski diagram showing different electronic and vibration transitions.

When a fluorophore is excited and scanned the emission photons against wavelength,
the resultant intensity/photon counts (in y axis) vs. wavelength (nm) or energy (cm™)
spectrum is known as emission spectrum. As fluorescence emission is associated with lower
energy gap compared to the absorption energy gap of the same molecule, hence fluorescence
spectrum of a molecule always appears to be red shifted relative to its absorption. This shift

of fluorescence spectrum compared to absorption spectrum is known as Stoke’s shift (Figure
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1.2) first observed by G. G. Stokes in 1852.% Moreover, fluorescence being a radiative
transition from S; to Sy, emission maximum of a fluorophore mostly remains independent
over its excitation. It is the emission intensity which alters with changing excitation

wavelength. The very characteristic feature about the intensity of a fluorophore is usually

Stokes Shift
- »

Absorption

Fluorescence
300 400 500 600 700

Figure 1.2. Absorption and emission spectrum of FAD and respective Stokes shift shown.

decided by the fluorescence quantum yield (®f). Fluorescence quantum vyield (®5) for a
molecule is defined as the ratio of number of emitted photons to the number photons
absorbed by the molecule;

_ Number of photons emitted 11

I~ Number of photon absopbred

Hence, the maximum fluorescence quantum yield can be 1.0 if the number of emission
photons equal to the absorbed photons. However, this is an impossible situation as molecules
have inherent non-radiative decay channels, like internal conversion(IC), intersystem
crossing (ISC) etc. Another way to define the quantum yield of fluorescence is by the rate of

excited state decays;

K + k;

D¢ . 1.2
where, ki is the rate of spontaneous emission and k; is the sum of all non-radiative decay
constants. Thus if the rate of any pathway changes both the excited state lifetime and the

fluorescence quantum yield will be affected. The measurement of absolute quantum yield is a
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tedious job, and, hence, mostly the relative fluorescence quantum is determined with respect
to a fluorophore of known quantum vyield with an identical experimental setup
(excitation wavelength, slit widths, photomultiplier voltage etc.). The quantum vyield is then

calculated by;

Asam Absref
X X

2
U
¥ sam, .13

Dsom = D

ref Abssam 7772‘ef

where, @ represents quantum yield, A represents area under the emission curve, Abs stands
for fraction of light absorbed and 7 is the refractive index of the solvent. The subscript ‘sam’

and ‘ref’ is the abbreviated form of sample and reference, respectively.

1.4. Fluorescence Lifetime; the Time to Emit

Fluorescence lifetime measurement offers a dynamic (time dependent) feature of
fluorescence. Moreover, it can correlate the impact of the surrounding factors (or
environment) like ionic strength, hydrophobicity, quencher concentration, binding interaction
to macromolecules, and the proximity of molecules to the excited state of the fluorophore in a
time dependent manner. Hence, along with steady state measurements fluorescence lifetime
measurements also appear as an incessant point of attention.

Before going to any detailing, it is important to know what exactly the word lifetime
stands for. In simple words one can define lifetime as the time period up to which a photo-
excited fluorophore resides in its excited state or the time required to relax back to its ground
state. Mathematically lifetime can be defined as the time period within which (1/e)" of the
excited state population returns to the ground state. Let us consider the extremely short laser
pulse (3 pulse) is used to excite a fluorophore which results initial no population in the excited
state. After time t if n; number of excited state molecules decay randomly which follows the
resultant equation;

t
ng =nygexp t .. 1.4

As intensity is proportional to the number of molecules, hence equation 1.4 can be reformed

in terms of intensity as;
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t
I(t) = Iyexp ™= .15

Where, | (t) is the time dependent intensity collected from the fluorescence instrument, Iy is
the intensity at time t = 0. The | (t) vs. t plot results an exponential curve. By fitting the
lifetime curve once can get the lifetime components along with its percentage contribution.
Moreover, fluorescence lifetime also depends over the rate constants. The lifetime (z) is the
inverse of the total decay constant 7 = (k; + kn)™, where k; and ki, are the radiative and non-
radiative rate constants, respectively. In case of multiple emitting species having different
fluorescence lifetimes, the equation 1.5 looks like;

n
t

1(t) = z aexp T .. 1.6

i=1
where, z; represents the decay times, o; represent the amplitudes of the components at t = 0,

and n is the number of decay times.

1.5. Fluorescence Quenching; the Dumped Emission

Fluorescence quenching is a process by which the fluorescence intensity of a sample
decreases. Various molecular interactions may lead to fluorescence quenching. These include
ground state non-fluorescent complex formation, excited state reactions, energy transfer,
electron transfer, collisional quenching etc. In broad sense, the quenching process is
categorized by two major mechanisms, namely, dynamic (at excited state) or static (at ground
state) quenching.

In case of dynamic or collisional quenching, the quencher and fluorophore diffuse
during the excited state lifetime of fluorophore. Upon contact, the fluorophore returns to the
ground state, without emission of a photon and without any permanent change in the
molecule. O,, I', Cs*, acryl amide are few such quenchers known to actively participate in
dynamic quenching process. The quantitative estimation of collisional quenching is done with
the help of Stern-Volmer equation, as shown below;

I
70 =1+ K,,[0] 1.7
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where, lp and | represents the fluorescence intensity in absence and presence of quencher,
Ksv Is known as Stern-Volmer constant and Q is the concentration of the quencher. The plot
of 1o/l against [Q] (Figure 1.3) yields a straight line with intercept ‘1’ and from the slope of
the plot Ksy can be determined. Again it is already well known that;

st = quTO 18

where, Kq is the bimolecular quenching rate constant and zois the lifetime of the fluorophore
in absence of any quencher. It is quite evident that the value of bimolecular quenching
constant is close to the diffusion controlled rate constant (ks = 1x10' M™). In case of a
purely dynamic or collisional quenching lo/l is equal to the zo/z and hence the Stern-Volmer

equation in terms of lifetime appears as;

T
70 =1+ k,7o[Q] .. 1.9
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Figure 1.3. A schematic representation of different kind of fluorescence quenching processes (static
and dynamic. The plots at the right sides represents Stern-Volmer plot for different quenching
processes like static, dynamic and static-dynamic combined.

In certain cases, if the fluorophore forms a stable complex with another molecule in the

ground state and the complex is non-fluorescent in nature, then the process of quenching is
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known as static quenching. In such cases the dependence of fluorescence over the quencher

concentration can be expressed by the following equation;

I
70 =1+ K,[Q] .. 1.10

where, K, stands for association constant. The static and dynamic quenching can be
differentiated with the help of lifetime of the fluorophore. In case of static quenching lifetime
will never change, as ground state complexation will decrease the number of freely
fluorescing molecules in the ground state, but it cannot affect the lifetime of the fluorophore
which are not complexed. It is the dynamic quenching, which directly affects the
fluorescence lifetime. Hence, the lifetime results are the key factor to designate a process of
quenching as static or dynamic. Interestingly possibilities may occur when both of static and
dynamic quenching take place together and in such cases the fluorescence is governed by the

following equation;

I 1
Kapp = 70_ 1] o1 = (Kp + K;) + KpK[Q] 111

where, Kp and K are the dynamics and static quenching constants. A plot of Kap vs. [Q]

provides the values of Kp and K from the slope and intercept.

1.6. Fluorescence Anisotropy; When Rotation Matters

When polarized light is applied to a bulk of randomly oriented fluorophores, those
fluorophores whose transition moments are oriented in a direction close to that of the electric
vector of the incident beam are preferentially excited. This phenomenon is called photo-
selection (Figure 1.4). As the distribution of excited fluorophores is anisotropic, the resulted
fluorescence will also be anisotropic. Any change in direction of the emission transition
moment will induce a depolarization of fluorescence. Rotational diffusion changes the
direction of transition moments and is one of the major causes of fluorescence depolarization.
Anisotropy measures the extent of fluorescence depolarization, and indirectly provides the
average angular displacement of the fluorophore that occurs between absorption and

subsequent emission of a photon. The anisotropy value in absence of rotational diffusion of
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fluorophore is termed as intrinsic anisotropy, denoted by roand it arises when the absorption

transition moment vector and emission transition moment vector are not collinear. This
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Figure 1.4. Schematic representation of polarized excitation and de-excitation processes.

intrinsic anisotropy (ro) is usually measured by embedding the fluorophore in frozen poly
alcohols.

The extent of depolarization depends on how quickly the fluorophore changes its
orientation (the rotational relaxation time, to;) compared to the fluorescence lifetime (t).® The
scrambling of orientations can occur by the whole molecule tumbling or by the rotation of
only the fluorescent part. The rate of tumbling is related to the measured anisotropy by the

Perrin’s relationship® ’;

To

1+

.. 1.12

T =

| 4

Where r is the observed anisotropy, rois the intrinsic anisotropy of the molecule, z is the
fluorescence lifetime and @ is the rotational time constant. This analogy is valid only when
the fluorophores are relatively far apart.

Molecular depolarization or fluorescence anisotropy has been extensively used to
measure the binding constants and kinetics of reactions that cause a change in the rotational
time of the molecules. If the fluorophore is bound to a small molecule, the difference between

bound and unbound state anisotropy will be small. If the fluorophore is attached to the bigger
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protein through a stronger binding interaction, the difference in anisotropy between bound
and unbound states will be reasonably large and easily distinguishable.

Fluorescence anisotropy is also applied to microscopy with use of polarizer in the
path of the illuminating light and also before the camera. This can be used to study the local
viscosity of the membranes, giving information about the membrane microstructure and the
relative concentrations of various lipids. This technique has also been used to detect the
binding of molecules to their partners. A very detailed description for instrumentation of
anisotropy measurements, equations for anisotropy calculation and its respective data

analysis have been discussed in Chapter 3.

1.7. Solvation Dynamics

1.7a. What is Solvation Dynamics?

Excluding the atmospheric part of the earth, most of the chemical reactions and biological
processes occur in solution phase. This trivial fact spurred tremendous enthusiasm for a

prolonged duration aimed in exploring the effect of solvents over chemical reactions and

Time Dependent Stoke’s Shift
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Figure 1.5. Schematic representation of solvent reorientation around phtoto-excited dipole. Right
side shows time dependent Stokes shift (TDSS) and respective solvation dynamics plot.
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biological processes. In an urge to develop a unified principle behind solvation of molecules
experimentalists and theoreticians had invested a monumental effort till date. Still the
dynamic nature of solvents complicates its effects over reaction dynamics and solvation
dynamics remains as focus of research for a prolonged duration of time.

Light offers a very clean way to selectively excite molecules in terms of energy and
time. Any chemical or photochemical reaction in condensed phase results redistribution of
charge within the chromophores. If a chromophore is void of polarity in the ground state a
photo excitation results an excited dipole due to charge redistribution in its excited state.
Hence the first step of any photo induced process is a generation of an instantaneous dipole of
the absorbing atom or molecule due to the modification of the field of forces within the
molecule. The very next obvious outcome is the rearrangement of solvent molecules around
the dipole. This rearrangement of the solvent molecules around an excited state molecular
dipole has been termed “solvation dynamics” and is illustrated in Figure 1.5. As the solute is
excited instantaneously, the solvent species find themselves at time t=0 in a relatively high
energy random configuration due to the sudden change of field of forces. Subsequently, they
begin to move and rearrange to reach their new equilibrium configuration (Figure 1.5). This
nuclear motion mainly consist rotational and translational motions. Considering water as the
solvent, rotational motion will include libration, while translations will further include the
intermolecular vibrations due to extensive hydrogen bonding. The two specific motions,
libration and intermolecular vibration are of relatively high frequency and play a dominant
role in the initial part of the solvation. Librational (originated from Latin word librare which
means "to balance™) motion is a type of reciprocating motion in which an object with a nearly
fixed orientation repeatedly moves back and forth. On the other hand vibration is any kind of
oscillation which occurs about an equilibrium point. These oscillations may be periodic (e.g.
pendulum) or random (movement of a tire on a rough road) depending over the external
conditions. Due to time dependent reorientation of the solvent molecule around the excited
state dipole a highly solvent equilibrated state results and the solvation completes. During this
whole process the emission spectrum at each consecutive time gets more and more red shifted
as it corresponds to energetically more stabilize state. This phenomenon of time resolved red
shift of emission is known as time dependent Stokes’ shift (TDSS).5** The wavelength
dependent temporal decays of emission and TDSS (Figure 1.5) are regarded as major

evidences of solvation dynamics. The TDSS technique is the most popular method of
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studying dynamics. The solvation dynamics is followed by the decay of the solvent response

function, C(t), which is defined as;

v(®) = v(w)

—_ m ...1.13

C(t)

Where, v (0), v (t) and v (o) are the energies in terms of emission frequencies at time zero, t
and oo, respectively. The solvation time, 1. is the time constant of the decay of the response
function C(t), so that C(t) = exp (-t/t,). If the decay of C(t) is multi exponential, e.g. [a.*exp (-
t/ta) + azexp (-t/ty)+...+ a*exp (-t/t,)], one considers the average solvation time, <t> =
(a1Ta+ a2tet+...+ a17,). The solvation time . is also known as longitudinal relaxation time of
the solvent. According to simple continuum theory, the solvation time is related to the

dielectric relaxation time, T, ®** as;

€o
T, = E—TD .. 1.14
0

For most polar liquids, ‘;—“’ < 1. As a result, the solvation time, s, is shorter than the dielectric
0

relaxation time, zp. Thus the solvation is inevitably related to dielectric relaxation of the
solvent. Hereafter we considered the models describing solvation and avoided the detailing
about the measurements and analysis of solvation data, as very extensive description for the

same is given in Chapter 3.

1.7b. Theoretical Aspects of Solvation Dynamics
1.7b.1. Continuum Model Theories

(i) Homogeneous Dielectric Models

This is a generalization of the equilibrium solvation models of Born and Onsager™ to the
time domain. In this model the solvent has been considered as a continuous medium instead
of individual solvent molecules. In this case, the frequency (w) dependent dielectric
continuum, &(w) is given by;

80 - 800
E(w) = £, ——= .. 1.15

1+ iwtp
ISER pune


http://en.wikipedia.org/wiki/Solvent

Fluorescence; the Principles and Applications | Chapter 1

where, & and €., are the static and infinite frequency dielectric constant of the solvent and tp
is the Debye relaxation time of the dipolar solvent.*® '* The solvation energy is obtained by

evaluating the reaction field of the polar solute molecule inside the molecular cavity. The

13,15,17

predictions of homogeneous continuum theories are most simply expressed in terms of

solvation time correlation function defined by;

_ Esol(t) - Esol(oo)
CS(t) B Esol(o) - Esol(oo) - 116

where, Eso (1) is the time dependent solvation energy. If the dipolar molecule is assumed to
be a spherical cavity with a point dipole at its center and the solvent is approximated by a
dielectric continuum with a single relaxation time, then the continuum model predicts that the

solvation time correlation function is a single exponential with a time constant given by;

2€0 + &

Lo T 117
26, + 6, P

A
where, &.is the static dielectric constant of the cavity. In the case of an ion the continuum

model predicts slightly faster solvation, and the time constant is given by;

T, = i—o:er ..1.18
Where, 1. is the longitudinal polarization relaxation time of the unperturbed solvent. For
typical values of €y, €., and &, the difference between t2and 1, is unimportant and one can
simply state that homogeneous continuum models predict that the solvation correlation
function should relax exponentially with a time constant given by t.. For most polar solvent,
T is the order of magnitude smaller than tp as & > €...

According to simple homogeneous continuum model, a single solvent relaxation time
should be observed. However, experimentally observed Cs(t), is generally non-exponential in
nature and non-exponentially increases with the polarity of the solvent. Hence, experimental
Cs(t) cannot be fitted to the simple homogeneous continuum model. Moreover,
experimentally measured solvation times are generally larger than the predicted T, values and

usually vary between t_and tp. In some cases, solvation times were measured to be more
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than an order of magnitude longer than t..*® The assumptions that the molecular cavity is
spherical and the solvent dielectric response is of simple Debye form are the possible reasons
for the lack of quantitative success of the continuum models.* !’ Both the assumptions are
relaxed in later studies™ that investigated consequences of an ellipsoidal cavity and a non-
Debye dielectric response. It was noticed that if the molecular cavity is ellipsoidal, the decay
is bi-exponential even with a Debye form of €(w); however, the relaxation times differ at
most 30% to 40% under extreme conditions. The effect of the non-Debye form was studied

by the Davidson-Cole **?° and Cole-Cole* # form;

€ P Rl LYY S 1.19

DC(('U) — Yoo [1+in0] ) ﬁ— T
€ — €,

Ecc(w) = € 0 0<s<1 ..1.20

wt T3
1+ (iwtg)?

Both forms have a distribution of relaxation times about €, which contributes to €,. The
Laplace transform can be obtained numerically and C(t) can be fitted well by a stretched

exponential function.® *3 19

C(t) = exp[-(t/1)a], O<a<l 121

It was observed that short time dynamics were significantly affected even when the deviation
from Debye behavior was small. The agreement between the predicted and observed C(t) is
good for the polar aprotic solvents, when one considers appropriate dielectric parameters for

the solvents.

(ii) Inhomogeneous Dielectric Models

The homogeneous continuum model of solvation dynamics ignores the details of solute-
solvent interaction, and the spatial and orientational order, which are present in a dense
dipolar liquid. Bagchi et al.?? and Castner et al.”® proposed an inhomogeneous dielectric
continuum model to rectify some of these shortcomings. The basic idea is the differential
response of solvent molecules that are very close to the polar solute molecule responses
differently than those are located distantly. This difference may arise from the strong electric

field of the ion or the dipole, or from some specific solute-solvent interactions, such as
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hydrogen bonding. In this model® % a distance dependent dielectric constant, £(r,w) was

proposed. According to this model,

Eo(r) — Ey
£(r,w) = £, + ) " Ew 122
1—iwtp

with the boundary condition, lim,_,., &(r) = &, where & is the bulk dielectric constant.
The merits of these models are the intuitive picture of solvation dynamics and incorporation
of some aspects of solute dynamics and solute-solvent interactions. The inhomogeneous
continuum models exhibited many differences from simple continuum models, such as non-
exponential Cs(t) response and solute size sensitivity. Many of the predictions of the

9, 18, 24 and

inhomogeneous continuum models are in good agreement with experiments
microscopic theories.” ?® However, since €o(r) is not an observable quantity, this model

could only help rationalize experimental results rather actually predict them.

1.7b.2. Microscopic Theories of Solvation Dynamics

The molecular insight of solute-solvent interactions is necessary in order to understand the

1. and Rips et al.?® derived analytic expression for ion

dynamics of solvation. Nichols et a
and dipole solvation dynamics within a non-equilibrium mean spherical approximation
(MSA) model, which was first proposed by Wolynes”’. MSA theory is helpful to predict
longer relaxation time from experimental results. However, this theory considers only the
rotational relaxation of the solvent molecules, and is devoid of other solvent relaxation
modes, among which translational modes of relaxation is most prominent. Later on Bagchi
and coworkers?®®3! have focused on the role of translational diffusion in the dynamics of
solvation by employing Smoluchowski-Vlasov equation. Experimentally, the role of
translational mechanism was also noted by Su and Simon.**** They showed that translational
motion significantly accelerates near the solvation probe. Bagchi and co-workers has
developed self-consistent microscopic treatment to study the effects of self-motion of the
polar solute on solvation dynamics.3* ** Several statistical mechanical theories of non-polar
solvation have been proposed, such as viscoelastic continuum model of Berg®, the molecular
theory of Skinner and co-workers®” *® based on the Smouluchowski equation and linearized
solvation theories, including the surrogate Hamiltonian method of Friedman and co-

workers

39, 40
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Microscopic calculation of the solvation dynamics of ion in liquid water is presented
by Roy and Bagchi.** The calculated solvation time correlation function shows an ultrafast
Gaussian decay, ~70-90% of the total solvation completed <50 fs, followed by an exponential
decay with time constant equal to 250 fs and 1 ps. These results are in excellent agreement
with experimental findings of Barbara and Jarzeba.** They reported that the rotational,
librations and the intermolecular translational modes of water contribute significantly to the
initial Gaussian decay, whereas O-O stretching of O-H-O vibrational stretching modes are
considered as under damped. In a later study, they concluded that the initial part of ultrafast
solvation in water is essentially controlled by the macroscopic polarization modes of the
solvent arises from the intermolecular vibrational and librational modes.** They also studied
the effect of isotope substitution of solvation dynamics and found that a significant isotopic
effect may contribute in long time solvation dynamics results. A simple molecular
hydrodynamic theory has been used to calculate both the initial Gaussian and the long time
exponential decays in the solvation of a rigid ion in methanol.*® The theory predicts that non-
linear response in the solvation dynamics of a single rigid ion in water and acetonitrile
appears only after 70-80% of the relaxation, whereas for methanol nonlinearity may appear
somewhat earlier.

The effort was also given to understand the origin of basic of solvent response and the
mechanism in non-hydrogen bonded solvents.** A theoretical study on ionic solvation in

acetonitrile was carried out by Roy et al.,*

which was in close but not perfect agreement with
experimental observations.?* Later Bagchi et al.*® carried out ultrafast solvation dynamics in
three non-associated polar solvents, namely, acetonitrile, DMSO and acetone using molecular
hydrodynamic theory. For acetonitrile dielectric data gives excellent agreement with
experimental results, whereas for DMSO and acetone, the present theory predicts slower

decay than the experimental observation.

1.7c. Literature Reports of Solvation Dynamics Studies

1.7c.1. Solvation Dynamics in Pure and Mixed Solvents

Molecular dynamics (MD) simulation played a pivotal role to envisage solvation responses
and determining the molecular origin of the solvent dynamics.*>" Most of the simulation
studies relate solvation of pure water molecules.? *8%0-315" Although a wide range of solutes

and a variety of water potentials have been employed, the observed dynamic exhibits many
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similarities. The most common feature is the bimodal nature of solvation dynamics. Water
exhibits a very rapid initial relaxation (20-50 fs), followed by a much slower (1-2 ps) long
time trail. In most cases over 50% the solvation energy relaxation takes place via fast part of
the solvation response.”” The librational motions of water molecules are believed to be
responsible for this ultrafast relaxation.”” Simulation studies indicate that the solvation
response in acetonitrile is also bimodal in nature consisting of initial Gaussian components
(~100 fs) and a slow exponential decay; however the librational component is not prominent
like water.**>> Notably MD simulations predicted that solvation dynamics in methanol also
has almost similar feature as that of water and acetonitrile.>® >®>® But the short time Gaussian
contribution is much smaller, accounting for only 10-20% of the solvation response.> °° %
Thus, the solvation dynamics in methanol is slowest compared to water and acetonitrile. This
is because there are three distinct ways of performing the rotational motion (with nearly equal
moments of inertia) in water, whereas in methanol there is only single way. Therefore, the
effectiveness of free hydrogen bond rotation in relaxing C(t) is much lesser in water than
methanol®® 8

Solvation dynamics various bulk liquids have been extensively studied using time-
domain techniques such as fluorescence up-conversion,” ** Optical Kerr effect®® ® three
photon echo peak shift (3PEPS)**®°, ultrafast fluorescence depletion spectroscopy®’, inelastic
X-ray scattering®® and polarization damping method®. Among others fluorescence up-
conversion appeared as the most popular technique to study solvation dynamics in polar and
non-polar liquids. Jarzeba et al.®® first reported solvation dynamics of 7-
(dimethylamino)coumarin-4-acetate ion in water on femtosecond time scale using up-
conversion technique. Later on using the up-conversion technique, Vajda et al.** reported that
solvation of pure water occurs with the time constants of <50 fs (26%) and 310 fs (74%).
Huppert and co-workers® resolved the bimodal behavior by time resolved heterodyne optical
kerr effect, in water, with an ultrafast component of less than 100 fs. Lang et al. employed
three pulse photo echo peak shift (3PEPS) measurement to study aqueous solvation dynamics
and showed that the majority (~60%) of the aqueous solvation response occurred on an
ultrafast time scale of ~30 fs.* Horng et al.”® reported methanol solvation through
fluorescence upconversion technique by using C-153 as the solvation probe. They concluded
that vibrational relaxation has a very negligible role (even up to a very short time regime

65
l.

within ~100 fs) in time dependent shift of methanol. Joo et al.” studied the solvation

dynamics of alcohols with variable alkyl chain length by third-order nonlinear time-resolved
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spectroscopic techniques and theoretical measurements. They reported a common initial
solvation response of ~100 fs in methanol, ethanol and butanol for which the amplitude

1.5 have used vibrational characteristics

decreased with increasing alkyl chain length. Cho et a
of liquid dynamics to describe heterodyne detected optical Kerr effect measurements on
acetonitrile, via a Brownian oscillator model. Fleming and co-workers’* measured the
solvation time of LDS-750 in acetonitrile and predicted the average Debye relaxation time
~4.3 ps. Solvation dynamics of bulk formamide have also been explored thoroughly and
measurements show that the extensive hydrogen bonding results reasonably slower solvation
dynamics in formamide.”® > ™ The inertial component of the solvation dynamics, which
comprises more than 50% of the response in water, is represented by a mere 10% of
relaxation in formamide.” The diffusive components of the formamide solvation dynamics
are also slower than those of water. Solvation dynamics in many other polar solvents, like

3.7475 ethyl acetate'® etc also have been studied. Notably

ethylene glycol”, dimethylsulfoxide
the solvation dynamics in these polar solvents also proceeds with bimodal time scales: an
ultrafast (~200 fs) and slower (1-100 ps) components. Solvation dynamics of non-polar
solvents (dioxane and benzene) also exhibit time dependent Stokes’ shift.”> ”® The fact that
these non-polar solvents do solvate probe solute is a consequence of the large quadruple and

high order electrostatic moments of these molecules.” "

1.7c.2. Solvation Dynamics in Ion-Solvent Mixture and Ionic liquids

Not only solvents but the effect of ion atmosphere is also essential to understand dynamics of
chemical reaction in electrolyte solution. Fist time Van der Zwan and Hynes theoretically
calculated the time of ion atmosphere relaxation around a solute dipole which included only
diffusional motion of ion but not the contribution of inertial motion of ions.”” Later Chandra
and Patey presented the molecular theory of ion solvation dynamics in electrolyte solvation.
Their calculations predicted a very fast inertial relaxation time followed by a slow long time
decay associated with the organization of ion atmosphere around the solute ion.”® Chandra et
al. also presented a theoretical analysis regarding salt concentration effect on solvation
dynamics in electrolyte solvation.” This theory predicts that when solvent molecules are
characterized by the large moment of inertia the initial Gaussian decay is governed by ion
motions and depends strongly over salt concentration. Chandra and Mahajan presented a

molecular theory of ions-solvent dynamics in electrolyte solution including both diffusive
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and non-diffusive (such as inertial) modes of relaxation.®® Using computer simulation Neria
and Nitzan have shown that ionic solution solvation is basically biphasic in nature,
comprising a fast Gaussian time constant and a slow exponential decay time constant. Among
these, the Gaussian time constant is independent on salt concentration whereas the slow
exponential time constant strongly depends on the electrolyte concentration and it decreases
when the electrolyte concentration decreases.®* Later Zhang et al. reported LiF ionic
pair solvation dynamics through Ab-initio molecular dynamics simulations for two different
spin states namely singlet (S) and triplet (T) states, and found that the singlet state solvation
occurs very fast (within ~50 s).#* Later on Yamazaki et al. studied ion solvation in water-
urea mixture through molecular dynamics simulations and the reference interaction site
model (RISM) integral equation theory. They reported that urea preferentially solvates
positively charged species and the solvation free energies indicating that larger solutes favor
the transfer from water to a water—urea mixture.?> Recently Criscenti et al. have compared
the solvation of alkali-earth metal ions in carbon dioxide and water using molecular dynamics
simulation. They suggested that solvation energies of these cations are larger in water than in
carbon dioxide which results preferential solvation into water. For both aqueous and
CO; solutions, the solvation energies decreased with cation size and increased with cation
charge.* Most recently absolute solvation free energy of the lithium cation in methanol is
calculated by the cluster-continuum quasi-chemical theory of solvation.®*® The obtained
solvation free energy of the proton was -253.6 kcal mol™.% Several experimental results
have been reported exploring the ion solvation effect.*** Huppert and co-workers measured
the static and dynamic solvation in molten tetraalkylammonium salts by several Coumarin
dyes using time resolved fluorescence technique and reported a biphasic solvation within
picoseconds-nanosecond time scale.®*® Chapman and Maroncelli also investigated solvation
of polar and aromatic solute in ionic solutions. The ionic solvation occurs on 1-10 ns time
scale which corresponds to the ion/solvent rearrangement in the first solvation shell of the
probe.®® Palit et al. compared the solvation dynamics of directly injected electrons and
fluorenone anion in 4 different primary alcohols through picosecond pulse radiolysis and they
observed non-exponential dynamics for both. For electron solvation out of 3 different
solvation components, <15 ps represents the initial time scale of the dynamics, ~80 ps
corresponds to translational motion leading to structural changes of the hydrogen bonding
network of inner solvation shell. The ~1800 ps component of electron solvation represents

restructuring of the hydrogen bond network of the solvent in the outside region of the
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solvation shell. For fluorenone ion solvation the contribution of the shortest component (15
ps) in all four alcohols appeared much longer than the electron solvation time in the
corresponding solvents. This component is assigned to the restructuring of first solvation
shell by breaking the solvent-fluorenone hydrogen bonds.*® Most recently Zeng et al.
performed the solvation dynamics of Li* ions in water, methanol and ethanol. According to
their observation Li* forms stable tetrahedral coordination in water and methanol than that in
ethanol, and results slower diffusion of water in its first solvation shell.**

It has been ~15 years since the field of ionic liquid (IL) research appeared in feature.
Since then ILs are extensively used in chemistry as a green solvent and hence the solvation

behavior of ILs%1%

are becoming the burgeoning point of interest. Samanta and co-
researchers®®* have extensively studied the solvation dynamics of several imidazolium ionic
liquids and reported a biphasic dynamics occurring in picosecond and nanosecond time
scales. This dynamics of ILs are attributed to smaller anions and the collective diffusional
motion of the cations and anions, respectively. Later Samanta and coworkers studied the
solvation dynamics using coumarin-153 (C-153), 4-aminophthalimide (AP), and 6-propionyl-
2-dimethylaminonaphthalene (PRODAN) probes in pyrrolidinium ionic liquid N-butyl-N-
methylpyrrolidinium  bis(trifluoromethanesulfonyl)imide ([bmpy][Tf,N]) which has a
comparable polarity with imidazolium ionic liquids. They also observed biphasic solvation
containing a 115440 ps component, and a very long solvation component of 610—-1395 ps.%
Maroncelli and co-workers measured the solvation dynamics in 1-butyl-3-methyl imdazolium
hexafluorophosphate ([bmim][PF6]) within the temperature range 298-355 K using 4-
aminophthalimide (4-AP) as a probe. They reported a biphasic solvation markedly different
in time scale which are <5 ps and ~1 ns. The fast component (<5 ps) arises due to the
translational adjustment of the ions within the solvation structure present at the time of solute
excitation. The slow component (~ 1 ns) is linked to solvent viscosity and presumably
involves large-scale rearrangement of solvation structure.”® Chakrabarty et al. reported
solvation dynamics using two Coumarins (C-153 and C-152) in two room temperature ionic
liquids  ([bmim][PF6] and 1-hexyl-3-methyl imdazolium hexafluorophosphate,
[hmim][PF6]). They also found biphasic as well as drastically retarded solvent relaxation in
these ionic liquids. The ionic motions are found to be responsible for solvation in these ionic
liquids.'® Petrich et al. experimentally and theoretical investigated the role of dielectric
constant (DC) in solvation for non-glassy and non-supercooled ILs. A relative comparison

between comparison of imidazolium liquids with their pure organic counterpart butyl
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imidazole suggested that not the translational motion of ions but the DC may be the
predominant factor in short-time solvation of ionic fluids.’®* More recently Zhang et al. has
designed simple qualitative scale which correlates the conductance and solvation time of 34
different room temperature ionic liquids using a simple mathematical formula In({tsoi )/ps) =
437 - 0.92 In (co/S m™).22 Terranova et al. have explored the mechanism of complex
solvation kinetics over a broad range of time scale from femto- to nano-second in 1-ethyl-3-
methylimidazolium tetrafluoroborate [emim][BF4] using Coumarin 153 (C-153). They
revealed preferential solvation by the emim cations along with translational and rotational
motions BF4 anions as dominant contributor to solvation dynamics.’®® Shim et al. studied
temperature  dependent  solvation  dynamics  of  1-butyl-3-methylimidazolium
hexafluorophosphate ([bmim][PF¢]). Although the ultrafast inertial component of solvation
dynamics remained unchanged with the increase in temperature, the dissipative relaxation
components become faster as the temperature increases.® Very recently Zhang et al. studied
solvation dynamics in 1-butyl-3-methylimidazolium tetrafluoroborate ([omim][BF,4]) in water
through dielectric relaxation method using coumarin 153 (C153).)%° They predicted the
solvation response functions by a simple dielectric continuum model, and observed that the
solvation here is also biphasic like neat ILs. They observed a fast solvation component (0.2
ps) over wide range of water mole-fraction (0.1 < water mole fraction <1), along with a long
component extending over picosecond to nanosecond range, which decreases with addition of

water in IL.1%®

1.7c.3. Solvation Dynamics in Micelles and Mixed Micelles

Dynamics of water in confinement environment is always expected to be retarded. While
solvation is probed in micelles, the probe may reside in three possible locations, namely, the
bulk water, the dry micelle core and the Stern layer. Probe in bulk water offers sub-
picosecond solvation time whereas in core (which resembles with aliphatic hydrocarbons)
shows no solvation or Stokes’ shift. If the probe stays in the Stern layer, the solvation
dynamics may be quite different from that in the bulk water because the mobility of water
molecules may be considerably constrained in the Stern layer. Sarkar et al.!®® and Datta et
al.®" studied solvation dynamics of C-480 and 4-aminophthalimide (4-AP) in neutral (TX-
100), cationic (CTAB), and anionic (SDS) micelles. It was shown that for SDS, CTAB, and

TX-100 give average solvation times 180 ps, 470 ps and 1450 ps, respectively for C-480'%
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and 80 ps, 270 ps, and 720 ps for 4-AP respectively, 1% 7. The observed solvation time is ~3
orders magnitude slower than the bulk water.® ** Later on Hara et al. studied the effect of
high pressure effect on the solvation dynamics of C-153 in TX-100 micelle.®® With increase
in pressure, the solvation dynamics became faster and it was attributed to the weakening of
hydrogen bond with pressure. The ultrafast components of the solvation dynamics in micelles
were detected by femtosecond upconversion study.'® The measured solvation dynamics
consists of components of 2.1, 165, and 2050 ps for TX-100 and 0.23, 6.5 (average 1.75 ps),
and 350 ps for CTAB using 4-(dicyanomethylene)-2-methyl-6-(p-dimethylaminostryl) 4H-
pyran (DCM) as a probe.’®® Sen et al. ™ reported the solvation dynamics of DCM in
secondary aggregates of bile salt (sodium deoxycholate, NaDC) and observed tri-exponential
components with time constants of 110, 700, 2750 ps.*'® These components were
significantly slower than those in bulk water. The observed slow dynamics in all these
micelle systems was attributed to trapped water and ions present at the central region of the
I.lll

bile salt aggregate. Chakrabarty et a
100, pure NaDC and mixed micelles of TX-100 and NaDC. Results showed that solvation

reported solvation dynamics of C-480 in pure TX-

time in pure NaDC and TX-100 were 3.35 ns and 1.51 ns respectively, but in mixed micelles,
it is 2.27-3.26 ns. The relatively slow dynamics in the Stern layer of the NaDC micelles was
appearing due to the motion of the Na™ ions and the water molecules confined in the micellar
cavity. In the mixed micelles, the solvation dynamics becomes relatively faster because of the
removal of Na* ion from the Stern layer. They have also studied the solvation dynamics of
Coumarin 480 (C-480) and Coumarin 490 (C-490) in neutral polyoxyethylene lauryl ether
(Brij-35) and polyoxyethylene cetyl ether (Brij-58) micelles respectively."'? The average
solvation time of C-480 in Brij-35 micelle was 949 ps whereas in Brij-58 it time was 960 ps.
The average solvation time of C-490 in Brij-35 and Brij-58 were 439 and 545 ps,
respectively. The fast component of the micelle solvation was attributed to the water
molecules present at the palisade layer of the micelle whereas, the slow solvation component
was attributed to the hydrogen bonded water molecules to the polar heads of the micelle.**?
Later on Chakrabarty et al. studied alkyl chain length and head group size dependent
solvation dynamics of C-480 CTAB micelle and mixed micelle.*** The average solvation was
found retarded from CTAB micelle (812 ps) to CTAB+CDAB mixed micelle (980 ps). The
sluggish solvation was attributed to increased alkyl chain length and head group size which
resulted a more closed packed micelle and hence restricted water motion.!*®

Balasubramanian and Bagchi carried out a computer simulation of the hydrogen bond
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dynamics,*** and solvation,"* at the surface of micelle. The decay of C(t) at the micellar
surface™ was fitted to a triexponential function having components, 1.6 ps, 4.3 ps, and 30 ps
which appeared close to the experimental observations.'® Kumbhakar studied the influence
of ionic surfactants (CTAC and SDS) over the solvation dynamics of C-153 in tri block
copolymer (P123 and F127) micelle and detected a biphasic solvation with increasing
surfactant concentration.™® Distinctly two different water solvation times ~0.5 ns and ~2.5 ns
were attributed to the mechanically (non specifically trapped water molecules) trapped and
thermodynamically (hydrogen bonded water molecules with oxygen atoms of the head group)
bound water molecules respectively.*® Later on Dey et al. reported the P123-CTAC mixed
micellar solvation dynamics by C-480."* In contrary to Kumbhakar’s results, Dey et al.
reported a tri-phasic solvation dynamics with three distinct decay components of 2 ps, 60 ps
and 4000 ps. They assigned the 60 ps component (which was mostly varying with surfactant
concentration) to the polymer chin dynamics whereas the shortest and longest decay
components were attributed to the free water and bound water in the micellar corona region,
whereas the 2 ps was attributed to the bulk motion of water.’” Recently Das et al. studied the
solvation dynamics of C-151, C-152, C-153, C-480 and C-481 in [pmim][BF4]-P123 mixed
micelle and detected three distinct solvation components of ~5 ps, 350 ps and 4000 ps.**® The
very fast component was attributed to the ultrafast electron transfer dynamics whereas the
other two corresponds to mechanically and thermodynamically trapped water molecules.**®
Very Recently, Tiwari et al.**® demonstrated the effect of hydroxyl substituted spacer group
of gemini surfactants on the bimodal behavior of solvation dynamics. The solvation dynamics
is found to be slower on hydroxyl substitution of spacer group due to the formation of
hydrogen bonds between water molecules and hydroxyl group(s) of spacer group. Such kind
of hydrogen bonding protects the probe molecule from its contact with water molecules and

also results in restricted mobility of water molecules.'*®

1.7c.4. Solvation Dynamics in Reverse Micelle

Reverse micelle (RM) is defined as surfactant coated polar droplets dispersed in non-polar
media, which is mainly characterized by w (where, w = [polar solvent]/[surfactant]). In this
section we will introduce reports related to solvation dynamics inside RM and hence skipeed
a very descriptive discussion about RM and its researches is given in chapter 2. Solvation

dynamics in confined solvent pool reverse micelles and microemulsions has been the subject
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of many investigations.” 23 Sarkar et al.'®° studied the solvation dynamics of C-480 in n-
heptane/ AOT/water reverse micelle. They reported solvation time of ~8 ns for smaller water
pool (wo=4, r,=8 A), while for very large water pool (Wo=32, r,=64 A) the response is
bimodal with a fast component of 1.7 ns and a slower component of 12 ns. Zhang et al.**
determined the nanosecond reorganization rates within the interior of AOT reverse micelles
as a function of water content and temperature with a average solvation time ~8 ns for a small
water pool (wp=2) and ~2 ns for a large water pool (wo=8). Das et al. showed that in AOT
reverse micelle the solvation time of 4-AP increases from 1.9 ns in H,O to 2.3 ns in D,0,
displaying almost 20% isotope effect.”** Mandal et al. studied solvation dynamics of 4-AP
in a reverse micelle containing neutral surfactant, TX-100, where no ions are present in the

water pool*®

and observed nanosecond solvation dynamics with a major (65%) component of
0.74 ns along with a very long (hano-second) component.*?® Therefore, it was believed that
the long component observed in almost all previous measurements were not due to slow Na*
ion solvation. Hazra et al. also probed the solvation dynamics of water molecules inside the
RM using C-152 as a probe, and found that solvation dynamics is drastically retarded
compared to pure water.”® The observed bimodal nature of solvation dynamics was
attributed to the presence of different types of water molecules inside RM. The *bound water’
molecules, which are strongly attached to the polar head groups of the surfactant molecules
by Coulombic attraction, are responsible for the slow component in the solvation dynamics
measurement, whereas the relatively faster component corresponds to ‘free water’ in the
water pool of the reverse micelle. Riter et al. studied the mobility of water in water/Aerosol
OT (AOT)/isooctane reverse micelles via polar solvation dynamics measurements using
ultrafast fluorescence-upconversion technique.’” They observed with increasing wo time-
correlation functions exhibit multi exponential decays suggesting increased mobility of water
inside RM. They have also studied the solvation dynamics of C343 in lecithin and AOT
microemulsions using femtosecond upconversion.’?* At hydration levels wo< 4.8 they
observed a single relaxation time much longer than the response of bulk water, whereas at
Wo> 5.8 three distinct relaxation times were observed (0.5 ps, 15 ps and 200 ps) among which
the shortest one correlates to ‘free water’ motion. Moilanen et al. have reported a
comparative solvation dynamics of two different kinds of reverse micelles formed by
Aerosol-OT (ionic head group) and Igepal CO 520 (non-ionic head group) using ultrafast
infrared pump-probe spectroscopy. They used the OD stretch of HOD and showed that the

hydrogen bonding network remains unaltered for both the reverse micelles irrespective to the

1SER Pune


http://pubs.acs.org/action/doSearch?action=search&author=Moilanen%2C+D+E&qsSearchArea=author

Fluorescence; the Principles and Applications | Chapter 1

surfactant head group charge. Therefore, they concluded that it is the effect of confinement
given by the interface resulting a nanoscopic ‘water pool’ is the primary factor governing the

dynamics of nanoscopic water.**

Moilanen et al. have also compared the water dynamics in
AOT Lamellar Structures and reverse micelles through ultrafast infrared spectroscopy.'®
They found that vibrational relaxation time of water molecules in lamellar (4.2 ps) and RM
(4.3 ps) structures is almost similar and hence does not depends over the length of
confinement but depends over the type of water-interface interaction. Recently Costard et al.
studied the ultrafast dynamics of OH stretching excitations (vibrations) of H,O confined in
dioleoylphosphatidylcholine (DOPC) reverse micelles studied in femtosecond pump-probe
experiments. Interestingly the -OH stretching lifetime (500 fs) at wo = 1 decreases to 300 fs
for large water pools formed at wo = 16.** Simorellis et al. measured low temperature
induced water dynamics in AOT-RM by one-dimensional *H solution NMR spectroscopy and
they found water displayed fine structures at —20°C and —30°C indicating the presence of
multiple transient water populations in RM.**® Fenn et al. characterized the solvation of water
in RM using two-dimensional infrared (2DIR) vibrational echo spectroscopy and pump—
probe experiments.**® They characterized the frequency-frequency correlation function
(FFCF) for each small reverse micelle, and found ~1 ps decay time attributing to the local
hydrogen bond fluctuations and a slower ~6-10 ps decay time due to slow hydrogen bond
rearrangements for non-interfacial water molecules. Very recently Bakulin et al. explored the
water dynamics inside reverse micelle using multidimensional vibrational spectroscopy and
molecular dynamics simulation study and re-explored the existence of ‘free’ and ‘bound’
waters.*! They showed that these two groups of water distribution never correlate each other.
Costard et al. have reported femtosecond -OH bending dynamics of water nanopools
confined three different RMs; dioctyl sodium sulfosuccinate (AOT) and
dioleoylphosphatidylcholine (DOPC) and nonionic tetraethylene glycol dodecyl ether (Brij-
30).*? They concluded though in ionic AOT/DOPC RMs, the OH bending lifetime T, > 615
fs at wp = 3 decreases to T;= 345 fs at wp = 16, H,O in Brij-30 RMs shows a much shorter
lifetime (T, =400 fsatwy=2to 250 fs at wy = 8). Recently, several groups studied solvation
dynamics of nonaqueous solvents, such as formamide (FA)"™ *** N,N-Dimethylformamide

(DMF)'3, acetonitrile'**®, and methanol*****® in AOT microemulsions. Using a picosecond

144 145, 146

setup Shirota™" and Hazra et al. have reported that the solvation dynamics of
acetonitrile and methanol is nonexponential and 1000 times slower as compared to those in

the pure solvents. Another important feature observed in their solvation dynamics results is
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that solvation dynamics depends on w values in case of MeOH RM, whereas there is no w
dependency observed in case of acetonitrile RM. The various w dependencies of solvation
dynamics in water, methanol, and acetonitrile reverse micelles are explained on the basis of
the presence and the absence of hydrogen bonding networks in water, methanol, and
acetonitrile, respectively.**** On the other hand solvation dynamics of FA and DMF in
AOT-RM is found extremely slow in comparison to the bulk FA and DMF. Although the
solvation dynamics of aprotic DMF in reverse micelles shows a small w dependency but
solvation dynamics of FA in RM depends strongly on the w.” %3

The dynamics of water in reverse micelles has also been investigated using computer
simulation.’?” **® In an interesting MD simulation, Senapati and Chandra modeled the water

127 \where the

pool of a RM as a Stockmeyer liquid confined in a smooth spherical cavity
dielectric constant found to increase with the cavity size. Faeder and Ladayni*® clearly
showed that at small wy value (wo=1) nearly all the counter ions remain bound to the
surfactant. They identified three types of water molecules namely, the trapped, bound and
free, proposed earlier to explain the IR spectra of RM. The translational and rotational
mobility of the trapped and bound water were found to be slower than that of free water. Abel
and fellow researchers studied the effect of surfactant conformation on the structures of small
nonionic (poly(ethylene glycol) alkyl ether (CE,) surfactants) RMs at constant pressure (P =
0.1 MPa) and temperature (T = 298 K) by molecular dynamics simulation.**’ They concluded
that the surfactant head group conformation affects mainly the water core size, the area per
surfactant head group, the head group hydration, and the water core translational diffusion.
Later Rosenfeld et al. reported molecular dynamics simulation based dynamical properties
of water confined within reverse micelles (RMs) ranging in size fromR= 10 A toR = 23
A28 The low-frequency infrared spectra showed linear dependency on the fraction of bulk
like water within the RMs. Moreover these spectra show nearly isosbestic behavior in the
region near 660 cm™ Later Pieniazek et al. used combined atomistic
molecular dynamics simulations and theoretical vibrational spectroscopy to study
water dynamics confined in AOT RM and successfully reproduced the experimental spectra,
rotational anisotropy decays, and spectral diffusion time-correlation functions as a function
of RM size.'*® Recently Rosenfeld et al. analyzed dynamics of the water hydrogen bond
network at ionic, nonionic, and hydrophobic interfaces of RMs by
molecular dynamics simulations and resulted universal slowdown in rotational and hydrogen

150

bond dynamics at the RM interface relative to bulk water.™" Most Recently Martinez et al.
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probed the dynamics of water in AOT RM by MD simulation study and explored the
dependence over system density, reverse micelle structure, and water configurational

1 In all unrestrained

relaxation times as a function of reverse micelle composition.™
simulations they reported substantial deviations from spherical reverse micelle geometries.
Rotational anisotropy decay times and water residence times are found strongly dependant on
force field and water model used whereas power-law relaxation in time found no dependency

over the force field. ***

1.7c.5. Solvation Dynamics in Different Bio-Macromolecular Confinements like

Protein, DNA and Inside Cells

The behavior of water molecules in the immediate vicinity of biomolecules such as proteins
and DNA is a consistent point of attention in chemistry and biology. Pierce and Boxer'>* and
Bashkin et al.™ studied solvation dynamics in protein environments using dynamic Stokes
shift and reported a 10 ns component of protein dynamics. Jordanides et al.*>* employed three
photon echo peak shift (3PEPS) spectroscopy to study the dynamic properties of the protein
environment and reported 530 ps component which is absent for free eosin in bulk water. Pal

155
l.

et a studied solvation dynamics in human serum albumin (HSA) using non-covalently

bound probe, DCM and observed two components of 600 ps and 10 ns. Denisov et al.'*®
studied water relaxation in the denatured and molten globule state of a-lactalbumin,
lysozyme, ribonuclease A, apomyoglobin and carbonic anhydrase by probing water 'O

157159 1sed the solvation

relaxation dispersion. For the first time Zewail and co-researchers
dynamics of the intrinsic probe tryptophan (Trp) in different proteins to study the protein
solvation. They described how the hydration dynamics at the surface of single-Trp protein
Subtilisin Carlsberg (SC) occurs with two well separated time scales; 800 fs and 38 ps.'*" %8
The 800 fs time constant was attributed to ‘free’ or ‘quasifree’ water and the slower time
constant was assigned to those water molecules that interact strongly with hydration site.">"
158 | ater they also investigated the hydration dynamics at the surface of sweet protein
Monellin by probing the single tryptophan residue at the protein surface.™® They reported a
“bimodal” solvation with 1.3 and 16 ps time constants of the surface water for native
Monellin. The fast component is ascribed to the “free’ or ‘quasi free’ water molecules and the
longer component is assigned for restricted water molecules that interact strongly with the

hydration site. In contrary, denatured Monellin showed increased fast (3.5 ps, along with
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doubled contribution for this component) and slow (56 ps) components. The 3.5 ps
component is attributed to the bulk type solvation around Trp site of denatured protein,
whereas 56 ps is assigned to the ion solvation in collapsed protein pocket.**® Nitrile probe
tagged site specific solvation dynamics of 4°-3-ketosteroid isomerase (KSI) enzyme has been
explore by Jha et al. using time-resolved vibrational spectroscopy and the results showed that
rigid water at the enzyme active site may help to maintain the organized electrostatic
environment required for efficient catalysis.®® Sushko el al. *** have extensively described
the terahertz spectral domain computational analysis of hydration shell of small structure
peptide (TRP-cageis-20 peptide, TRP-cage, BPTI) as well as lysozyme. They predicted water
molecules at the protein surface (hydration shell depth extended up to ~10 A) show similar
dynamics and does not depend on protein size; rather it depends over the water molecules
present at the Trp solvation cage. The average number of buried water molecules are 41 and
95 for BPTI and lysozyme, respectively, and these water molecules are tightly bound to
protein and exhibits retarded dynamics.'® Li et al. reported site specific
solvation dynamics around tryptophan of apomyoglobin with a biphasic distribution of time
scales, 5 ps and 87 ps, where initial dynamics represents fast local motions, such as
reorientations and translations of hydrating water molecules, whereas the slow relaxation
involving strongly coupled water-protein motions.'®> Abbyad et al. reported solvation
dynamics at the B1 domain of a small globular protein streptococcal protein G (GB1), using
the synthetic fluorescent amino acid Aladan by fluorescence upconversion and time-
correlated single photon counting techniques. They suggested as the probe is moved from the
surface to more buried sites, the dynamics of the solvation response become slower.'®®
Similarly Halle et al. in their perspective write up concluded that the decay times from 10 ps
to several nanoseconds appears due to differential position dependent hydration motions of
water molecules in protein solvation.’®* Later on Chang et al. measured the solvation
dynamics at the functional site of Flavodoxin in its three different redox states and detected
three different solvation components. The initial ultrafast component of 1-2.6 ps reflects the
local water-network relaxation around the shallow, solvent-exposed function site; whereas
20-40 ps component results from the coupled local water-protein fluctuation, and finally, the
hundreds of picoseconds dynamics is from the intrinsic fluctuation of the loose loops flanking
the cofactor at the function site.®® Recently Jha et al. used fluorescence upconversion and
anisotropy techniques for an acrylodan labeled protein and verified that solvation and protein

internal dynamics is a correlated phenomenon. They found both the motions are dependent
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upon the location of the probe as well as on the structural form of the protein. The
internal dynamics of the fluorophore completes 0.1-3 ns time, whereas the mean solvent
relaxation occurs within 20-300 ps.’®® Later on Mazur et al. using ultrafast optical Kerr
effect showed that water dynamics in the first solvation layer of bovine serum albumin occurs
8 times slower than bulk, whereas the most hydrophobic protein trypsin had a slightly smaller
effect in comparison to bulk water.'®” Not only experiments, but a countless theoretical
efforts have been invested to explain water dynamics in various protein surfaces and cores.

Bagchi and co-researchers'® *%7°

proposed a dynamic exchange between ‘bound’ and “free’
water molecules in aqueous protein solution. They explained the bimodal dynamics of water
in biomolecules in terms of concept of “bound” water (the water molecules which are
involved in hydrogen bonding interaction or electrostatic interactions with  the
macromolecular surface) and “free” water (which are not involved with the biomolecules by
any kind of interactions) molecules. In general, the bound water molecules results the long
time solvation component, whereas free water contributes towards the faster solvation
component. Few other computer simulation studies related to dielectric relaxation or

171174 indicate that the rotational relaxation of water

solvation dynamics at the protein surface
molecules in the close proximity of the protein surface is significantly slower compared to
bulk. By using a model protein, HP36 Bandyopadhyay et al. reported that a higher surface
exposure of the solvation probe results in a faster solvation dynamics of the water in protein
pockets.'”® They have also shown that the time dependent fluorescence Stokes shift of the
chromophore in a molten globule (MG) state of the protein is substantially different when
from the native state.'”® Golosov et al. have done similar kind of work for 11 different
residues of the immunoglobulin binding domain B1 of protein G and they have concluded
that solvation dynamics are position-dependent, highly heterogeneous, and found to span
from a few picoseconds to hundreds of picoseconds. The slower solvation component was
attributed to coupled hydration and protein conformational dynamics.'”” Very recently
Fogarty et al. compared the reorientation dynamics of individual water molecules within the
hydration shell of a series of globular proteins; acetylcholinesterase, subtilisin Carlsberg,
lysozyme, and ubiquitin. Despite of their wide range of sizes, functions, and different
secondary structures all four proteins showed a very similar hydration shell dynamics.!®
Very recently Pal et al. used molecular dynamics simulation to characterize the residence
time of water molecules in solvation shell of different helical part of globular protein barstar.

They showed domains with stronger water electrostatic anchoring sites (e.g. helix 1) results
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biphasic water residence times of 16.03 ps and 44.26 ps due to strong electrostatic
interactions and hydrogen bonding with protein surface.*”

The behavior of water around DNA helixes always remained the central point of
attention. Long back Saif et al."® attributed the slow dynamics inside the DNA to the counter

ion motion. Halle and co-researchers'®" **

studied water dynamics in DNA using nuclear
magnetic relaxation dispersion (NMRD) and found that the high residence time in the minor
grooves of DNA. First time Berg and co-researchers used base-stacked Coumarin (abasic-site
pair replacing a natural base pair) and showed that DNA dynamics extend into the
nanosecond regime®® and later concluded that the time resolved fluorescence Stokes shift
(TRFSS) dynamics follow a single power law from 40 fs to 40 ns'®* ¥ Zewail and co-
workers used both of a base-stacked and a groove-bound probe to measure time dependent
fluorescence Stokes shift (TRFSS) in DNA.*®® 8" They reported a bimodal response of 1 ps
(60%) and 20 ps (40%), which originate from bulk like labile water and weakly bound
ordered water in the groove, respectively.’® Moreover, in case of site (major and minor

groove) and sequence (different DNA lengths) selective solvation dynamics study'®’

they
detected no significant different of solvation, as in both cases ~1.5 ps and ~12 ps components
persist. Their results corroborated well with the previous molecular dynamics simulation of

ultrafast hydration in 16-mer DNA duplex by Bonvin et al.'®®

where they have reported no
significant difference in minor and major groove solvation of the DNA. Later on Dallmann
et al. introduced 2-hydroxy-7-nitrofluorene (HNF) into ds-DNA opposite an abasic site as a
base pair surrogate and probed the time resolved Stokes emission using femtosecond optical
pump-probe experiment.'®® They reported a bimodal solvation comprising 0.3 ps and 8.3 ps
which corresponds to the free water and weakly bound ordered water molecules. Banerjee et
al. reported bi-exponential nanosecond dynamics of 0.130 ns (75%) and 2.35 ns (25%) using
DNA groove-bound DAPI.** Pal el al. used DAPI to probe groove dynamics over a vast time
scale of 100 fs to 100 ps and proposed that DNA with base stacked probe generally retains
the spine of hydration with a set of structured water in the groove.'** They have also showed
that the dynamics measured with either the groove-bound or the base-stacked probe are
similar in the time span of 100 fs to ~100 ps but differ substantially from ~100 ps to 10 ns.***
Sen et al. carried out fluorescence TRSS experiment followed by long (46 ns) simulation of
17-mer native DNA. They found excellent agreement between the experiments with a base-
stacked probe and the simulated electric field in the base stack of native DNA and detected

that smaller, but non-negligible impact from counter ion perturbed DNA solvation with a
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time constant of 220 ps. '*% Earlier using a base-stacked probe (a native base), Hynes and
Bagchi reported a slow (250 ps) component in DNA assigned to water and ions using a long
simulation up to 15 ns.**® On the other hand, Furse and Corcelli simulated DNA with an very
high time scale (770 ns) using Hoechst-33258 bound to DNA groove’® and reported a
relaxation up to 350 ps. This slowest dynamics were attributed to DNA motion, but not water
or ion motions. Later on Furse el al. theoretically explored the power law solvation dynamics
of DNA groove water monitored by Hoechst 3258 bound to DNA and found to be ~19 ps.!*®
Very recently Bagchi reported that the dynamics, which is predicted to be the water dynamics
in the DNA groove by several experiments, may not be true. Solvated ions around DNA
molecules may be the possible reason for slow power law decay dynamics in DNA grove.'*
Batabyal el al.'®’ have explored ultrafast interfacial water (at the DNA protein
interface) dynamics in specific protein-DNA (lambda repressor protein-operator DNA)
interactions using minor groove binder dye, Hoechst. The solvation time scale corresponding
to the minor groove water molecules (~50 ps) and DNA side chain flexibility (~10 ns)
appeared completely unchanged in protein-DNA complex compared to free DNA.™ Goel et

a,l 18198

reported solvation dynamics for trans-activation responsive (TAR) bovine
immunodeficiency virus (BIV) RNA and Tat peptide interaction. Solvation dynamics of BIV
TAR RNA having 2-AP located at the bulge region have been carried out in the absence and
presence of the Tat peptide. BIV TAR RNA-Tat complex offered a bimodal solvation
response with 0.80 and 5.4 ns components. The fast component is attributed to the faster
diffusion between the bound water layer and trapped water layer. On the other hand the
slower solvation correlation time (5.4 ns) originated from restricted motion of the water
molecules hydrogen bonded to the RNA in the presence of the peptide (i.e.
thermodynamically bound water).*®

Not only in vitro solvation of DNA and protein, the application of solvation dynamics
has been extended up to cellular environment. Confocal microscopy based site specific
solvation dynamics in living Chinese hamster ovary (CHO) has been reported by Ghosh et al.
The average solvation time detected in the nucleus is ~750 ps and in cytoplasm it is ~1100
ps.t% 2% Chowdhury et al. reported that cytoplasmic lipid droplets (CLDs) in live
cells exhibit slower solvation dynamics than the cytoplasm using confocal microscopy.?™
They reported that CLDs of a live lung cancer cell (using C-153 stain) offers the average
solvation time of 3750 ps, which is ~2 times sluggish compared to the solvation in CLDs of

live non-cancer lung cell (1700 ps). This implies that the cancer cells are more active in terms
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of membrane trafficking. °** Ghosh et al®®? also probed the dynamics of the exofacial thiols
(cell surface thiol contaning membrane protein) of a live Chinese hamster ovary (CHO) cell
through fluorescence confocal microscopy. To get the specific solvation response from the
membrane of living cell they have covalently attached 7-(diethylamino)-3-(4-
maleimidophenyl)-4-methylcoumarin (CPM) with membrane thiols. They observed ultraslow
response with average solvation time ~475 ps and attributed to reversible, intermittent

changes in the structure and conformation of the membrane proteins.
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Materials and Methods




This chapter describes about different working systems, fluorescent probes (drugs) and
several other materials including non fluorescent molecules and solvents which are used in
different projects depicted in the thesis. The major systems under consideration are reverse
micelle (RM), carbon nanotube (CNT), serum protein (SA) and RNA aptamer. The present
chapter also encompasses detailing about the experimental methods, sample preparations,

molecular modeling and molecular dynamics simulations.

2.1. Working Systems

2.1a. Reverse Micelle

Reverse micelles (RM) are surfactant coated polar droplets considered as an in-vitro mimic of
cells.™® The interior diameter of reverse micelle matches well with the size of confinement
observed in biological cavities, which also justifies the cell mimetic ability of RM.* The
uniqueness of reverse micelles mainly belongs to the unidirectional trapping of water (polar
solvents), which makes RM stable and tuneable, hence a persistent centre of attention to
researchers. RM formed by a ternary mixture of polar-solvent, surfactant and non-polar
solvent consists of a nanometre-sized water/polar solvent droplets or central ‘nano-pool’
surrounded by surfactant molecules in such a way that the polar head groups are oriented
toward the surface of the ‘nano-pool’ and non-polar tails are projected out toward the bulk
non-polar organic phase (Scheme 2.1). One of the well characterized RM-forming
surfactants, AOT (aerosol OT, dioctyl sodium sulfosuccinate, Scheme 2.1), has the ability to
solubilise substantial amounts of water or other polar solvent in a non-polar solvents.”® RM
is characterized by ‘ws’, defined as the molarity ratio of polar solvent to surfactant. The

definition of ‘ws’ is as follows;

IISER Pune



Working Systems, Materials and Methods | Chapter 2

_ [Polar solvent] 21
~ [surfactant] o

Ws

AOT molecules dissolved in a long chain alkane above a particular concentration
(~0.1 mM) forms reverse micelle. Properties of the reverse micelles depend over factors like
non-polar phase, temperature, and the presence of a co-surfactant, etc.” Although AOT is in
lead role in RM formation but many other amphiphiles (such as SDS, TX-100, Brij) have also
been extensively used to form reverse micelles in pure and mixed hydrocarbon solvents.*

The stability of the reverse micelle in a non-polar solvent is mainly governed by four factors;

Na+é'f"\____j:jj'()(>|><""m¢

Non-Polar

Aliphatic chain

mmh’\ d o OMQV
O’j/\/\

NaOssE\
o

Dioctyl Sodium Sulfosuccinate
Aerosol OT (AOT)

Non-Polar

Scheme 2.1. Schematic representation of reverse micelle.

hydrogen bonding, dipole-dipole, dipole-induced dipole and dispersion interactions.*® The
nature of the surfactant head groups and counter ions are also known as governing factor for
RM stability. Not only the formation but also an extensive effort has been invested till date
for the determination of appropriate structure of the reverse micelles. To confirm the presence
of RM in a solution one must be able to detect the individual particles in solution. One can do

it in a best way through scattering methods. A number of scattering based methods namely,

7,11-15 16-18

dynamic light scattering (DLS), small angle neutron scattering (SANS), and small
angle X-ray scattering (SAXS)™*! have been extensively used to monitor the formation and
characterizations in solution phase. It is the DLS which have been considered as the premiere
method to uncover details about the structures in microemulsions due to its easy access and

user friendly nature of use.’® ?? In recent days attention has been given also for other non-
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scattering techniques (such as viscosity and diffusion based methods) to measure the
formation of RM in solution. Interestingly, formation of RM will lead to the retardation of
diffusion compared to the individual surfactant unit in the solvent. Depending over this
principle one can determine the RM size using fluorescence correlation spectroscopy
(FCS).22® Moreover, conductometric as well as viscometric measurements have also been
utilized to infer the formation and properties of RMs diffusing in non-polar solvent.** 2% A
generalization of several characterization methods show that the size of a water reverse

micelle is usually governed by the following equation;

RH(nm) S 0.175W0 + 1.5 e 2.2

where, Ry is the hydrodynamic radius of the water RM, and W, stand for water to surfactant
concentration ratio. The irreversible trapping of polar solvents along with the size tuning
ability enhanced the importance of the RM as a burgeoning topic of interest. Not only
experimentalists but theoreticians have also shown their interest to explore the RM
structures.®*3 The effort has been extended by Senapati et al. and many others who explored
various reverse micelles through coarse grain models.**** Among various kinds, the water
reverse micelle is the centre of attention as only water comprises the bio systems. A reverse
micelle indeed can encapsulate a fairly large amount of water (50 water molecules per
molecule of surfactant) to form RM. Such nanometre sized water droplet dispersed in a non-
polar liquid is called “water pool”.** The water molecules confined inside reverse micelle
pool of are vastly different in terms of several physical properties (like polarity and viscosity)
from the bulk water. All the water molecules except the six most tightly held ones freeze at -
50°C."® Existence of three distinct kinds of water molecules has been established inside RM
using different techniques.” *** The water molecules residing close to the polar head groups
of the surfactant are held tightly and known as “bound water”.” ***> Water molecules residing
near to the central region of the water pool is labile in nature and termed as “free water”.” **
> Waters which are entrapped in between the surfactant molecules are defined as “trapped
water”.” “**° Extensive efforts have been employed to differentiate the water molecules
trapped inside RM with that of bulk water.** “*? To explore the behaviour of RM water,
Fayer™™ °®! and Bakker** ® ® group followed the time-resolved vibrational spectroscopic
technique by probing isotopically labelled water molecules (HOD) and detected a w

dependent dynamics of water where as layer of water forms hydrogen bonds with the AOT
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heads and the rest form a pool at the core of RM. Although the water-RM is consistent point
of attention several other non-aqueous polar solvents have been studied extensively inside
RM confinements. To the best of our knowledge the first report on non-aqueous reverse

64
|

micelles was found with glycerol® and formamide® which are highly structured and able to

donate and accept hydrogen bonds. The research on non aqueous polar-solvent loaded RM
expanded day by day with several solvents like methanol,** "2 |64 7377
glycol,** 7> 778 formamide,** % 8 & N-methylformamide,® dimethyl formamide (DMF),**
29,7579 dimethylsulfoxide (DMSO0),%* acetonitrile (ACN),** ®”"° and many other solvents. The

nanoscopic water pools inside RM have been used for a range of diverse applications like
8, 85-89

glycero ethylene

nanoparticle synthesis, controlling rate of chemical reactions,®* detection of

biomacromolecules,®® *

18, 95

trapping of hydrogen bonded dry (without any intervening water

96-100 raaction etc.

molecules) urea, and a confined media for excited state proton transfer
Irrespective to the surfactant or the loaded solvents, RMs are the ever green working system
for researcher for a prolonged duration of time. In my thesis AOT reverse micelle dispersed
in n-heptane has been used for loading urea inside the core and to compare the dynamics with

water (Chapter 6).

2.1b. Carbon Nanotube

The longstanding effort to achieve a purely two dimensional material was settled by the
discovery of graphene in 2004. Eventually more than a decade before of graphene’s birth, the
carbon nanotube (CNT) was discovered by researchers. First time in 1991 lijima observed
the tubular carbon structure'®, where several graphitic layers were wrapped over one another.
Notably it was the multi walled carbon nanotube (MWNT) (with adjacent shell separation of
~0.34 nm, diameters of ~1 nm and high Length by diameter ratio) but not the single walled
carbon nanotube (SWNT) detected for the first time. After two years, lijima and Ichihashi'®
and Bethune et al.’®® synthesized single-walled carbon nanotube (SWNT) by using of metal
catalyst based arc-discharge method. When diverse terms like SWNT and MWNT appears
together, here its pertinent to mention that depending over the number of graphene layers
involved in rolling (Scheme 2.2), CNTs can be categorized in three types namely single
walled (SWNT), double walled (DWNT) and multi walled carbon nanotube (MWNT) carbon
nanotubes. For DWNT and MWNT the stability of the nanotube structure is governed by the

©-1 staking interaction between graphene layers wrapped over one another and this number of

layers drastically modulates the properties of the nanotube.’®™ % After the first synthetic
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track described, a number of other methods for CNT synthesis have been developed like
laser-ablation'®, chemical vapor deposition (CVD)'®, sol-gel'® method, gas phase metal
catalysis™ are few to name. Depending over the need of large scale synthesis and more
precise modifications of CNT surface, the effort for new methods have been continued when
Kirsten Edgar and John L. Spencer synthesized carbon nanotubes from an aerosol
precursor™® and Montoro et al. synthesized SWNT by arc water process'®. In recent past few
other methods like iron catalysis'®, fluidized-bed method™®°, non-equilibrium plasma*** and

112

nebulizer-spray pyrolysis— became popular and till date are used extensively.

0S8 008 IASSIC 1@
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Scheme 2.2. (a) Single (SWNT) and (b) multi (MWNT) walled carbon nanotube. (c) A two
dimensional hexagonal graphene sheet with different chiral vectors and angles to define different
kind of carbon nanotubes. Variable values of Chiral vector C (circumference of nanotube is given by
the length of this chiral vector) and chiral angle 8 (defined as the angle between chiral vector C and
the zigzag axis) define a carbon nanotube. a; and a, are the unit cell vectors of the 2D sheet.

Carbon nanotube (CNT) is defined as a seamlessly rolled-up graphene sheet in a tube
form with a continuous unbroken hexagonal mesh and carbon molecules at the apexes of the
hexagons. This carbon made tube-shaped materials (CNTs) usually offer a diameter (<1 nm
to ~50 nm) in nanometer and the length (in um) in thousand or million times higher than its
diameter.**® Some of the CNTs are also known to pursue a length-to-diameter ratio of up to
132,000,000:1."* Attention rises about this carbon based tubular materials due to its unusual
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physical and electronic properties, which are valuable for nanotechnology, electronics, optics,
materials, technology as well as for biological applications. Orbital hybridization theory
describes the chemical bonding in nanotubes as an extended network of sp® carbons, similar
to those of graphite or as a mixture of sp? and sp® (similar like alkanesand diamond)
bonds at the point of surface modifications. Carbon nanotubes have many verities, differing
in length, thickness, rolling angle of the graphene sheet, helicity and number of layers.
Although nanotubes are formed from essentially the same graphite sheet, the physical
characteristics differ depending on these variations. CNTs are majorly classified into two
categories namely metallic (Met) and semiconducting (SC), depending over the sheet
direction, along which graphite sheet is rolled to form nanotube cylinder.*** *** The direction
in graphite sheet and nanotube diameter are denoted by structural indices (n, m) alternatively
known as chiral vectors. Various combination of structural indices denote different nanotube
types like armchair (n=m), zigzag (n=0 or m=0) and chiral (any other n, m combination)
(Scheme 2.2). All armchair SWNTs are found to be metallic in nature. Those with n-m=3k
(where k is a nonzero integer) condition are semiconducting with a tiny band gaps. For n-
m=3k+1, semiconductor band gap is detected to be inversely proportional to the tube
diameter.**® > The most fascinating characteristics and similarities between graphene and

CNT, are ultrahigh charge carrier mobility™® */ 118, 119

120, 121

, very high thermal conductivity

122, 123
)

extremely large surface area , exceptional mechanical strength, and flexibility

majorly arise from similar sp® hybrid network with extensively delocalized n-electrons?**%,

These unique properties along with atomic dimensions are causing rapid advances of various

relevant applications of CNT, extending from electronics™’ !

133-136

, €energy conversion/storage
devices™, catalysis to nano-composites****3°. CNT based materials are also emerging
as outstanding coating materials, such as MWNT-containing paints are anti-corrosive and can
strongly repulse algae and barnacles from ship hull.**® CNT based materials has been

141

extended day by day where CNT thin-film transistors (TFTs)™™, organic light emitting diodes

1 and nonvolatile

(OLEDs)?, CNT based printing®°, radiofrequency identification tags™
memory based molecular dimension computation devices'* are a few to talk about.

The burning problem of today’s world is energy storage and environmental issues.
From recent past carbon nanotube have started aiding relief for such issues. MWNTSs are
extensively used in lithium ion batteries of laptops, mobiles and pads.*** > 1 wt % of CNT
loading in LiCoO, cathodes and graphite anodes enhances the electrical connectivity and

mechanical integrity.™®" °® It further influences the rate of electrical production and cycle life
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of the batteries, hence a huge commercialization of CNT doped batteries have been
started.*** 246 Application of CNT based water purification has become an upcoming domain
of research. A cross-linked CNT sheet provides mechanically and electrochemically robust
networks with controlled nano-porosity. These porous CNT structures are used to oxidize
organic contaminants**’, bacteria, and viruses**®, Researchers are trying to generate drinking
water by separating salt even at sea water concentrations.**® Eventually, SWNT can be used
in future to resolve the drinking water problem on earth.

Although we have provided an extensive discussion about the major advances in CNT
based technologies, it is necessary to mention the contribution of CNT towards the field of
biology and medicine. Ongoing interest in the field of biotechnology is up-rising majorly due
to two reasons: (i) the nano-dimension of CNT and (ii) compatibility with biomolecules like

DNA and proteins. Moreover, CNT based fluorescent measurements™

, photo-acoustic
imaging™* and localized photo-excitation therapy using near-IR radiation™ have raised as
dominant medical technologies. CNT based biosensors offer large changes in electrical
impedance™® and optical properties,*® which is typically controlled by adsorption of the
target drug molecule on the CNT surface. Very recently scientists developed CNT strips for
estrogen and progesterone hormones detection, microarrays of DNA and protein detection.*
Moreover, CNT based NO;, and cardiac troponin sensors have revolutionized carbon-
biotechnology.™ Detection of toxins and gases in food industry, military and industrial
applications became possible by CNT based materials.™®® **" The applications of CNT never
restrict in-vitro but extended to intra cellular limits. CNTs are found penetrating the cell walls
by binding their tips on the cell membrane receptors.”®® This mechanism facilitates the
transfer of drug molecules to the target by either electrical impulses or by near-IR
radiation.”™ Recently Liu et al. showed 60 weight percent loading on CNT of an anticancer
drug doxorubicin compared to the negligible loading capability in liposome (10 wt %).®° The
possible quest of CNT cytotoxicity has been answered in terms of surface modifications. It
has been observed that the geometry and surface modifications of CNT gives reasonable
impact over its cytotoxicity.'®* In 2008 Poland et al. reported that injection of subsequent

amount of MWNT in rat lungs causes ashestos like pathogenicity'®?

whereas a recent report
shows properly dispersed SWNTs offer insignificant impact over rat lungs.'®® As in
therapeutic applications dispersion of SWNT is of primary importance, and hence, the
behavior of CNTSs in water is always a point of interest. In the thesis, | have used different

kinds of SWNT to study the dynamic behavior of water molecule over the surface.
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2.1c. Serum Albumin

The term albumin was originated from a German word ‘albumane’ which evolved from the
Latin word “albus’ meaning white. Before 16™ century Greek physician Hippocrates of Cos
first noted a foamy part of urine containing albumin.'®* In 16™ century Swiss physician
Paracelsus precipitated this protein from urine using vinegar. Later Frederick Dekkers
reported the serum albumin precipitation by heating.’®* In 1616 when Henry described the

mechanism of blood circulation in mammals'®

, researchers started gaining interest about
serum albumin, which is continued till date. Serum albumin (SA) is the most
abundant protein in blood matrix. Depending over the origin, albumins are named after the
source name, like human serum albumin (HSA, produced from human blood plasma), bovine
serum albumin (BSA, obtained from bovine serum) etc. In present thesis, we are majorly
concerned about HSA and BSA, as these two are extensively used for experiments. Almost
half (albumin concentration in serum is ~35 - 50 g/L)*** of the total serum protein content in
human blood plasma is albumin which is mainly produced from liver. Albumin is synthesized
in the liver as proalbumin. Proalbumin contains an N-terminal peptide which is removed
before nascent protein is released from the rough endoplasmic reticulum. Thereafter, the
Proalbumin is slashed in the Golgi body to produce the secreted albumin in blood. This
albumin lives approximately ~20 days within which newly generated albumin molecules
replace the older.

The complete sequence of HSA was determined almost simultaneously by Brown and
co-workers in Austin (in 1975) and Meloun et al. in Prague (in 1975).2%* Later Cater et al.
reported the crystal structure of HSA.**>1%® Human serum albumin (HSA) is a monomeric o-
helical globular protein with 585 amino acids in its sequence with a molecular weight of 66.5
k.Da.’®" 18 HSA contains three homologous domains (1, 11, 111), each of which is constituted
by two sub-domains A and B (Scheme 2.3).%*" 1% There are 17 disulfide linkages present
(high cysteine content) in HSA which holds the domains together. As the domains 1l and 111
share a common motif, conformational change or effect of binding in one of the domain is
complementary to another.®” **® The principal ligand (consider the term ligand valid for
anything binds to the protein) binding sites are well explored from crystal structure analysis
and named as Sudlow’s site | (SS1) and Sudlow’s site Il (SS2). Warfarin like bulky
heterocyclic anions are well known marker for SS1, located at subdomain IlIA, whereas
ibuprofen and other aromatic extended conformers of carboxylates are extensively used as

SS2 at sub-domain of 1A (Scheme 2.3) marker.’®*"? In comparison, BSA is also a o-
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helical monomeric protein but contains 583 amino acids. Interestingly it is again the Brown
and co-workers who first reported the complete sequence of BSA.*** BSA is homologous to
HSA only with a minute structural difference. The major portion of HSA fame as a model
protein lies on the fact that HSA contents a single tryptophan residue at the position 214
(TRP-214). This single tryptophan moiety makes easier monitoring the native and also the

Scheme 2.3. Crystal structure of HSA (PDB ID:2VUF ) and BSA (PDB ID: 4F5S), where the
idivisual domains are marked by white and the tryptophan residues are marked by red color.

ligand bound structure of HSA through fluorescence measurement. On the other hand, two
different tryptophan residues at 134 and 213 (TRP-134, TRP-213) position in BSA
complicate the fluorescence analysis. Still from the day of crystal structure and sequence
determination, serum albumins are the top listed choice for the researchers, as a model
protein and a countless number of studies have been reported till date.

Basic structure, conformation, structural modifications and denaturation of SA were
always a topic of interest for a prolonged duration.”**"® Long back Eisenberg et al. have
tried the pH induced structural deformation of HSA.!”® HSA denaturation have been reported
by using heat in presence of perfluorooctans.!™ Recently, Amdadul et al. monitored the
drying induced denaturation of BSA, and they concluded that though 10 wt percent of a- and
[-lactoglobulin gets denatured using conditioned air (65° and 80°C, 2-3% RH, 0.5 m/s
velocity for 600 s) but no significant effect has been observed for BSA.'® Although well
known but recently the effect of several unfolding dynamics of serum protein re-explored by
temperature and guanidium hydrochloride using FCS.*® Kooshk et al. observed the effects of
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hypochlorite-mediated oxidation and its impact over BSA structural stability, surface
hydrophobicity and they concluded an enhanced ability of ligand binding under oxidized
condition.'® Sekhar et al. have shown that a variable viscosity gradient can also act as the
protein denaturant.’® On the other hand Norberto et al. have used a combined effect of
pressure and urea for denaturation of serum protein.’®* Very recently Ghosh et al. have shown
denaturation of HSA by anionic surfactant using variation of fluorescence from the drug

norharmane.'”®  Effect of several toxic materials like cadmium (Cd)*> ¥ silica

187-189 191

nanoparticles , naphthoquinone derivatives,'®  and bisphenols,*** have resulted
structural deformation of serum albumins in different extents. Serum proteins are also
extensively used for synthesizing several bio and composite materials. MWNT-BSA based
composite nano-material (CNM) has been reported for solid state film preparations.'*
Technique has been developed for preparation of a novel gold nano-particles trapped within a
fiber of unfolded proteins which appears useful for conductive chip designing.*® Cai et al.
fabricated photonic crystal protein hydrogels by using pure BSA and HSA hydrogels and
explored multiple high-affinity BSA and HSA binding sites for salicylates, ibuprofen and
picosulfate.®* Its becoming a trivial practice devising protein coated nanoparticles'® 1%, SA
based logic gates'®’, ultrathin hybrid film'*® '*° and serum based hydrogels®® for diverse
biophysical applications. Serum proteins are well known for their applications in
biotechnological devices. Very recently Chunsheng et al. have used BSA for developing
light-addressable DNA chips for label free DNA detection.?* BSA has been used as scaffold
for pt-nanoparticles,?® and chiral conducting polyaniline nanospheres®®® synthesis. Martins et
al. designed trans-dermal hyaluronic acid (HA) conjugated- BSA nano-dispersions for in vivo
delivery of HA.?® In last few years several other serum composites are developed among

205, 206

which Gd,O3 nanoperticle-SA conjugates for MRI applications , protein-wafers for

enzyme inhibition®” % BSA-AU composite”® #°, serum albumin-CNT composites®** for
modified electrical signal transition are a few to mention about.

When it relates to biological application the most common application for serum
proteins are maintaining the osmotic pressure of blood and transport of thyroid hormones.

Moreover, it is responsible for the transport of a diverse kind of hormones, fatty acids, small

molecules and essential as well as trace metal ions to its destination in the body.**" 1% Till

212-235 236

date a colossal number of ligands or drugs , polymers/dendrimers®’,

238-243 244, 245

, surfactants

synthetic molecules , hanoparticles , quantum dots**® have been investigated with

serum proteins and the effort is being continued. The first application of serum protein as a
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drug was started during world war-11, when SA had been used for treatment of shock on
battlefield. HSA fraction V (fraction V is the commercial name of > 96% pure albumin used
for medical purpose. In the 5™ step of “Cohen method” of commercial fractionation >96%
pure albumin is obtained, hence named as fraction V) was and still is an attractive option for
Hypovolemia corrections for shock related trauma.’® Very recently Kooshk et al. have
shown native and modified BSA can be used as a cargo for several poorly water soluble non-
steroidal anticancer drugs like Curcumin.?*’ Bujacz et al. have reported naproxen bound
BSA crystal structure.?*® Wang et al. has shown delocalized lipophilic cations (DLC), which
are recently marked as anti-carcinogens can be delivered to the target by using serum
proteins as the cargo.?*® Present thesis concern about the molecular interaction of flavins and

ellipticine with serum protein described in respective chapters.

2.1d. Aptamer

The term “Aptamer” originated from the combination of a Latin word “aptus’, which means
“fit”, and Greek term ‘meros’ meaning “part”. Hence aptamers are the sequence of
nucleotides or amino acids which can fit by part. In general, aptamer can be defined as small
sequence of oligonucleic acid or peptide molecules that bind to a specific target molecule
with a high selectivity. Depending over the monomeric building blocks of aptamer it can be

classified as:

e DNA or RNA aptamers which consist of (usually short) oligonucleotide strands.

e Peptide aptamers, consist of a variable short length of peptide scaffolds.

Nucleic acid aptamers are the short sequences of nucleotides that can be engineered through
repeated rounds of in vitro selection or SELEX?® (systematic evolution of ligands by
exponential enrichment) method and bind with various targets including small molecules,
proteins, nucleic acids, and even cells, tissues and organisms. These are useful
in biotechnology and therapeutic applications, as they offer high extent of molecular
recognition properties. Aptamers are in advantageous position compared to antibodies, as
these can be synthesized in a test tube, along with a desirable storage and offers almost

|.251

negligible immunogenicity in therapeutic applications. In 1990, the Gold et al.”>" and Szostak

group®? almost simultaneously discovered the technique of in vitro selection for aptamer
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detection from a pool of sequences. Gold group processed RNA aptamer against T4 DNA

polymerase; and the Szostak lab, utilized in-vitro selection of RNA ligands against various
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Scheme 2.4. RNA aptamer showing the stem, bulge and loop region along with a ligand bound RNA
aptamer®®® structure.

organic dyes®?. Szostak first coined the term aptamer for these nucleic acid-based systems.
From recent past both of DNA and RNA aptamers are igniting upraising interest, as they

pursue a number of advantages such as;

e Very high selectivity to its targets.

e Used for selective separation of a particular target ligand from a pool of molecules.

e Inherently low molecular weight for non-modified aptamers

e A short half-life of few minutes to hours.

e Well known to be cleared rapidly from the bloodstream, mainly due

to nuclease degradation followed by clearance from by the kidneys.

Aptamers have enormous potential as therapeutics due to their ability to bind with proteins
and specifically inhibit their functions with minimal or no harmful side-effects. Note that the
concept of aptamer based sensing emerged in the 1980s from research on human
immunodeficiency virus (HIV) and adenovirus. For the first time researchers noticed these
viruses encode a small structured RNA that can bind to cellular proteins with high affinity
and specificity.”* A continuous attempts resulted various target selective aptamers

2% thrombin®®, human immunodeficiency virus trans-acting responsive

including lysozyme
element (HIV TAR)®', hemin®?, interferon-y®°, vascular endothelial  growth

factor (VEGF)*®, prostate specific antigen (PSA)?®, and dopamine®?. Padlan et al. first
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reported the crystal structure of lysozyme bound aptamer and have shown that bio-catalytic
activity of lysozyme has been inhibited while it binds to aptamer.®®®

Among many others, fluorescence based aptamer are the simplest. An aptamer itself
labeled with a fluorophore and/or a quencher acts as an on-off sensor. As for example
cocaine-specific aptamer detects it target using a FRET interaction between fluorescein and
DABCYL moieties.”® Recently few other FRET pair based sensing”®® 2°® are also reported.
Aptamer beacons with a pairs of changing conformations such as hairpin shape or a
hybridization form are also known to monitor the presence of the target in solutions through
fluorescence.  Additionally, many aptamer composite nano-materials, including
nanoparticles®®” ?®®, quantum dots (QDs)*®® #°, AuNPs®™*, CNTs*® 2’2 23 graphene oxide
(GO)*™ 2™ polymer nanobelts, and coordination polymers, have been investigated using
their fluorescence-quenching/enhancement effect instead of using a more traditionally
quencher. Pothoulakis et al. presented the Spinach RNA aptamer, a selective binder to green
fluorescent protein (GFP) as a tool to characterize mMRNA expression in Escherichia coli.?’®
Later Han et al. reported illumination of the Spinach-DFHBI RNA Aptamer-fluorogen
complex by photo-conversion and subsequent dissociation leads to fast fluorescence recovery
as a tool for living cell RNA imaging.?”” The living cell imaging technique by aptamer
sensing has been boosted by the fluorescent modified 99mTc-MAG3-Aptamer which acts as
a marker for human tumor cells.*”® Costa el al. have shown adaptive sensing of several tri-

phenyl dyes by malachite green (MG) aptamer.?”

Weakly fluorescent MG emits strongly
while binds to its aptamer; which can be used as a detection device for the folded structure of
MG sensing RNA aptamer. Recently Randall et al. have used fluoregenic MG binding
aptamer nanoparticles to detect the in-vivo half-life of the aptamer, and they concluded it to
be ~4.3 hrs. 2

Not only fluorescence, but various other aptamers such as affinity sensors®',

282 micro channel plates®®, QCM?®, and micro

biosensors®®? surface acoustic wave (SAW)
channel cantilever sensors®®® have been exploited. Recently Singh et al. has nicely modulated
the high selectivity of RNA aptamer to exclude tautomeric forms of oxythiamin
pyrophosphate (OxyTPP) and oxythiamin (OxyT) using 2D-IR and NMR spectroscopy.”’ A
nanoaptasensor using a single wall nanotube (SWNTSs) device was developed for detecting
small molecules.” These methods generally do not require target labeling; they only observe
the differential changes in optical properties and mass. Therefore, these methods are

primarily appropriate for relatively large molecules but not for small molecules, including
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organic molecules, toxins, and metabolites.”® **® Muslum et al. have reported neomycin-B
detecting aptamer structure from NMR studies.”®* The ongoing fame of aptamer has also
been extended in sensor?®>?*®®, The high affinity detection of botulinum neurotoxin within a
detection period of 90 minute revolutionize the field of biosensing.*°

In 2004 Food and Drug Administration (FDA) approved vascular endothelial growth
factor (VEGF) specific aptamer for the treatment age-related disorders.>® Since then,
aptamer technology has been emerged as more effective and authoritative, and the number of
studies is exponentially increasing. Macugen, a pegylated aptamer drug developed by Pfizer
and Eyetech, is already commercially available. It's a single strand nucleic acid with
specificity to VEGF165, plays a critical role in angiogenesis and permeability.*** Recently
Regado Bioscience developed REG1, a aptamer drug, for anticoagulation, which is in Phase
Il clinical trials.®* In addition AS1411 (a nuclein-specific aptamer for acute myeloid
leukemia), ARC1779 (a vonWillebrand factor-specific aptamer for carotid artery disease) and
NU172 (a thrombin-specific aptamer for anticoagulation) are currently in a clinical trials.***
%98 Moreover, cell surface receptors binding aptamers have been exploited to deliver drugs
and a variety of other cargo into cells. For example, PSMA (prostate-specific membrane
antigen) is an important prostate cancer marker.** 3% Small interfering RNAs (siRNAs) are
sharing spotlight recently as a new class of therapeutics. Levy and co-workers introduced an
siRNA-aptamer conjugate via a modular streptavidin bridge using an anti-PSMA aptamer for

prostate cancer cells (LNCaP).*!

When therapeutic world has burning problem with amyloid
fibrils, aptamer aided relief for the same. Christian et al. reported fluorescently tagged anti-
AP RNA aptamer which binds amyloid plaques in both ex and in vivo human Alzheimer's
tissues and omits the complication of protein tagging.** Sulforhodamine-B and the SRB-2
aptamer are used to monitor transcriptions in live bacteria.’*®> RNA based gene therapy is
emerging technology for days. Whatley et al. screened 100 full length and >60 truncated
aptamer sequences and detected RNA aptamers that bind the reverse transcriptase (RT) of
human immunodeficiency virus (HIV).*** Recently Salmonella Enteritidis detecting aptamer

315

came into the picture, which inhibits the bacteria and its harmful effects.”™ Various other

aptamers like, tetracycline binding aptamer®®, Streptavidin®*’ binding aptamer, Guanosine

319 etc. are

triphosphate®'® binding aptamer, Vitamin By, detecting nano-RNA aptamer wire
the major point of attention for researchers. In our study, we have used flavin binding RNA
aptamer for selective detection of flavin and modulating the folding dynamics of FAD

discussed in the respective chapter.
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2.2. Materials

In the present section | have listed several fluorescent drugs, molecules as well as non-

fluorescent solvents, salts used for different experiments mention in chapter 4 and onwards.

To overcome the unnecessary lengthening of the thesis these are given in tabular form.

Table 2.2.1. Different materials, its source and purity along with the chapter number it has been used

is mentioned in the table.

Name Source Grade (Purity) Ch.
Flavin Adenine Dinucelotide (FAD) Sigma Aldrich HPLC (=96%) 4
Flavin mononucleotide (FMN) Fluka HPLC (~ 90%) 4
Riboflavine (RF) Sigma Aldrich HPLC (= 96%) 4
Ellipticine Sigma Aldrich Purity > 99% 5
Human serum albumin (HSA) Sigma Aldrich Molecular Biology (99%) 4,5
Bovine serum albumin (BSA) Sigma Aldrich  Molecular Biology (99%) 5
Calf thymus DNA Na salt (1000 bp long)  Sigma Aldrich Molecular Biology 5
Salmon sperm DNA (2000 bp long) Sigma Aldrich Molecular Biology 5
Urea Sigma Aldrich Molecular Biology 4
HEPES Sigma Aldrich BioUltra (> 95.5%) 4
Sodium phosphate dibasic (NaH,PO,) SRL, India, Purity 99.5% 4,5
Sodium phosphate dibasic (Na;HPO,) SRL, India, Purity 99.5% 4,5
Sodium chloride (NaCl) Sigma Aldrich BioXtra>99.5% 4,5
Potassium chloride (KCI) Sigma Aldrich BioXtra > 99% 5
Ethylenediaminetetraacetic acid (EDTA)  Sigma Aldrich BioUlra (>99%) 4
Citric acid Sigma Aldrich purity > 99.5% 4
Hydrochloric acid Merck, India Purity 90% 4
Sodium hydroxide (NaOH) SRL, India Purity 98% 4
1% (wi/v) SDS dispersed SWNT Nanolntegris Purity ~98% 6
Sodium dodecyl sulfate (SDS) SRL, India Purity ~99% 6
Dioctyl sulfosuccinate sodium salt (AOT) Sigma Aldrich Purity ~98% 6
Coumarin 153 (C153) Sigma Aldrich Purity ~99% 6
Coumarin 343 (C343) Sigma Aldrich Purity ~99% 6
n-heptane Sigma Aldrich Spectroscopy 6
Magnesium chloride (MgCly) Sigma Aldrich Biograde (99%) 6
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2.3. Methods (Experimental and Theoretical Method)

All the methods of sample preparations, experimental methods as well as theoretical methods
of calculation are described in this section. The corresponding chapter at which the

methodologies have been used are mentioned at the respective position.

2.3a. Buffer Preparation

All the experiments (expect solvation dynamics experiments) described in the thesis are
carried out in buffer solutions. We have used mainly three different kinds of buffers; (i)
citrate buffer and (ii) phosphate buffer which are mainly salt based buffer and (iii) HEPES,
which is an organic buffer. A 10 mM citrate buffer was prepared by mixing of dibasic
anhydrous sodium phosphate (Na,HPO,) and citric acid (CgHgO7) solutions. Whereas, 10
mM Phosphate buffer was prepared by mixing sodium dihydrogen phosphate (NaH,PO,) and
disodium hydrogen phosphate (Na,HPO,) of appropriate calculated weight mixed in water.
On the other hand HEPES buffer is used for flavin-serum protein interaction. HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) is a zwitterionic organic buffering agent. The
pK, for HEPES is 7.5 and well accepted buffer agent within pH = 6.8 to 8.2. A 10 mM
HEPES solution was prepared by dissolving appropriate amount of solid HEPES in Millipore
water. The fine adjustment of lower pH was done by drop wise addition of dilute phosphoric
acid and for higher pH range 0.5 M sodium hydroxide solution was used. For RNA aptamer
samples Phosphate buffer (Na;HPO,4 + NaH,PO,4, 10 mM) saline (PBS) of pH 7.2 (containing
137 mM NaCl, 3 mM KCl and 0.1 mM EDTA) was used for all respective experiments. The
Mg*?, Na' and K" ion concentrations were maintained by addition of concentrated stock of
MgCl,, NaCl and KClI respectively. The pH of the solutions was measured by using pH-1500
(Eutech Instruments) and it was further cross checked by silicon micro sensor pocket sized
pH meter (ISFETCOM. Co. Ltd., Japan). All of the solutions were prepared in Millipore
water showing resistance of 18.2 pQ cm™. All the buffers were prepared and kept at the

experimental temperature (25°C).

2.3b. Sample Preparation

FAD, FMN and RF were brought from as mentioned earlier (Table 2.2.1) and were used
without any further purification. For all the fluorescence studies, the concentrations of FAD,
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FMN and RF were kept mostly at ~ 10° M to avoid the effect of molecular aggregation.
Moreover to overcome the effect of hydrolysis of FAD instead all the experiments were
performed in buffer at the very low and high pH, all the measurements were done within 15-
20 minutes after addition of FAD in buffer and for every experiments freshly prepared
samples were used instead using any stock solutions.

Ellipticine (Table 2.2.1) being sparingly soluble in water, we have used DMSO stock
solution of ellipticine for all experiments. A 2 pL stock of ellipticine in DMSO was dissolved
in 2.5 ml of PBS, and then the solution was strongly sonicated in a thermostat for ~1 hr
(avoiding heating effect) to obtain a homogeneous ellipticine solution in water. This solution
of ellipticine found to be stable enough for long duration even for few days, without any
separation or precipitation of ellipticine from PBS. The working concentration of ellipticine
was kept fixed at 10 pM for all the studies.

Coumarin 153 (C-153) was used without any further purification. C-153 is
hydrophobic in nature; hence its solubility is very low in normal water. However, in presence
of surfactant and nanotubes (C-153 is used for nanotube solvation project) its solubility is
quite good. Even though, before taking measurements, all the solutions were filtered through
Whatman 42 filter paper to eliminate any undissolved particle of C-153 from the solution. C-
153 concentration was maintained at ~3 x 10 M. All of the solutions were prepared in
Millipore water (18.2 pQ cm™). Coumarin 343 (C-343) was used also without further
purification (Table 2.2.1). Coumarin 343 (C-343) being hydrophilic in nature, solubilizes in
urea loaded RM after mild sonication. Dye concentration was kept at 3 x 10 M for all the
experiments of solvation dynamics of urea inside reverse micelle.

For urea induced unfolding of FAD, FAD concentration was kept fixed at 10 uM
Urea concentration was varied form 0 M to 12 M respectively. All samples were prepared in

. Freshly prepared and properly

Milipore water showing resistance of 18.2 pQ cm’
equilibrated solutions were used for each set of data collection. Experimental temperature
was kept at 298 K, unless otherwise specified.

Human and Bovine serum albumin (Table 2.2.1) were used as purchased. Serum
proteins were quantified using its respective molar extinction coefficient at 280 nm, 43,824
M™cm™ for BSA and 36500 M™*cm™ for HSA.*?° Freshly prepared and properly equilibrated
solutions were used to collect the spectral data. Experimental temperature was kept at 298 K,

unless otherwise specified.
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Calf Thymus DNA Na Salt) and salmon sperm DNA (Table 2.2.1) were used as
purchased. The concentration of DNA stock solution was determined by using molar
extinction coefficient 6600 M™.cm™/base for DNA at 260 nm. From absorption ration value
(<1.8) at 260 nm/280 nm we have confirmed that DNA samples are void of any protein
contamination. The individual solutions with different concentration were prepared by adding
respective amount from stock to a buffer of pH 7.2. The samples were annealed at 90°C for 3
minutes and allowed to come back at room temperature normally to ensure the maximum
extent for hybridization. After annelation the samples were kept at 4°C overnight and used
next day as required.

RNA aptamer (100 nano-moles synthesis scale, HPLC purified) brought from
integrated DNA technology (IDT) as mentioned in the Table 2.2.1. The molar extinction
coefficient 3,47,200 M cm™ (from IDT) at 260 nm was used for preparation of RNA
solution. From absorption ration value (<1.8) at 260 nm/280 nm we have confirmed that
RNA samples are void of any protein contamination. Before using RNA, it was annealed up
to 90°C in phosphate buffer saline (PBS) with respective Mg*? ion concentration and kept
overnight at 4°C to have a stable tertiary structure of the RNA. All the spectroscopic and
calorimetric data collections were done at 298 K, unless otherwise mentioned.

1% SDS (w/v) dispersed metallic and semiconducting single walled carbon nano-
tubes were used as purchased (Table 2.2.1). The concentration of nanotubes in the solution

was 0.01 mg/ml.

2.3c. Reverse Micelle Preparation

Dioctyl sulfosuccinate sodium salt (AOT) was dried under high vacuum for 24 hours to
eliminate the adsorbed water before use. n-heptane was used as received. The AOT
concentration was fixed at 0.38 M in all the RM. RMs having three different concentrations
of urea (0.0458 M, 0.2128 M and 0.30 M) were prepared by adding precisely weighted solid
urea to the AOT/n-heptane solution containing probe molecule (C-343). The urea
solubilization in AOT/n-heptane solutions was expedited by the ultrasounds. Each solution
was sonicated for 1 hour with an interval of 5 minutes and kept overnight at 25°C water bath.
The maximum amount of urea that can be dissolved in these solutions (expressed as
[urea]/[AOT] = 0.96 at 25°C) is equivalent to 0.3 M urea in AOT-RM.™® * This amount was
practically independent of the AOT concentration and nature of apolar solvents used.*® ® The

wo value for water RM is defined by the molar ratio of water to surfactant, wy =
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[water]/[AOT]. Water RM solutions of various wp were prepared by the addition of
appropriate amount of water to the AOT/n-heptane system and each of the solution was
equilibrated for several hours before use. Water RM having different urea concentrations
were prepared by adding aqueous solution of different urea concentration at a fixed wy (Wo =
10).

2.3d. Experimental Specifications

In case of absorption and steady state fluorescence measurements the concentration of
fluorophores (flavins/coumarins/ellipticine) for all cases were kept fixed. The different
analytes were added with increasing concentration either solid or from concentrated stock
solution as required for a particular sample.

For CD macormolecular concentration (BSA/HSA (~10 uM) /RNA aptamer (~2 uM))
was kept fixed and titrated with increasing flavin concentrations (up to ~10 times of bio-
macromolecular concentration). CD spectrum of an identical concentration of blank flavin
(either for FAD, FMN or RF) were collected and subtracted from CD spectrum of flavin
containing biomolecular spectra.

Energetics of the binding of flavins to BSA/HSA/RNA aptamer was estimated using
isothermal titration calorimeter (Microcal, ITC 200, USA). A fixed concentration of
BSA/HSA/RNA stock solution (20 uM) was kept in titration cell as a titer and was titrated by
flavins (FAD and FMN individually) having a concentration of 120 pM. Each experiment
consisted of 20 injections (each containing 2 pL titrant volume, except the first injection as its
volume was 0.5 pL) with a successive time gap of 200 sec between two injections. For proper
mixing the solutions, the stirring speed was maintained at 1000 rotations/minute (RPM). Cell
temperature was kept fixed at 298 K and nearly 3 successive titrations were used to confirm
the ITC curves and was fitted using ‘single site binding’ model. A blank titration of identical
flavin concentration (~120 uM) with blank PBS (for BSA/HSA) containing respective Mg*?
ion (for RNA aptamer) concentration was subtracted from the sample data in order to correct
the dilution enthalpy.

For time resolved lifetime traces and anisotropy measurements all the fluorophore
(flavins/coumarins/ellipticine) concentrations were kept fixed and the analyte concentrations
were changed maintaining identical concentrations as used in case of steady state
experiments. Although the TCSPC results do not depend over the fluorophore concentration

IISER Pune



Working Systems, Materials and Methods | Chapter 2

but its customary to maintain identical concentrations like steady state experiments to avoid
any kind of artifact.

Field emission scanning electron microscopy experiment was carried out toexplore
the non specific protein-DNA interaction. This experiment was done in same Phosphate
buffer (Na;HPO,4 + NaH,PQO,4, 10 mM) saline (PBS) of pH 7.2 (containing 137 mM NaCl, 3
mM KCI and 0.1 mM EDTA) as used for fluorescence, CD and ITC. Respective
concentration of protein and DNA had been maintained in PBS, drop-casted in a silicon
wafer and dried in vacuum overnight. Then the drop-casted samples were kept in vacuum for

12 hours and afterward the SEM data were recorded.

2.3e. Simulation Method and Molecular Docking

We mainly used the theoretical calculations and molecular dynamics simulation for two

chapters. This part being descriptive is separately described under the chapter title.

2.3e.1. Urea Induced Unfolding Dynamics of FAD (Chapter 4b)

FAD was optimized quantum mechanically using HF/6-31G* basis set in GAUSSIANO3
software.** Further, restricted electrostatic potential (resp) charges on the atoms of FAD
were calculated using ANTECHAMBER module of AMBER11 software.*?? % The general
amber force field (GAFF)***for flavin adenine dinucleotide (FAD) and urea were constructed
using AmberTools software.®*? The topology and co-ordinates generated from AmberTools
were converted into GROMACS format using a perl program amb2gmx.pl.** Following two
systems were created for subsequent study: (i) FAD in water only and (ii) FAD in water-urea
mixture. To create the FAD-water system, FAD was solvated with 2581 TIP3P water
molecules®® in a cubic box of dimension 42.8 A. To create FAD-water-urea system, 372 urea
molecules and 2581 TIP3P water molecules were added to FAD to make 8 M urea solution.
Additionally, two sodium ions were added to neutralize the system.

Both the systems were taken through usual equilibration processes. All the
simulations were performed using molecular dynamics software GROMACS.**” each system
was minimized using the steepest descent*® method, followed by heating to 300 K in 100 ps

by using Berendsen thermostat®®

with coupling constant of 0.2 ps. During the heating
process, a harmonic restraint of 25 kcal/mol was applied to the heavy atoms of FAD. The

harmonic restraint was gradually reduced to 0.25 kcal/mol in six steps. In each step, 100 ps
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equilibration was carried out at constant temperature (300 K) and pressure (1 bar) using

Berendsen thermostat and barostat®*

with coupling constants of 0.2 ps each. This was then
followed by energy minimization using steepest descent method.®® AIl bonds were
constrained using LINCS algorithm.** Particle Mesh Ewald (PME) method®*" was used for
the electrostatics with a 10 A cut-off for the long range interaction. Cut-off for the van der
Waals (vdW) interaction was kept at 10 A. Simulations were performed by 1 fs time step. At
the final equilibration step, we performed the 1 ns unrestrained equilibration by using the
Berendsen thermostat and barostat®* with coupling constant of 0.2 ps each.

After the equilibration steps, a final unrestrained simulation of 200 ns was performed
at constant temperature 300 K and constant pressure 1 bar using the Nose-Hoover thermostat

333

%2and Parrinello-Rahman barostat®**, respectively, with 0.2 ps coupling constant for each.

Results reported here were obtained from this final simulation.

2.3e.2. Comparative Study of Flavins Binding with HSA (Chapter 4c)

The computational study comprises molecular dynamics of the protein and the complex
created by docking. The crystal structure of HSA (PDB ID 1A06) was obtained from Protein
Data Bank with a resolution of 2.5 A.3* Crystal structure of HSA contains A and B
polypeptide chains. We selected chain A for the present study. While we used GROMACS*?
to perform the molecular dynamics simulation, we used modified AMBER99SB force-
field®® to generate the topology and parameter of HSA.

We have added the missing hydrogen atoms after removing B chain, and performed
vacuum minimization of the protein with no constraints by using steepest descent method for
1000 steps®*® followed by conjugate gradient method®?® for 1000 steps. The optimized protein
structure was then solvated with water in a cubic box using tip4pEW water model.*** We
have added 15 sodium ions to neutralize the system. After adding water and ions, the system
was again energy minimized using conjugate gradient method and heated up to 300 K during

100 ps of simulation time using V-rescale®’

thermostat at constant pressure of 1 bar using
Parrinello-Rahman®*® barostat. Temperature coupling constant was kept at 0.4 ps, while
pressure coupling was kept at 0.6 ps. During the heating, heavy atoms of the protein were
restrained by a harmonic force with a force constant 25 kcal/mol. After heating, equilibration
was performed at constant temperature and pressure for 100 ps. Finally, molecular dynamic
simulation was carried out for 10ns at constant temperature of 300 K using nose-hoover

thermostat.**® The ribbon diagram of optimized structure of HSA after 10 ns of simulation is

IISER Pune



Working Systems, Materials and Methods | Chapter 2

shown in Scheme 2.3, where six different sub domains are shown in different colours.
Scheme 2.3 also shows three binding sites: A is showing Sudlow’s site-1 (SS1), B is showing
the site close to LYS444 (SL) and C is showing Sudlow’s site-2(SS2).

Following the usual method for creating the general amber force field (GAFF),*** we
have optimized the flavins using Hartree Fock theory with 6-31G* basis set using
Gaussian03,3* which is followed by calculation of Merz-Kollmann ESP charges.®* Finally,
restrained electrostatic potential (RESP) charges®” for each atom were calculated using
AMBER tools (Figure S8)*??. The total charge of RF, FMN and FAD is 0, -1 and -2,
respectively. Preliminary docking studies with predefined charges showed that FAD binds to
HSA mainly in the ‘unstack’ or extended conformation. Hence, we have used an extended
initial conformation of FAD for optimization and subsequent charge calculation using
quantum chemistry calculation.

The final structure of HSA obtained at the end of 10 ns simulation was used as

receptor and the three flavin molecules (RF, FMN and FAD) were docked into it using
AutoDock** software. AMBER99SB charges of the protein and quantum chemically derived
charges for the flavin were kept unchanged during docking. Initially, the whole protein was
used to search for a binding site with a coarse grid spacing 0.16 A. Genetic algorithm*** was
used as a search method. Out of the 10 different docked structures for each flavin, the best
one in terms of binding free energy was selected for subsequent molecular dynamic
simulation.
The best docked structures for each of the HSA-flavin complexes were subjected to similar
initial preparation (vacuum minimization for 10000 steps, followed by solvation
withtipdpEW water and neutralization by addition of Na* ion), energy minimization, and
position restraint. Finally 4 ns simulation was performed at constant temperature 300 K and
pressure 1 bar with integration time step 1 fs. Thermostat and barostat at each step were same
as described above. During the simulation, FMN was unstable due to terminal phosphate
group. Therefore, following the protocol of Case et al.,*** we joined terminal hydrogen atom
with the phosphate atom through a bond such that the terminal P-O-H is confined like rigid
TIP3P water model.
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2.3e.3. An Anticancer Drug to Probe Non-Specific Protein-DNA Interactions

(Molecular Docking Study) (Chapter 5)

The crystal structure of protein was taken from RSCB protein Data Bank (PDB) having a
PDB 1D:3V03*?. A dimeric BSA crystal structure was obtained with associated crystalline
water molecules and calcium ions. One of the monomeric units of BSA, water molecules and
calcium ions were removed from the crystal structure. The energy optimization of ellipticine
conformers have been done using HF/6-31G level of Gaussian 09°?* and the resultant energy
minimized geometry was saved in Autodock 4.2°** 3% compatible format. We have used

Lamarckian Generic Algorithm®#% 344

to find out the binding locations of ellipticine in BSA in
Autodock 4.2 software. At the beginning of the study all water molecules was removed and
Gasteiger charges were computed followed by addition of hydrogen as required by
Lamarckian Generic Algorethm.3*" 3** At the initial stage as the approximate location of
binding was not known, we fixed a 126 x126 x 126 grid box dimensions along X, y, and z
axes with grid spacing 0.56 A to cover all the atoms of BSA, and a blind docking was
performed to locate the possible position of the probe in BSA. Ellipticine was docked in BSA
with 150 GA population size and 100 GA runs. The lowest possible energy structure has been
searched out using rank by energy presentation. After respective three repetitions, the
minimum energy structure was taken for further analysis. After selecting the possible
locations of ellipticine, the size of grid box was decreased to 60 x 60 x 60 in respective
directions with a grid spacing 0.375 A to generate most stable docked form through finite
docking studies. The respective structure has been used for visualization through python
molecular viewer.*** %' The final structure for presentation has been generated using

chimera.®®
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Chapter 3

Instrumentation,
Technique and Analysis



Present chapter contains a brief description of several instrumentations including absorption
spectrophotometer, steady state fluorescence spectrophotometer, time correlated single
photon counting (TCSPC), femtosecond fluorescence up-conversion, circular dichroism (CD)
and isothermal titration calorimetry (ITC), which have been extensively used for completing
the projects described in this thesis. The working principles, specification of the

instrumentation as well as the data analysis processes are also included in this chapter.

3.1. Absorption

Absorption spectroscopy refers to the technique, which measures the absorption of radiation
as a function of frequency (cm™) or wavelength (nm), resulted from the interaction between
incident light with the sample.® 2 When a sample is subjected to light irradiation of
appropriate energy, it causes the rotational and vibrational transition followed by electronic
transition in the molecule. During these processes a fraction of the light intensity gets
absorbed and remaining passes through the sample. A detector placed at the opposite side of
excitation source detects the change in intensity compared to a blank. The resultant difference
of intensity is said to be absorbed by the sample and plotted against wavelength known as
absorption spectrum.’?

All the absorption measurements are carried out in a double beam, ultraviolet-visible
(UV-Vis) spectrophotometer (Shimadzu UV2600). Figure 3.1 shows the simplified
schematic diagram of a commercially available double beam absorption UV-Vis
spectrometer. A lamp covering the range of near ultra-violet to near-infrared (IR) (~200 nm
to ~900 nm) light is required as an excitation source. As a single lamp emission cannot cover
the whole range with equal efficiency, hence combination of two lamps; a deuterium lamp for

the absorption event in the UV region and a tungsten/halogen lamp (50 W Halogen Lamp for
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Shimadzu UV 2600) for the change in the absorption phenomenon in the visible to near-IR is
used. The combined output of these two sources is focused on a rotating diffraction grating.
A rotating diffraction grating allows particular wavelength of the light of whole spectrum
through the slit towards the optics inside the instrument. After entering through the slit, the
light faces rotating disk, a clever device which acts as the control unit of double beam
instrumentation. The rotating disk consists of three segments, a transparent section (devised
for complete passage of light), a reflecting section (acting like a mirror) and an absorbing
section (acts as a light sink). When the incident light falls over the disk three things may
happen. (a) Light faces the transparent section of RD1, (Figure 3.1) follows the red colored

path through sample cell. After sample cell it bounces by the mirror and falls on RD2.

ating o,
— f ° ‘Sg Sample cell &
>—= -7 ! >{ RD1
= Slit
Diffraction
Grating
%, e
Q. Referencecell 2> Detector

q 6upe®

Figure 3.1. Schematic representation of absorption spectrometer. The color codes of light (blue,
green and red) do not mean any wavelength of light but represents different paths of light.

Rotation of RD1 and RD2 is programmed in such a way that if light falls in RD1 (transparent
section) then it faces the reflecting section in RD2. Hence, light is reflected towards detector
(a photodiode). (b) If light encounters the reflecting section in RD1, then it follows the green
path and falls on RD2. After that light passes through the transparent section of RD2 and
reaches the detector. (c) If light falls over the absorbing section, all the light gets absorbed. It
allows the computer within a small while to verify whether any current (dark counts) is
detected by the instrument in absence of photons. Samples in absorption spectrometer are

filled in cell which is a rectangular quartz container (usually 1 cm path length). A reference
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cell is an identical quartz cell filled with blank solvent. A reference cell is used to correct the
blank absorption of cell and solvent if any.

The detector in spectrometer is the photon counting device. The photons detected by
the detector are converted into current where intensity of absorbance is directly proportional
to the measured current. An intensity of absorbance vs. wavelength (nm) plot is called an
absorbance curve. Each absorption band is known to offer idea about the energy of a typical
electronic transition in a molecule. The absorbance (A) of an absorber (at a particular
concentration C) having a molar extinction coefficient &, at a particular wavelength (1) is
governed by Lambet-Beers law;" 2

I
A= logTO = €,Cl 3.1

where, lp and | are the intensities of the incident and transmitted light respectively and | is the
path length of the light beam passing through the sample in the cuvette (quartz). In all
experimental conditions the ligand or small molecular (molecule subjected to absorption and
fluorescence studies) concentrations were kept very low (5 uM - 10 uM) to avoid molecular
aggregations and other artifacts. Path length of the cuvette was kept fixed at 1cm for all the
measurements. Moreover, all the absorption measurements were carried out at room

temperature (25°C) until otherwise specified.

3.2. Steady State Emission

Steady state emission spectrophotometer is an instrument which can measure both excitation
and emission spectra. Emission spectrum is the “wavelength distribution of an emission
measured at a single excitation wavelength™ #. On the other hand an “excitation spectrum is
the dependence of emission intensity, measured at a single emission wavelength, upon
scanning the excitation wavelength™ *. Emission or excitation spectra can be represented
either in wavelength (nm unit) scale or a wave number (cm™) scale. Figure 3.2 represents a
block diagram of a commercially available conventional spectrofluoremeter. The light source
is generally a high-pressure xenon arc lamp (power 150 Watt), which results a continuous
emission from ~250 nm to the infrared ~800 nm.* * Using a monochromator, one can easily
select a particular excitation wavelength. Fluorescence is collected at right angle with respect

to the incident beam in order to avoid stray light coming from the light source and detected

IISER Pune



Instrumentations and Techniques | Chapter 3

through a monochromator by a photomultiplier tube (PMT).* # photomultiplier tube or PMT
is the detection device which works based on photoelectric current generation phenomenon.
When a photon emitted from sample strikes over metal array kept in vacuum and high
voltage (950 V), it generates electrons. The flow of electron along the voltage bias results the
signal. In advanced instrumentation, the photon counting module of detection is used
preliminary with photomultiplier tubes, where discrete current pulses from the tube are
integrated and net photons counted up. This method minimizes the inherent noise (dark count
~1000 counts/sec) in detector (compared to traditional voltage detection module) and results
much sensitive detection. Monochromators controlling the excitation and emission
wavelengths are automated and computer controlled. Scanning information along with the
intensity at each wavelengths are stored in computer and analyzed to extract information like

peak intensity, area under the curve, quantum vyield (described in Chapter 1) etc.

Xe-Lamp > '
Excitation MOHOC'“"W’;}IIIIIIIHH

—
Monochromator Control &
Data Collection Computer Excitation
Polarizer >

Emission Emission . Filter —
PMT | Monochromator  Polarizer Siit \ 4

N

Figure 3.2. Schematic representation of steady state fluorescence spectrophotometer.
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All the steady state fluorescence measurements were carried out on Fluoromax-4 and
Fluorolog-3 (Horiba Jobin Yvon, U.S.A.) spectrofluoremeters. Although the basic working
principle for both of the models are same but it differs in terms of monochomator. Fluorolog-

3 contains double monochomator at both of excitation and emission side whereas Fluoromax-
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4 has the single monochomator. A high pressure 450 Watt Xe lamp is used as excitation
source for Fluorolog-3, whereas 150 Watt Xe lamp is used for Fluoromax-4. For all solution
state measurements the right angle (RA) geometry (Figure 3.2 shows a typical right angle
oriented fluoremeter) were chosen. Emission intensity data has been extensively used to
calculate the association/binding constants using two different methods namely (i) modified

Scatchard method® ° and (i) Benesi-Hildebrand method”  described in detail hereunder.

3.2a. Modified Scatchard Method for Binding Constant Determination

For fluorophore-macromolecular titration, a successive change (either increase or decrease)
of fluorescence can be utilized to calculate the binding constant using Scatchard plot. We
have used the Scatchard method to calculate the binding constant for ellipticine-DNA,
ellipticine-serum albumin (SA) and flavin-RNA aptamer interactions. The general Scatchard
plot (for saturation emission intensity) is the ratio of (bound/free) vs. bound ligand. For a
simple reaction like; M + L — ML the association/binding constant (K,) can be represented

by the following equation;

[ML]
[M]X(L]

K, = 3.2

where, [ML] and [M] are the number of occupied and unoccupied macromolecular sites/unit
volume respectively. [L] is the concentration of the ligand. If ne is considered as the average
number of sites/macromolecule (M) occupied by the ligand and n represents the total number

of binding sites available/macromolecule, then, K, can be represented in other way as;

NOCC — [ML] 3 3
N [M] + [L] o
Substituting the value of K, in equation 3.3 it gives;
_ o KalL]
Nyee = NKa[L] 1 .. 3.4
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The Noec Vs. [L] (from equation 3.4) generates a hyperbolic curve which is difficult to analyze
and hence needs simplification which can be done using modified Scatchard plot.> ® For
linearization, a factor ‘f” has been introduced which represents the fraction of ligand bound

during macromolecular-ligand titration and f is represented as;

F,,c — F
f == FObS—_; 35
max L

where, Fops is the observed fluorescence intensity at each titration point, F is fluorescence
from the free ligand and Fpnax is the intensity when all possible ligand are bound to the
possible macromolecular sites. Spectroscopic determination of f allows the experimental
determination of N by realizing that under pre-saturation concentrations of ligand and

macromolecule;

f[L]total _ Ka [L]
M1torar NKa[L] +1 .. 3.6

Noce =

Taking the reciprocal of each side in equation 3.6 and multiplying through by [L]ita giVes;

[M]total _ [L]total [L]total
T NK,[L] + N .. 3.7

It is quite obvious that fraction of free ligand can be measured experimentally [which

corresponds to (1- f)], using the following relation;

[L]
[L] total

1-f) = .38

Finally, substituting equation 3.8 into equation 3.7 gives the final form of modified Scatchard

equation appears as;

[M]totar . 1 n [Lltotar ..3.9

f NK.(1-f) N
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where, [M]iotal IS the total macromolecular concentration, N stands for the number of possible
binding sites and [L]iww represents total concentration of ligand. A plot of ([M]ita/f) vs [1/(1-
f)] offers a straight line and from its slope of the association constant (K,) can be determined.

The free energy of binding can be determined from the following equation;

AG® = —2.303 RT log K, ..3.10

The value of Gibbs free energy gives insight about the feasibility of the association between

fluorophore and macromolecule/host.

3.2b. Benesi-Hildebrand Method for Binding Constant Determination

A quantitative estimation of the fluorophore-macromolecular/host binding interaction can
also be obtained with the help of binding constant, elucidated from Benesi-Hildebrand (B-H)
plot.” ® We have used B-H plot for binding constant determination in case of flavin-serum
protein interaction. For a binding interaction between macromolecule (M) and ligand (L) like
M + L — ML the association constant K, can be described by the equation 3.2. This can be

rearranged in terms of saturation binding interaction as;

K, = [ML] 3.11
@~ [Lo — MLI[M, — ML] o

where ML is the saturation concentration of macromolecular-ligand interaction, Lo and Mg are
the initial concentrations of ligand and macromolecules, respectively. Cases when the
unbound macromolecular concentration is higher than ML i.e Me>>ML, equation 3.11

modifies as;

K, = ML) 3.12
* Lo — MLIM,] -

The process of complexation can be expressed in terms of fluorescence intensity when free
and bound ligand offers different emission intensities;

IISER Pune m



Instrumentations and Techniques | Chapter 3

MLl I,—1,
ML) _ I ..3.13
[L] Iy — I

where, lo, Ix and |, are the fluorescence intensities of the free ligand, ligand bound to
macromolecule after each addition and intensity of the saturated ligand-macromolecular
complex. Combining equation 3.12 and 3.13 along with little rearrangements one can get the

double reciprocal Benesi-Hildebrand (BH) equation in following form;

LI +( : - ) 3.14
AI—AImax X X

Here, Al = (I, — I,) and AL, = (I, — 1) where Iy, Ix and I, carries similar meaning
mentioned earlier. The plots of (1/Al) against [L]™* provides the quantitative estimation of
association constant. Notably, Benesi-Hildebrand equation in above mentioned form is
applicable only for 1:1 complexation process. If a complexation occurs with two distinct
steps, such as, M + L - ML; ML + M — LM,; the Benesi-Hildebrand equation appears as

follows;

1 1

1 1
1_ 4 ( N ) ..3.15
Al Almax KalKaZ [L]z Almax

where, K, and K are the equilibrium constants for the two different steps, respectively, and

all other terms carry the similar meaning as mentioned earlier.

3.3. Time Resolved Fluorescence Measurements
3.3a. Time Correlated Single Photon Counting Technique (TCSPC);

Fluorescence Lifetime Measurements

Pulsed excitation is the most popular technique for the determination of fluorescence lifetime
(or decay parameters). Most instruments operation by pulsed excitations are based on the
time-correlated single photon counting (TCSPC)* * °

timing (SPT). The basic principle of TCSPC depends over the fact that the probability of

method, also called as single-photon

detecting a single photon at time t after an exciting pulse is proportional directly to the

IISER Pune [0/



Instrumentations and Techniques | Chapter 3

fluorescence intensity at that time.> * Figure 3.3 shows the outline of a conventional
fluorescence single-photon counting instrument. The excitation source can be a flash lamp,
nano-LED or a mode-locked laser. An electrical pulse associated with optical pulse is
generated which excites the sample as well as sends a signal to constant fraction
discriminator (CFD) through synchronizer (SYNC) (it synchronizes the optical and electrical
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Figure 3.3. Schematic representation of TCSPC™" instrument.

pulses). CFD accurately records the arrival time of the photons. After passing through CFD,
the excitation pulse reaches to TAC (time to amplitude converter) and immediately starts
charging the capacitor inside TAC. Charging of the TAC capacitor starts a voltage ramp.
TCSPC instruments are set in such a way that after the excitation only one stop photon from
the sample is detected for every 100-200 excitations. An emission photon resulting from the
sample excitation meanwhile reaches to TAC and stops the charging of TAC capacitor. TAC
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is the heart of the TCSPC system. It acts as a stopwatch and measures the time gap between
the start (LED photon) and stop (sample photon) pulses. The amplitude of this pulse is
proportional to the charge in the capacitor, and hence to the time difference between the start
and stop pulses. The TAC output pulse is given a numerical value within the analog-to-digital
converter (ADC) and a count is stored in the data storage corresponding to that number. This
process is repeated several times to generate a histogram corresponding to the lifetime decay
of the sample. The so called decay result from TCSPC instrument can be either deconvoluted
considering the effect of the pulse or can be analyzed by graph plotting software by
neglecting the effect of the excitation pulse.

Its pertinent to mention that the TCSPC instrument, we use runs in reverse mode i.e.
emission photon resulting from the sample excitation acts as starts pulse for the TAC and an
excitation pulse resulting from the laser/LED acts as stop pulse. The reason for such reverse
orientation is a high repetition rate of excitation LEDs. When TCSPC operates in forward
mode due to a high repetition rate of the excitation lasers and LEDs, start pulse reaches prior
to reset time of the electronics. To overcome such problem from the electronic response time,
modern days TCSPC set up operate in reverse mode. We have used majorly three LEDs for
sample excitation, namely, 375 nm (FWHM < 100ps), 402 nm (FWHM < 100 ps) and 444
nm (FWHM < 120 ps). Instrument response of our TCSPC set-up using the above mentioned
diode lasers was ~100 ps, and with the help of deconvolution method (discussed next section)
we could able to detect lifetime of ~40 ps. The detector used in this TCSPC set-up is a MCP-
PMT. Instead of PMT, TCSPC used micro-channel plate PMT (MCP-PMT). In comparison
to simple dynode chains in PMT, MCP-PMT consists of numerous small holes. The holes in
these plates are micro-channels, and the generated photoelectrons are proximity focused into
the MCP. As here electrons travel short distances, this type of PMT shows fastest time
response compare to conventional PMT, and is used in most of the time-resolved

measurements.

3.3a.1. Deonvolution Method and Analysis of Fluorescence Lifetime Decays

When a sample is excited with 5-pulse (having infinite intensity at a particular time and zero
intensity at rest of the times) and respective decay time is shorter than the FWHM (Full
Width Half Maximum) of the excitation pulse, distortion of the experimental data occurs due
to 3 factors which are (1) a finite decay time of the laser pulse, (2) response time of the

photomultiplier and (3) response lag from the associated electronics.> * *° Since the measured
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decay function is now a convolution of the measured instrumental prompt response P(t) and
the theoretical fluorescence response function F(t), the net result (R(t)) obtained for o

function excitation will be;
R(t) = [ P(t)xF(t —t)dt’ ..3.16

Where, t' defines the variable time delays (in practice, channel numbers) of the
infinitesimally small widths dt’ (i.e, channel widths) of which P(t) is composed. By
measuring P(t) experimentally over ‘i’ channels of data, the convoluted form of R(t) can be
obtained from equation 3.16. Here one has to assume a functional form of F(t), for example
one, two or three exponentials. By iterating the values of the decay components until good

agreement is obtained, the best fit values are determined.

F(t) = Z a;e /T ..3.17

i

The standard statistical procedure to confirm goodness of fit is the »° test. The »* is given by;

n
¥2 = z o [R() = R.(D)]? ..3.18
i=1
where, R¢(t) is calculated values by assuming functional form of F(t) (equation 3.17) and
=1/R(t). The y* value ~1 indicates good fit, where a small deviation from 1 sometime is
considered to be acceptable for complicated heterogeneous systems.

The analysis of fluorescence decays were performed using the commercially available

global lifetime analysis software of IBH (UK).

3.3b. Fluorescence Anisotropy Measurement and Analysis

3.3b.1. Steady state Anisotropy

Fluorescence anisotropy is a powerful tool to probe the association between a drug/ligand to
bio-macromolecule or encapsulation of molecule in a restricted environment. * *2 3 Upon

excitation with polarized light, the emission from the samples is expected to have same
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polarization as that of excitation light. However, due to random orientation of the molecules
and rotational diffusion of the molecule, the polarization of resulted emission is not same as
that of excitation light. Therefore, anisotropy measures the extent of depolarization of

emission, when the molecules are selectively excited by a polarized light, and it is defined by;

L —1,

- ..3.19
"Lt

where I, and 1, are the intensities (Figure 3.4) of the emitting light for parallel and
perpendicular polarizations (w.r.t. polarization of the exciting light). The measurement of
fluorescence anisotropy is illustrated in Figure 3.4. When the emission polarizer is oriented
parallel (]|) to the direction of the polarized excitation, the observed intensity is called I.
When the polarizer is perpendicular (L) to the excitation, the intensity is called I,. These
intensity values are used to calculate the anisotropy. The anisotropy is a dimensionless
quantity and it is independent of the total intensity of the sample. This is because the
difference (I; — 11) is normalized by the total intensity, which is I+ = I} + 21 .. Therefore, the
anisotropy is an intensity ratio metric measurement. Since the monochromator has different
transition efficiency for vertically and horizontally polarized light, rotation of emission
polarizer changes the effective sensitivity of the emission channel. Moreover, the sensitivity

T

[192 a|jdweg

‘M

/7 Monochromator
s

Figure 3.4. Schematic diagram of measurements of fluorescence anisotropy.
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of the detection system depends on the polarization of the emission light, and hence, must be
corrected by applying a correction factor known as the G factor. G factor was measured using
horizontally polarization excitation light and measuring the horizontal (l.4) and vertical (Ihy)
polarization component of the emitted light.'> The G factor is defined as the ration of

perpendicular and parallel intensities (I/Inn) and the corrected anisotropy is given by,

I, — Gl

=1 = ..3.20
Iy + 2G1,

r
Notably the steady state fluorescence anisotropy, r is related to fluorescence lifetime (7) and

rotational correlation time (z) by the Perrin’s equation;* *

Ty T

—=14— ..3.21
T T,

Immediately after photo-excitation when the fluorophore has yet to reorient, the observed
anisotropy (r) should be equal to rp (the fundamental anisotropy). As time passes, the
molecules re-orient and the anisotropy decays toward zero. The ro value depends on the
relative angular orientation between the absorption and emission transition moments.
Equation 3.21 indicates that when z>>7, the observed anisotropy (r) equals to ro which is

given by the following equation;
2 (3cos?a—1
n=z|—F— ..3.22

where, « is the angle between absorption and emission transition dipoles. Since, the
orientation of the absorption dipole differs for each absorption band; the angle « varies with
excitation wavelength. However, « does not depend on the excitation wavelength as
emission always occurs from lowest singlet state. ro has a maximum value 0.4 (a=0°) and
minimum value of -0.2 (a=90°). The dependence of the anisotropies upon the rotational
diffusion has resulted in numerous applications in various fields of research. In this thesis, the
anisotropy value of the fluorophore is applied to determine the folding-unfolding dynamics of
FAD as well as for location determination of the probe inside the reverse micelle, and in
protein, DNA, RNA systems.
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3.3b.2. Time Dependent Anisotropy

Time dependent anisotropy decays offer excellent information about the diffusive motion of
the fluorophore, which can reveal whether a fluorophore rotates freely or the surrounding
environment of the fluorophore restricts its rotational motion.*> * ° Therefore, the time-
resolved fluorescence anisotropy measurement has been extensively utilized to study the
rotational dynamics of fluorophore in micelles, reverse micelles, and inside the protein nano-
cavity, DNA/RNA and in protein-DNA complex. During anisotropy measurement, the
sample is excited with a polarized light pulses and the time dependent parallel [I,(t)] and
perpendicular [I,(t)] components of the fluorescence are used to form the time-resolved

fluorescence anisotropy, r(t), which is governed by the following equation;

r(6) = L) = 1.(¢)

= m ..3.23

To compensate the polarization biased of the detection system and monochromator

efficiency, the above equation is modified to;

L) - GIL()

r(®) = L(t) + 2GI, (1)

..3.24

where, G is the instrumental correction factor introduced for the polarization sensitivity of the
detection system and monochromator.

The time-resolved anisotropy measurements were done by automated toggling
method using time-correlated single photon counting set-up and exciting the sample by
different diode lasers (375 nm (IBH, UK, Nano LED, FWHM ~100 ps) and 444 nm (IBH,
UK, Nano LED, FWHM ~120 ps) in order to excite FAD, FMN and RF containing samples,
and 405 nm (IBH, UK, FWHM ~100 ps) was used for excitation of C153 and C343
containing samples) for different systems. In toggling method, a motorized polarizer was
used in the emission side, whereas the excitation polarizer was kept fixed at vertical position.
This polarizer toggles between parallel and perpendicular orientations and the emission
intensities at parallel [I,(t)] and perpendicular [I.(t)] polarization were collected alternatively
for 30 seconds until a certain peak difference between parallel [I;(t)] and perpendicular [I.(t)]

decay is reached. For typical anisotropy decay the difference between the peak counts at
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parallel and perpendicular polarization were kept at 5000. The G factor was measured by
taking two additional decay measurements [lav(t) and Iun(t)] of the same sample with the
excitation polarizer toggling between perpendicular or horizontal positions. Value of G factor
is given by, G = Iuy(t)/lun(t), where Iyy(t) and 144(t) denotes the fluorescence decay kinetics
of the sample measured using horizontally or perpendicularly (H) polarized exciting light and
detecting the emission components polarized vertically (V) and horizontally (H),
respectively. For a simple isotropic rotor, r(t) decays with a single rotational correlation

3,4,9

time (z;) represented by the following equation;

_ -G
r(t) =rpexp Tr ..3.25

For more complicated systems, r(t) takes the form of a sum of exponentials;

t

r(t) =1, Zﬂi exp_(f_ri) ..3.26

where, B and z; are the fractional contribution of total depolarization and rotational
correlation times of the i™ component, respectively. ro represents fundamental anisotropy
discussed in the previous section. In terms of Stokes-Einstein theory, z; is related to the

medium viscosity by;

nv 1
T, ) ..3.27
where, 5 is the viscosity coefficient of the medium, V is the molecular volume, k is the
Boltzmann’s constant, T is the absolute temperature, and D is the rotational diffusion
coefficient. If the rotational motions are hindered or otherwise restricted, one would see that
the anisotropy does not decay to zero at longer time. In this case, limiting anisotropy (r.) is
observed at times which are long compared to fluorescence lifetime, and the decay can be

represented as;

t
r(t) = (1o — 1) exp_(ﬁ) + o ..3.28
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This behavior is encountered in two important areas, namely, for a fluorophore non-
covalently bound to a macromolecule (e.g. probe-protein and probe-DNA systems) and for a
fluorophore rotating inside restricted environments, like reverse micelle, inside the binding

pocket of protein etc.
3.3c. Solvation Time Measurement

According to the previous discussions (Chapter 1) about solvation dynamics, solvent
reorientation around a photo-excited fluorophore always leads to dynamic Stokes’ shift.
When one observe dynamic Stokes’ shift in the emission spectra, the time-resolved emission
spectra (TRES) have been constructed from a set of decays at 15-20 nm intervals following
the procedure given by Fleming and Maroncelli.** The TRES at a given time t, I(ALt), is
obtained by the fitting the decays S(t,\), by relative normalization to the steady-state

spectrum lg(A), as follows;

_ Ih(2)
I(A4,t) = S(4,t) —fooo SO ..3.29

Each time-resolved emission spectrum is usually fitted by the “log-normal line shape

"1 \which is defined as follows:

function

n(l+a

5 1*) ..3.30

g) = goexp(—In (2) x[

2b(v-vp)
A

where, a = and go, b, vp, and A are the peak height, asymmetric parameter, peak

frequency, and width parameter, respectively. The peak frequency (v,) obtained from this
log-normal fitting of TRES are then used to construct the decay of solvent correlation
function [C(t)], which is defined as;

o) — ()

where, v(0) is the peak frequency at time t = 0 when electronic excitation occurs, and v(0) is

calculated by the extrapolation of the v(t) data to t—0. v(t) is the peak frequency at time = t.
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v(0) is the peak frequency at infinite time when solvent molecules are in equilibrium position
around the photo-excited solute molecule. The choice of v(«) is critical and we have chosen
v(c0) at longer time scale, when the changes of v(t) as small as 10-20 cm™. As decay kinetics
are inherently exponential in nature, hence decay of C(t) with time can be fitted by using a
single or multi exponential fit function which appears as follows;

C(t) =3 ayexp™t/mi ..3.32

where, 7 is the solvation time of i-th component with amplitudes of «;. The average solvation
time is calculated as <ta,> =))[-,; a;7;. When the system is heterogeneous and complex in

nature, one can also try to fit C(t) by stretch exponential function, which is;

C(t) = Aexp_(t/rs)ﬂs + Bexp_(t/‘[l)ﬂl 333

where z; and 7j are short and long time constant, respectively. fs and S are the two exponents
in long and short time-scales, respectively. However, if fitting offers the values of g and fs

close to 1, it indicates that stretch exponential fitting is not at all necessary for the system.

3.3d. Femtosecond Time Resolved Fluorescence Upconversion

For certain fluorophores, lifetime component appears within tens of pico-second, which
appears impossible to be resolved by TCSPC set-up. In such cases, we have used the
femtosecond fluorescence up-conversion set-up to detect the fast dynamics taking place
within ~ 10 pico-seconds or lesser time-scale. In femtosecond up-conversion a tunable Mai
Tai HP (Spectra Physics, USA) is used as excitation source. Mai-Tai is one box Ti:Sapphire
oscillator, which provides <100 fs pulse width, and therefore, helps to resolve lifetime
components of picoseconds to sub picoseconds time-scale. The high tuneability (690-1040
nm) of Mai-Tai oscillator is also appropriate to excite different kinds of samples.
Furthermore, high quality, stable, horizontally polarized (>500:1 horizontal), Gaussian pulses
(TEMgo, M?<1.1) with stable average power (>2.5 W) and very high peak power (>300 kW)
offers minimum fluctuation of the laser pulse. The greatest advantage of Mai-Tai is that it
provides excellent beam pointing stability, minimal average power fluctuations, as well as it

eliminates wavelength drift. Mai Tai uses the output from the high power fiber coupled diode
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laser module(s) to end-pump Nd*® ion doped Yttrium Vanadate crystalline matrix
(Nd:YVOQy). The triply ionized neodymium act as an active medium for this four-level solid
state pump laser, which has principle absorption bands in the red and near infra-red region.
While excited with a diode laser, the strongest lasing form Nd:YVO, occurs at a wavelength

~1064 nm. The resulting 1064 nm emission is converted to a visible wavelength (532 nm)
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Figure 3.5. Schematic representation of upconversion set up.

through frequency doubling (also known as second harmonic generation or SHG) in a
nonlinear crystal. A 90°, non-critically phase-matched, temperature tuned, lithium triborate
(LBO) nonlinear crystal is used as a frequency doubling (or SHG) medium inside Mai-Tai
one box oscillator. A dichroic output coupler allows the 532 nm light to exit from the pump
cavity, but reflects the 1064 nm light back to the cavity. This 532 nm continues wave (CW)
from a frequency doubled output of the Nd:YVO, pump laser is used to pump Ti-Sapphire
laser, which in turn produces the Mai Tai output. Ti-Sapphire is a crystalline material
produced by introducing Ti,Os into a melt of Sapphire (Al,Os). The Ti** ion is responsible
for the lasing action of Ti-Sapphire. Although the fluorescence band of Ti*® extends from
wavelengths as short as 600 nm to wavelength greater than 1000 nm, the lasing action is
possible at greater than 670 nm (most strong emission band ~795 nm). Mai Tai uses an
acousto-optic modulator (AOM) (constitutes a high quality optical material like quartz) to
ensure the mode locked output from Ti-Sapphire. The Mai Tai reliability is maintained using
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the ultra-stable regenerative modelocking technique proven with the Spectra-Physics
Tsunami® oscillator.

Figure 3.5 represents schematic diagram of a femtosecond up-conversion system. The
sample (flavin) was excited at 420 nm using the second harmonic of a mode-locked Ti-
sapphire laser (Mai-Tai, Spectra Physics). The emitted fluorescence from sample was up-
converted in another nonlinear crystal using the gated pulse of the fundamental beam (Figure
3.6). The sum frequency of fluorescence and the gate pulse was detected as a function of the
time delay between excitation and gate pulses. The angle between the polarization of the
pump and gate pulses was kept at magic angle (54.7°) to eliminate effects from rotational

diffusion. The up-converted signal is dispersed in a monochromator and detected using

Nonlinear
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> Signal 325 nm

>

Delay Time (1)

Figure 3.6. Schematic representation of upconversion phenomenon.

photon counting electronics. A cross-correlation function obtained using the Raman
scattering from ethanol displayed a full-width at half-maximum (FWHM) of ~350 fs. Error in
up-conversion measurements obtained from our results is ~10%. The data was analyzed using
Igor software using cross correlation function obtained from Raman scattering. During data
fitting, the long component appeared decay profile is usually guessed from the average

lifetime value resulted from the TCSPC setup.
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3.4. Circular Dichroism (CD)

Asymmetric chromophores or symmetric chromophores in asymmetric environments interact
differently with right- and left-circularly polarized light resulting in two related
phenomena.’*" Circularly-polarized light rays travel through an optically active medium
with different velocities due to the different refraction indices for right- and left-circularly
polarized light called optical rotation or circular birefringence. The variation of optical
rotation as a function of wavelength (in nm unit) is called optical rotary dispersion (ORD).
Right- and left-circularly polarized light is absorbed to different extents at some wavelengths
due to differences in extinction coefficients for the two polarized rays called circular
dichroism (CD).">" Optical rotary dispersion enables a chiral molecule to rotate the plane of
polarized light. ORD spectra are dispersive (called a Cotton effect™™’ for a single band)
whereas circular dichroism spectra are absorptive. The two phenomena are related by the

so-called Kramers—Kronig transformation.™” Figure 3.7 shows the schematic representation

of a commercially available CD instrument.

Photo-electric
Modulator /

Light RH and |_H Modulator

source
. . Lock in
Drive Unit }— Amplifier

-

Data Process
Unit

Figure 3.7. Block diagram of circular dichroism (CD) spectrophotometer.

CD spectra were recorded on a JASCO-800 automatic recording circular dichroism
spectrophotometer. Quartz cuvette with 1.0 cm path length was used for measurements. CD
spectra were accumulated at 25°C at a scan rate of 100 nm/min, between 200-400 nm. A

fixed concentration of macromolecules (<10 uM of DNA/protein/RNA) was titrated with
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increasing concentration of ligand (up to 10 times of the macromolecular concentration).
Sometimes the chiral ligand produces a self CD signal, which was corrected by taking the

blank of the individual ligand concentrations.

3.5. Isothermal Titration Calorimetry (ITC)

ITC is used to measure Bio-macromolecule-ligand interactions in solution phase without the
need of any immobilization or modification.® The number of binding sites, the association
constant (K,), and the thermodynamic parameters including changes in enthalpy (AH),
entropy (AS) and Gibbs free energy (AG) can be determined directly via the measurement of
reaction heat. The greatest advantage in the ITC measurement is all the measurements are
direct, excluding any indirect calculative measurements like Scatchard or Benesi-Hildebrand
plot generation from fluorescence data. Another advantage of the technique is its cheap
maintenance cost and the evaluation of the data is simple and computer-controlled.
Disadvantage of ITC is that its need of a higher amount of material. Moreover, if either of the

samples is not soluble then solvent-dispersed samples create problem for titration due to the

Mixing
Motor

< Syringe
Reference —T————> I‘ Needle
Cell €< Sample
Inner Adiabatic Jacket Cell
f
Outer Adiabatic Jacket

Figure 3.8. A schematic representation of isothermal titration calorimeter (ITC).

precipitation in cell and over syringe surface. For certain binding interaction, where the

association constant is just equal or below the order of ~10°, it falls beyond the detection
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limit of the instrument. Sometime heterogeneous solvent medium in cell and syringe
generates high dilution enthalpy, which interfere with the binding enthalpy of association
process. Hence, similar solvent in cell and syringe is preferred in case of ITC.

Figure 3.8 shows a schematic diagram of a commercially available ITC instrument.
The calorimeter has two cells; a reference and a sample cell. The reference cell is filled with
water (or base solvent). The sample cell contains the macromolecule/host
(protein/DNA/RNA) solution, which is titrated stepwise with its binding partner through a
computer-controlled injector or syringe. The syringe contains concentrated solution (usually
10 times or higher in concentration than cell solution) small molecule. During the
experiment, the reference cell is heated with a small power, which does not increase the
temperature of the cell significantly during the measurement. The essence of the
measurement is that the temperature of the sample cell is kept the same as that of the
reference cell with high accuracy. For this purpose, a variable heating power should be
introduced on the sample cell, driven by feedback depending on the studied reaction. In the
absence of reaction, the sample cell needs to be heated with a power similar to that of the
reference cell. In the case of an endothermic reaction that consumes heat, the sample cell
needs to be heated with higher power than the reference. When the reaction is exothermic,
less heating power is needed to keep the temperature constant.

During experiment small aliquots of the titrant are injected into the cell at defined
time intervals, and the reaction heat is measured. The reaction heat is proportional to the
bound fraction of the injected molecules. At the beginning, a larger fraction of ligand is
bound, whereas no binding occurs upon injection when the binding sites have become
saturated at the end of the titration. During such titration in ITC instrument the liberated heat

is measured by the following equation;

Q = VoAH,[M]:K,[L]/(1 + K,[L]) .. 3.34

where, Vo is the cell volume, AHjy, is the enthalpy change corresponding to the binding of one
mole of ligand, [M]; is the total macromolecule concentration in the cell, K, is the association
constant, and [L] is the free ligand concentration. In the case of multiple binding sites, the
equation is summed up for all binding sites.

The accurate determination of concentration is highly important in ITC. After

subtracting the baseline (solvent to solvent dilution enthalpy), the areas under the observed
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peaks give the enthalpy changes that belong to the reactions occurring upon injection steps. It
is very important that the macromolecule/host and the ligand should have in the same buffer
solution at identical pH to avoid a large dilution and ionization enthalpy. To account for such
effects, control measurements should be carried out by injecting buffer to buffer, titrant to
buffer, and buffer to the protein solution.

3.6. Field Emission Scanning Electron Microscopy (FE-SEM)

In modern era scanning electron microscopy (SEM) is the most powerful tool which offers a direct
visual of sample topology and morphology. SEM uses an electron beam focused into a small probe
and is scanned across the surface of a specimen. As the excitation electrons penetrate the surface,
interactions between the electron and sample result emission of electrons or photons collected by a
detector. The most immediate observation in the scanning electron microscope is that it displays the
topology of the sample. The resolution limit (arises majorly due to the light diffraction limits) of
optical microscope was the basic trigger for electron microscope development. Optical resolution is
estimated by A/2NA (where NA is the numerical aperture of lens, usually ~1.0) and mostly depends
over the excitation light wavelength. Thus for visible light wave of ~500 nm, the highest achievable
resolution is few micrometers (um). Hence by decreasing the light wavelength the resolution
of microscope can be improved, however, very low wavelength (which can give maximum
resolution) like UV light is not recommended for biological samples. In contrary SEM
uniquely uses the electron wave in imaging. By accelerating the electrons into high energy
beam (via high voltage), a far shorter wavelength than visible light can be generated. For
example, for an electron beam produced from a 20 kV gun, the wavelength is ~0.6 A
(1240.7/20,000 (eV) = 0.06 nm = 0.6 A) corresponding to a resolution limit of A/2 = 0.3 A,
which can be theoretically used to image a species even small as 0.3 A, where most atoms are
in size of 2-3 A, and here comes the uniqueness of the electron microscopy technique. The
development of SEM instrument of modern age is aided by several longstanding inventions
and modifications. The first electromagnetic lens was developed in 1926 by Hans Busch. In
1931 German physicist Ernst Ruska and the electrical engineer Max Knoll constructed the
prototype electron microscope, which experimentally demonstrated the principle of electron
microscopy for the first time. In 1933, Ernst Ruska built an electron microscope that
exceeded the resolution limit attainable with an optical (light) microscope. In 1965 the first

commercial scanning electron microscope appeared in market by Cambridge Scientific

IISER Pune [l



Instrumentations and Techniques | Chapter 3

Instruments. In 1986 Ernst Ruska received Nobel Prize in Physics for his fundamental work
in electron optics, and for the design of the first electron microscope.

Figure 3.9 shows the schematic diagram of a field emission scanning electron
microscopy (FE-SEM). The term “field emission” is actually associated with the electron
source in the instrument. In a standard electron microscope a tungsten filament is used to

generate electron beam by heating up to 2800°C using current source. Instead of heating, in

ElectronGun — > Ej

v

Anode —)

Electron beam —>

— > CondenserlLens
Magnetic
Lenses — > Objective Lens

Scanning Coil ——
/ Computer
Stage > I

Specimen >- / \ Secondary

electron detector

Back scattered — >
electron detector

Figure 3.8. A schematic representation of trivial field emission scanning electron microscope (FE-
SEM), where individual parts of the instrument is labeled.

case of field emission (FE), scanning electron microscope (SEM) a "cold" source is employed
in an extreme vacuum (10 Torr). Here, extremely thin and sharp tungsten needle (tip
diameter 107 t010® m) functions as a cathode in front of a primary and secondary anode. The
potential difference between cathode and anode varies in order of 0.5 to 30 KV. In contrast to
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a conventional tungsten filament, theoretically a FE tip can last for lifetime provided the
system vacuum is maintained stable so that the tip does not come in contact of air. Sometimes
lanthanum hexaboride (LaBs) crystal is mounted on a tungsten filament, to result a higher
electron density in the beam and a better resolution than with the conventional device. The
electron beam produced by the FE source is about 1000 times smaller in diameter than in a
standard microscope and produces an image markedly better in resolution than normal
electron microscope. After the anode a condenser lens is used to focus the electron beam to
objective lens (the condenser lens and the objective lens are collectively known as magnetic
lenses). The objective lens controls the size of electron beam impinging on sample surface.
An electromagnetic coil or scanning coil controls the raster scanning (scanning in rectangular
shape) by deflecting the electron beam. A sample stage is used to mount the samples. The
specimen mounted on a stage can freely move at all three dimensions, to achieve the
maximum possible resolution. When the probe electron beam interacts with the atoms at or
close to sample surface, produces signals that contain information about the sample's surface
topography and composition. Basically two different kinds of signals are produced by SEM,
which are secondary electrons and back-scattered electrons (BSE). Secondary electrons are
generated as ionization products and called 'secondary' because they are obtained by other
radiation (the primary/probe electron beam). Secondary electrons can be in form of ions,
electrons, or photons with sufficiently high energy. The secondary electron detectors are
common in all SEMs. A SEM with secondary electron imaging or SEI can produce very
high-resolution images of a sample surface, revealing details less than 1 nm in size. Back-
scattered electrons (BSE) are the reflected beam of electrons, which are reflected from the
sample by elastic scattering. BSE are often used in analytical SEM and this process of
analysis is known as energy dispersive spectroscopy or in short EDS. As the intensity of the
BSE signal is strongly related to the atomic number (Z) of the specimen, it provides
information about the distribution of different elements in the sample.

We have collected the SEM images for serum protein (BSA and HSA), DNA (CT-
DNA and SS-DNA) and protein-DNA complex using ZEISS Ultra plus FE-SEM (U.S.A))
instrument, where a ultra high stable beam current up to 100 nA and sub-nm resolution
produced by a 15 kV electron gun shots has been used to collect the data.
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4.1. Introduction

Since earth being blessed with sunlight, living organisms are utilizing light energy through
various oxidation-reduction reactions, ubiquitously controlled by flavoproteins. Flavins
(riboflavin [RF] or vitamine B, flavin mononucleotide [FMN], flavin adenine dinucleotide
[FAD]) are the cofactors in flavoproteins, and act as a versatile electron shuffling agents for a
wide variety of nature mediated redox reactions."* A huge assortment of FAD and FMN
containing photoreceptors like DNA-photolyase ' *°, BLUF protein *® 7, Phototropin ** &,

and Cryptocrome ** 910

are well known due to their photo-induced electron and proton (in
BLUF protein) shuffling activities. Close structural inspection of flavins indicates that an
isoalloxazine ring (flavin) (Scheme 4.1) is common for all these flavocofactors and

responsible for fluorescence from flavins and its derivatives. Moreover, the flavin moiety

Fluorescent Isoalloxazine ring (Ag, ~530 nm)

ﬁ Py 1& T, ,go | JCV Lr
\OH LOH
HO Adenosine monophosphate

uencher
%0 00, (auenchen)
Riboflavine (RF) HO™ “OH HO™ No_p_oH

Flavine Mononucelotide
(FMN)

HO  OH

Flavine Adenine Dinucleotide
(FAD)

Scheme 4.1. Molecular structure of riboflavin (RF), flavin mononucleotide (FMN) and flavin adenine
dinucleotide (FAD).
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controls electron and photon transfer activities in these flavoproteins. Among flavins, only
FAD has conformational flexibility due to the existence of a quencher moiety (adenine) along
with the fluorescent isoalloxazine (or flavin) ring. Depending over the proximity of the two
moieties FAD exists in different forms like *stack’ (close) and ‘unstack’ (open or extended)
along with few other intermediate conformers, known as ‘partially stack’. The ‘stack’
conformer is believed to be stabilized through the n-m interaction between the flavin and
adenine ring.*® ™ Due to photo-induced intra-molecular electron transfer from flavin to
adenine ring, the stack conformer is almost non-fluorescent and exhibits a short lifetime of
~10 ps."™ On the other hand unstack conformer is fluorescent showing reasonably long

lifetime of ~4 ns.** ™ In pH 7, FAD mainly exists in stack conformer, and exhibits a very low

Paracoccus Denitrificans Acetyl CoA Oxydase Flavocytochrome
(PDB ID: 1EFP) (PDB ID: 2FON) (FPDB ID: 4DQK)

N T
Cryptochrome DNA Photolyase
(PDB ID: 416G) (PDB ID: 2E0OI)

Scheme 4.2. FAD in unstack and stack form inside different flavoprotein.

fluorescence quantum yield (~0.03).*** Interestingly, the conformational flexibility of FAD
not only restricted in solution, but also exists inside the several flavoproteins. A number of
flavoproteins (Scheme 4.2) are known, where FAD exists in unstack or open form (e.g.
Paracoccus Denitrificans'®, Acetyl CoA Oxidase'’, Flavocytochrome®®), whereas in many
others (e.g. Cryptochrome™®, DNA Photolyase®) FAD resides in folded or U form. Depending
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over the orientation and the several flavoproteins behave drastically different from each
other. Hence, the folding unfolding dynamics of FAD is the incessant point of interest.
Present chapter describes the impact of several external stimuli (like pH, denaturant, nano-
confinement of protein binding pocket and binding interaction with RNA aptamer) over the

folding-unfolding dynamics of FAD.
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4a. pH Dependent Dynamics of Flavin Mononucleotide
(FMN) and Flavin Adenine Dinucleotide (FAD): a
Femtosecond to Nanosecond Study

4a.1. Motivation

Till date several spectroscopic techniques have been applied to explore the ‘stack-unstack’
behavior of FAD™ ™ 2% and its observed that pH dependent fluorescence behaviors of
flavins are very interesting.™ ?* It was detected that fluorescence mainly appears from the
neutral form, whereas cationic form is practically non-fluorescent and the anionic form is
weakly fluorescent.™ ?* Dréssler and Islam and et al. investigated pH dependence behavior of
riboflavin, FMN and FAD in detail."> ? They observed the quantum yield of FAD is
maximum around pH = 2.5 and then it decreases sharply until pH = 5. Quantum yield
almost remains same from pH = 5 to pH = 9. Afterward it starts decreasing and reaches
almost zero at pH ~13". However, the quantum yield of riboflavin and FMN is maximum
around pH = 4 and remains almost constant from pH = 4 to pH = 8%. The results were
explained in terms of two different conformations of FAD. In the pH range pH ~ 3.5 to pH ~
11, stack (closed) conformer of FAD dominates over unstack (open) conformer, whereas at
higher and lower pH unstack conformer dominates over stack conformer®®. Although, they
measured lifetime of FAD in all pH ranges with a time resolution of ~400 ps, but they were
unable to monitor stack conformer due to short lifetime of stack conformer. Until now, large
numbers of spectroscopic techniques have been used to explore the excited state
photochemistry of FAD, but there are few studies in very fast time scale (femtosecond to
picosecond time resolution). ¥ 24 27 First time, van den Berg et al. have monitored the
dynamics of FAD with the help of TCSPC technique with an instrument response of 40 ps.**
They observed that in neutral pH (pH = 7.5) fluorescence intensity decay of FAD mainly
contributed by two components: a dominant 7 ps component contribution that is characteristic
of ultrafast fluorescence quenching due to electron transfer from adenine moiety to flavin and
a 2.7 ns contribution resulting from moderate quenching®*. Their molecular dynamics study
also concludes the same lifetime with an affirmation about the co-planner stacking between
adenine moiety and flavin.** As the lifetime of 7 ps is close to the detection limit, the
fluorescence upconversion technigque has been used to examine the picosecond decay kinetics

of FAD.* ™It has been observed that stack conformer has a quenched lifetime of around 5-9
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ps and this can be attributed to a very efficient quenching route via electron transfer from
adenine to light excited flavin.* ?" Transient absorption studies also provide conclusive
evidence that the excited state quenching observed in FAD occurs in less than 5 ps time
scale.™* Fluorescence decay dynamics of FAD in a mixture of alcohol and water has been
studied in the femtosecond to nanosecond time range and it has been observed that population
of open conformation increases with the decrease in dielectric constant of the medium.?
Albeit most of the studies have been focused on the dynamic behavior of FAD, 1224
2 3 very few studies have been devoted to pH dependence dynamic behavior of FAD in
femtosecond to nanosecond time scale. Previously Li et al. from their transient absorption
study inferred that at low and high pH, FAD adopts an unstack conformation and behaves
same as that of FMN.? They also suggested conformational changes of FAD at pH ~3
(because of adenine protonation) and pH ~ 10 (because of flavin deprotonation) from their
transient absorption results.”® Moreover, they observed a dynamics of ~20 ps in neutral pH
range, responsible for the stacking interaction between flavin (or isoalloxazine ring) and
adenine moiety of FAD.% In this work, we intend to explore the dynamics of stacking
interaction of FAD with the help of state-of-arts fluorescence spectroscopic techniques, e.g.
fluorescence up-conversion and time correlated single photon counting (TCSPC), in five
decades of time span from ~300 fs to ~10 ns throughout the pH range of pH = 0.5 to pH =
13.0. To the best of my knowledge, this work is the first fluorescence up-conversion and

ultra-fast anisotropy study on the pH dependence dynamic behaviors of FAD and FMN.

4a.2. Results and Discussions

4a.2a. Absorption and Fluorescence Characteristics of FMN and FAD

Absorption spectral features of FMN and FAD at different pH are same as reported by others.
15.26 Characteristic absorption spectra for both FMN and FAD are similar and consist of two
peaks, one peak is at ~375 nm, and another is at ~ 448 nm. The peak at ~375 nm corresponds
to Sp— S, transition, whereas the later peak corresponds to Sp— S; transition.

The emission spectral features of both FMN and FAD are same as reported in
literature.™ % Their fluorescence quantum yield behaviors at various pH are shown in
Figureda and reflects almost similar trend as published in literature.” The quantum yield of
both FMN and FAD is almost zero at very low pH (pH = 0.5). After that it increases with the
increase in pH and FAD exhibits maximum quantum yield (®rap = 0.13) at pH = 3. Then,
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fluorescence quantum yield of FAD drops down sharply. At biological pH, the quantum yield
of FAD is ~0.035. For FMN, the quantum yield increases with the increase in pH until pH =
4, remains almost constant from pH = 4 to pH = 10 and then sharply decreases above pH =
10. In this context, it should be mentioned that flavin in oxidized redox state is non-
fluorescent in the cationic form (FLH"), weakly fluorescent in anionic form (FL") and is
fluorescent in neutral form.?® In the lower pH range (pH = 0.5 to pH = 1), there is a
reasonable amount of FLH" as pK,of N1 protonation of flavin (Scheme 4.1) is 0.5, and this
explains the observed low fluorescence quantum yield in this pH range. The calculations of
ground and excited state m electron densities suggest that protonation site of flavin ring in the
ground state is at N1 position, whereas in the excited state it is at N5 position®® (Scheme 4.1).
Moreover, it was previously observed that acidity constant of the flavin derivatives in the
excited state is ~ 2.5.% This suggests that excited state protonation at N5 position of neutral
flavin ring is the likely reason for relatively low fluorescence quantum yield of FMN and
FAD in the range of pH = 1 to pH < 2.5. The difference in fluorescence quantum yield

between FMN and FAD in the pH range of 3 to 10 arises due to the existence of adenine
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Figure 4a.1. (a) Relative quantum yield of FAD and FMN at various pH. (b) Average lifetime of FAD
and FMN at various pH. Error bars are indicated.

moiety in FAD, which is absent in case of FMN. Adenine moiety favors the formation of
stack conformer of FAD in which flavin moiety forms intramolecular complex with adenine
moiety and this intramolecular complex is almost non-fluorescent due to excited state
electron transfer between adenine and flavin moiety of FAD.*™*324%® presence of this stack
conformer reduces the quantum yield of FAD compared to FMN in the above mentioned pH
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range. Above pH = 10, deprotonation of N3 nitrogen (Scheme 4.1) in flavin ring (the
reported pK, of this process is 9.75%°) lowers the quantum vyield of both FMN and FAD.
Although the fluorescence quantum yield behavior predicts the existence of stack conformer
in FAD, it can’t give detail understandings of the stack and unstack behavior unless we
monitor the dynamics of these conformers. To get insight about the dynamics, we have

carried out fluorescence lifetime measurements in whole pH range of pH = 0.5 to pH = 13.

4a.2b. Time Resolved Fluorescence of FMN and FAD Measured by TCSPC Set-up

The excited state fluorescence lifetime of FAD and FMN are measured in the whole pH range
with the help of TCSPC set-up with a time resolution of ~40 ps. Lifetime data is analyzed by
deconvolution method using minimum number of exponentials. The characteristics of
fluorescence lifetime of FAD and FMN are tabulated in Table 4a.1 and Table 4a.2,
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Figure 4a.2. TCSPC fluorescence decays of FAD and FMN at different pH monitored at 535 nm. (a)
and (b) represent FAD and FMN, respectively. The solid gray lines denote the line of best fit.

respectively. The representative decay profiles of FAD and FMN at different pH are shown in
Figure.4a.2. Inspection of the results indicate that FAD decay exhibits single exponential
feature from pH = 0.5 to pH = 2.5 with the increase in lifetime from 0.18 ns to 2.76 ns. The
lower value of lifetime in this pH range may be due to excited state protonation of flavin
moiety of FAD or due to dynamic quenching of flavin by adenine moiety. To confirm that we
have also measured lifetime of FMN in the above mentioned pH range. However, we found

that the equal extent of quenching in FMN lifetime, which is void of adenine moiety.
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Therefore, we can rule out the possibility of dynamic quenching for the quenched lifetime of
FAD in this pH range. Moreover, acidity constant of flavin in the excited state is pK,* ~
2.5.2 Thus, the excited state protonation of flavin ring as the prime reason for the quenched
lifetime of FMN and FAD in this pH range.

FAD decays exhibit bi-exponential feature from pH = 3 to pH = 9. One component
has a lifetime of ~2.2 ns and another component has a lifetime between ~3.5 ns to ~4.0 ns
(Table 4a.1). The slow component may represent the lifetime of unstack conformer of FAD,
as it is reported that free flavin has a lifetime of 4.7 ns.” For affirmation, we have also
collected the lifetime of FMN in the same pH range and we have observed that all these

decays consist of single component having lifetime between 4.1 ns to 4.7 ns (Table 4a.2).

Table 4a.1. Fluorescence Lifetime Parameters of FAD at different pH measured at 535 nm in TCSPC
set-up.

2

Sample Name t1 (Nns) 12 (NS) t3(NS) ai az az  Tav(NS) X
FAD at pH 0.5 0.18 - - 1 - - 018 1.17
FAD at pH 1.0 0.38 - - 1 - - 038 1.15
FAD at pH 1.5 0.77 - - 1 - - 0.77 0.82
FAD at pH 2.0 1.85 - - 1 - - 185 0.98
FAD at pH 2.5 2.76 - - 1 - - 2.76  1.06
FAD at pH 3.0 3.52 2.11 - 0.89 0.11 - 332 1.07
FAD at pH 3.5 3.74 2.16 - 078 0.22 - 339 1.05
FAD at pH 4.0 3.92 2.25 - 067 0.33 - 3.36  0.92
FAD at pH 4.5 4.08 2.22 - 0.54 0.46 - 3.22 0.96
FAD at pH 5.0 4.31 2.24 - 0.43 0.57 - 3.12 1.08
FAD at pH 6.0 4.42 2.27 - 037 0.63 - 3.06 1.07
FAD atpH 7.0 4.44 2.27 - 0.36 0.64 - 3.06 0.96
FAD at pH 8.0 4.46 2.27 - 036 0.64 - 3.06 1.01
FAD at pH 9.0 4.39 2.28 - 037 0.63 - 3.06 1.08
FAD at pH 10.0 4.44 2.28 0.10 0.19 0.28 0.54 150 0.97
FAD at pH 11.0 3.60 - 0.08 0.06 - 0.94 0.30 0.99
FAD at pH 12.0 3.52 - 0.08 0.02 - 0.98 0.15 1.07
FAD at pH 13.0 - - 0.08 - - 1.00 0.08 1.08

This confirms that slow component is responsible for the lifetime of unstack conformer of
FAD. The slight difference in lifetime between the FMN and unstack conformer of FAD
might arise due to presence of extra phosphate group and adenine moiety in FAD, which

slightly modifies the excited state character of FAD. The observed ~2.2 ns component might
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reflect the presence of stack conformer of FAD, as FMN is devoid of ~2.2 ns component.

However, stack conformer has a quenched lifetime of 5-9 ps due to the excited state

Table 4a.2. Fluorescence Lifetime Parameters of FMN at different pH measured at 535 nm in TCSPC
set-up.

2

Sample Name 11 (NS) T2 (NS) ai ay Tav (NS) X
FMN at pH 0.50 0.10 - 1 - 0.10 1.10
FMN at pH 1.0 0.34 - 1 - 0.34 0.85
FMN at pH 1.5 0.88 - 1 - 0.88 0.89
FMN at pH 2.0 2.00 - 1 - 2.00 1.10
FMN at pH 2.5 2.93 - 1 - 2.93 0.99
FMN at pH 3.0 4.14 - 1 - 4.14 0.98
FMN at pH 3.5 414 - 1 - 414 1.03
FMN at pH 4.0 4.68 - 1 - 4.68 0.97
FMN at pH 5.0 4.76 - 1 - 4.76 0.99
FMN at pH 6.0 4.70 - 1 - 4.70 0.97
FMN at pH 7.0 4.70 - 1 - 4.70 0.99
FMN at pH 8.0 4.68 - 1 - 4.68 1.05
FMN at pH 9.0 4.71 - 1 - 471 1.03
FMN at pH 10.0 4.62 - 1 - 4.62 1.07
FMN at pH 11.0 451 0.107 0.32 0.68 151 0.96
FMN at pH 12.0 3.77 0.093 0.06 0.94 0.31 1.04
FMN at pH 13.0 1.70 0.093 0.02 0.98 0.13 0.96

intramolecular electron transfer from adenine to flavin moiety.”** #*% Thus, the ~2.2 ns
component is not responsible for the stack conformer of FAD, instead, it represents lifetime
of a new conformer of FAD in which flavin does not stack but interacts with the other parts
of the molecule, resulting in less efficient quenching (hereafter we will call this conformer as
‘partially stack’ conformer of FAD).

FAD decay exhibits tri-exponential feature at pH = 10 (Table 4a.1). Here, in addition
to the above mentioned components, a third component with a lifetime of ~90 ps arises. As
the pK, value for the deprotonation of N3 nitrogen (Scheme 4.1) of the flavin ring is ~9.75%,
we believe that this ~90 ps component is the lifetime of deprotonated FAD. Islam et al. also
pointed out that presence of ~100 ps component from the simulation of their observed data.’
The percentage of this ~90 ps component increases with the increase in pH, and at pH = 12
the contribution of this component reaches 100% (Table 4a.1). For FMN (Table 4a.2), this
~90 ps component starts appearing from slightly higher pH (pH > 10) compared to FAD. This
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suggests that pK, value for the deprotonation of N3 nitrogen of the flavin ring of FMN is
slightly higher compared to FAD. This is reasonable as the electron density of flavin in FAD
is less compared to FMN, because of the presence of one more phosphate group in FAD,
which draws more electron cloud from the flavin moiety. Around pH > 11, almost all the
FAD molecules are deprotonated (Table 4a.1). Hence, there is less possibility of existence of
stack conformer due to electrostatic repulsion between the negatively charged flavin ring and
phosphate groups of FAD. Moreover, deprotonated flavin can be solvated better than the
neutral flavin ring and the solvents around the flavin ring may prevent stacking interaction
between flavin ring and adenine moiety. We have also plotted average lifetime of FMN and
FAD against pH as some of the decays are non-exponential in nature (Figure 4a.l).
Interestingly, average lifetime plot of FAD deviates significantly from fluorescence quantum
yield plot (Figure 4a.1), particularly from pH = 3 to pH = 10. In contrast, features of the
quantum yield and average lifetime plots of FMN almost remain same (Figure 4a.1). This is
because quantum yield (or fluorescence intensity) reflects average fluorescence property of
all types of conformers of FAD (stack, unstack, partially stack conformers) present in the
solution, whereas lifetime data measured by TCSPC are not able to detect stack conformer
due to short lifetime (~9 ps) of stack conformer of FAD. Thus, the mismatch of the features
between average lifetime and quantum yield plots of FAD give an indirect hint for the

existence of stack conformer of FAD, which could not be detected by our TCSPC set-up.

4a.2c. Time Resolved Fluorescence Features of FMN and FAD Measured by

Femtosecond Up-conversion Set-up

In order to probe the dynamics of stack conformer, we have measured the lifetime of
FAD using femtosecond fluorescence up-conversion set-up with a time resolution of ~300 fs.
The representative femtosecond fluorescence transients are shown in Figure 4a.3 and the
results are tabulated in Table 4a.3. Unless noted otherwise, during the analysis of decay
profiles the long component (detected by TCSPC set-up) is kept fixed. It was noticed that at
pH = 2, the decay profile of FAD consist of ~1 ps component with a relative contribution of
14% and the remaining decay is contributed by a long component (~2 ns), which is measured
by TCSPC set-up. The ~1 ps dynamics reflects the relaxation of flavin moiety of FAD, where
solvation dynamics is not yet completed. This ~1 ps dynamics is also reported by other
groups and they also have concluded that it is connected to water relaxation around flavin.**
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2% The decay profile of FAD at pH = 2 lacks of ~10 ps component, which is lifetime of stack
conformer of FAD.™ %% This suggests that the stack conformer doesn’t exist at pH = 2. ~10
ps component starts appearing around pH = 3.0 with a relative contribution of 12%, along
with the ~1 ps component (with a relative contribution of 26%) and a long component of ~3.0
ns (with a relative contribution of 62%). At pH = 3.0, the relative contribution of long

component (contributed by unstack or partially stack conformer of FAD) is more compared
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Figure 4a.3. Femtosecond fluorescence decays of FAD and FMN at different pH monitored at 535 nm.
(a) Represents decay profiles of FAD at pH = 2, pH = 3.5 and pH = 7.0, respectively. (b) Represents
decay profiles of FAD at pH = 9.0, pH = 11.0 and pH = 12.0, respectively. Grey color line in (b)
represents decay profile of FMN at pH = 11.0. The solid blue lines denote the line of best fit.

to stack component. Hence, FAD exhibits higher quantum yield at pH = 3.0. At pH = 5, the
relative contribution of this ~10 ps component is 44%; at biological pH = 7, the same has a
contribution of 45%; at pH = 9, it has a contribution of almost 48% of the total decay. This
indicates that the relative contribution of the stack conformer remains almost constant in the
pH range from pH = 5 to pH = 9. This is consistent with the quantum yield results, where we
also found that quantum yield remains unaltered in the pH range of pH =5 to pH = 9 (Figure
4a.1). Moreover, in the pH range pH > 3 to pH = 9, the relative contribution of long
component is less compared to stack component. Therefore, FAD exhibits lower quantum
yield in this pH range (see Figure.4a.1l). After pH > 11, the flavin ring of FAD contains
negative charge as the pK, value for the deprotonation of N3 nitrogen of the flavin ring is
9.75%°. So, one could expect that decay profile of FAD should be devoid of ~10 ps

component, due to electrostatic repulsion between negatively charged flavin and phosphate
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group. Although, we have noticed that ~10 ps dynamics is absent in the decay profile of FAD
at pH = 11, but a new dynamics of ~20 ps appears with a relative contribution of 47%. To
understand this dynamics, we have also collected the decay profile of FMN at same pH
(Figure.4a.3) and we have observed that the decay profile of FMN also consists of ~26 ps
component with a relative contribution of 52%. Moreover, this newly observed dynamics
exists in the decay profiles of FMN and FAD at pH = 12 along with the other component(s).
The origin of this dynamics is not fully understood. However, it was reported that

fluorescence behavior of anionic flavin at high pH is determined by the intramolecular

Table 4a.3. Fitting parameters of femtosecond fluorescence decays of FAD and FMN at different pH
monitored at 535 nm.

Name of the sample 11 (ps) a (%) T2 (ps) a2 (%) 1t (ps) as (%)

FAD at pH = 2.0 1(x0.2) 14(2) - - 1850 86(+4)
FAD at pH = 3.0 1(x0.2) 26(x2) 10(x1) 12(x2) 3320 62(+4)
FAD at pH = 5.0 1(x0.2) 35(x2) 10(x1) 44(x3) 3120 21(x2)
FAD at pH = 7.0 1(x0.2) 31(x2) 10(x1) 45(x2) 3000 24(+2)
FAD at pH = 9.0 1(x0.2) 27(x2) 10(x1) 48(x3) 3000 25(+2)

FADatpH=11.0 12(x0.2) 25(x2) 20(+2) 47(¥3) 300 28(2)
FADatpH=12.0 12(x0.2) 24(x2) 22(+2) 55(3) 150 21(2)
FMNatpH=11.0 12(x0.2) 28(x2) 26(+2) 52(¢3) 1510 20(2)
FMNatpH =120 12(x0.2) 24(x2) 29(x2) 52(+2) 310 22(2)

#Long lifetimes were taken from TCSPC measurement and it was fixed during analysis.

electron transfer (negative charge movement either from N3 to O2 or from N3 to O4) from
locally excited (LE) to charge transfer state (CT)*°. The very less fluorescence quantum yield
and moderate fluorescence lifetime (~90 ps) supports this hypothesis. Hence, we anticipate
the observed ~20 ps dynamics might reflect the lifetime of CT state of anionic flavin moiety
of FMN/FAD, whereas ~90 ps component indicates the lifetime of LE state of anionic flavin
moiety of FMN and FAD.
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4a.2d. Time-Resolved Fluorescence Anisotropy Features of FMN and FAD

Measured by TCSPC Set-up

A very detail description of time resolved anisotropy is given in the experimental section and
the results are shown in Figure 4a.4. From the anisotropy decay profiles, we have determined
rotational relaxation time (t;) of FAD throughout the pH range pH = 1 to pH = 12 and the plot
of rotational relaxation time (t;) against pH is shown in Figure.4a.4 The plot indicates that
there is a sudden jump of rotational correlation time of FAD around pH = 3 and just after pH
= 10. All the solutions are homogeneous in nature and lack of any rigid environment.
Therefore, observed changes in the rotational correlation time of FAD is most likely due to

the conformational changes of FAD around above mentioned pH.
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Figure 4a.4. Rotational correlation time (measured in TCSPC set-up) of FAD and FMN at various
pH monitored at 535 nm. Error bars are indicated.

One obvious question may arise that the change of viscosity of the medium may also
responsible for the observed change in anisotropy. To verify that we have also collected
anisotropy decays of FMN in the whole pH range (Figure.4a.4). However, we have noticed
that rotational correlation time of FMN is almost unchanged throughout the pH range from
pH = 1 to pH = 10, but spanned in different time region. After pH = 10, there is slight
increase in rotational correlation time of FMN up to pH = 12. This slight increase in the
rotational correlation time of FMN after pH > 10 might arise due to the fact that in this pH
range we have used dilute NaOH solution, which slightly increases the viscosity of the

medium. However, in case of FAD, there is steady and sharp increase in the rotational
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correlation time after pH = 10. Therefore, we believe that the change of rotational dynamics
of FAD after pH = 10 is due to conformational change of FAD rather than viscosity change
of the medium. Our anisotropy results nicely reconcile the earlier transient absorption results,
which nicely explained the conformation change of FAD at pH ~ 3 and pH ~ 10.*° Another
important feature observed from our anisotropy study is that in both acidic and basic pH
regions rotational relaxation time of FAD increases, which is attributable to unstack
conformer of FAD that rotates at slower rate than the stack conformer. This is because

unstack conformer occupies larger van der Waals volume compared to stack conformer.

4a.2e. Conformational Dynamics of FAD

FAD has pH dependent conformational flexibility. At lower pH range (pH < 3), excited state
protonation of N5 nitrogen of flavin ring prevents intramolecular © complex formation
between flavin and adenine moiety. Moreover, deprotonation pK, adenine moiety is ~3.5*

and the protonated adenine cannot participate in © complex formation with flavin moiety.
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Scheme 4a.2. Schematic representation for various structures and dynamics of FAD at different pH.

This is supported by our femtosecond results, which indicate that stack conformer of FAD

starts appearing around pH ~ 3. Moreover, there is a change of rotational dynamics of FAD
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around this pH. Therefore, we conclude that a deprotonation of adenine moiety induces
conformational change of FAD around this pH. From pH = 3 onwards, we have observed that
FAD exist in three distinct conformations: one is stack conformer, another is unstack
conformer, third one is the partially stack conformer, in which flavin ring does not stack but
interacts with the other parts of the molecule. After pH = 10, introduction of negative charge
in flavin induces the conformational change from stack to unstack as phosphate group and
negatively charged flavin moiety repels each other. As a result, stack to unstack transition
takes place just after pH = 10. All the structure and dynamics related to conformational
flexibility of FAD is shown in Scheme 4a.2. Molecular dynamics simulation studies have
been used to study the conformational dynamics of FAD.* The simulation studies confirmed
the transition from unstack to stack conformer in which flavin and adenine ring stack
coplanarly.? Simulations also characterized many intermediates in going from unstack to
stack conformer and some of the conformations are long lived.?* We believe that partially
stack conformer of FAD is one of the long lived intermediate during transition from unstack
to stack conformer.

The relative contribution of stack conformer of FAD dominates over other two
conformers of FAD in a wide range of pH (from pH =5 to pH ~ 10). This means that stack
conformer gains extra stability compared to unstack conformer and this stabilization energy
comes from the n-7 interaction between flavin and adenine moiety of FAD. That’s why FAD
adopts stack conformer in many flavoproteins.® ** However, FAD also pursue unstack
conformer in many flavoproteins in spite of the stability of stack conformer compared to
unstack conformer.*®*** This is probably due to the fact that if they would have been exist
in stack conformation, then surrounding amino acid would have not been able to take part in
electron transfer reaction (as adenine and flavin moiety already involved in electron transfer
reaction in stack conformation), which is the key step for functioning of flavoproteins. This
indicates that function of FAD in flavoproteins depends on its structure. But little insight has
been given on the structure function relationship of FAD. We hope that the observed distinct
dynamics controlled by the flavin ring flexibility as well as oxidation state of flavin, will help

to elucidate the structure function relationship of FAD in various biological systems.

4a.3. Conclusion

pH dependent conformational dynamics of FAD is extensively monitored with the help of

time resolved fluorescence techniques from femtosecond to nanosecond time scale. We have
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observed that in low pH range (pH < 3), only unstack conformer of FAD is favored as either
adenine or flavin moiety gets protonated in this pH range and the excited state protonation of
flavin moiety results low fluorescence quantum yield and short lifetime of both FMN and
FAD in this pH range. Stack conformer of FAD starts appearing from pH = 3 and relative
population of stack conformer is significantly smaller than the unstack conformer at this pH.
Therefore, FAD exhibits relatively higher quantum yield at pH = 3. The relative population of
stack conformer increases with the increase in pH, and in between pH =5 to pH < 10, relative
contribution of stack conformer dominates over unstack conformer. Hence, FAD exhibits less
fluorescence quantum yield between pH =5 to pH = 10. Interestingly, in the pH range of pH
= 3 to pH < 10, we have observed three distinct dynamics of FAD; one is ~10 ps dynamics
(responsible for stack conformer), another is ~3.5 to ~4.5 ns dynamics (responsible for
unstack conformer) and third one is ~2.2 ns component (responsible for the partial quenching
of flavin by adenine moiety of FAD in the excited state lifetime of FAD). Around pH > 10
the population of unstack conformer dominates over stack conformer as the deprotonated
flavin ring and phosphate group repels each other. Moreover, at pH = 11, we have detected a
new dynamics (~22 ps for FAD and ~26 ps for FMN) and this might reflect the lifetime of
charge transfer (CT) state of photoexcited FL". Nonetheless, we also found change of
rotational motion of FAD around pH ~3 and pH ~10 corresponding to conformational
changes of FAD at these two pHs. Moreover, our time-resolved fluorescence anisotropy
study indicates that the rotational motion of unstack conformer is slower than the stack
conformer of FAD, which can be ascribed to the larger van der Waals volume of unstack
conformer than that of stack conformer.
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4b. Urea Induced Unfolding Dynamics of Flavin
Adenine Dinucleotide (FAD): Spectroscopic and
Molecular Dynamics Simulation Studies from Femto-
Second to Nano-Second Regime

4b.1. Motivation

FAD being one of the most important cofactors for electron transportation and photoreceptors

in living systems,*™*°

the photophysical properties of FAD have been extensively studied till
date.t! 24 26:363% A ~4 ps decaying component attributed to stack conformation was reported
from the transient absorption and upconversion studies.'" > Moreover, time resolved mid-IR
transient absorption study shows a radical recombination dynamics of ~1.1 ps along with a
stack dynamics of ~9 ps of FAD at higher concentrations in D,0.*® Ernsting and coworkers
presented a detailed vibrational analysis based on hybrid density functional theory for
riboflavin in the first excited state (S;) and FAD in the ground state (Sp) using normal-mode
analysis and resonance Raman.?’ Recently, it has been observed that the stacking dynamics of
FAD in solution is largely affected by surrounding environment. In ethanol-water mixture,
lowering of dielectric constant increases the contribution of unstack conformation of FAD.
Moreover, fluorescence lifetime of the stacked conformation also increases with decreasing
dielectric constant, suggesting an increasing intramolecular distance between the two
aromatic rings in less dielectric media.?® Furthermore, the study on glycerol-water mixture
suggests that viscosity affects the lifetime of only ‘open’ confirmation of FAD.?> A more
detailed insight about the stacking dynamics of FAD in methanol-water mixture is offered by
Gutman et al. through molecular dynamics simulation along with experiments for the same
system. Interestingly, the results claim that the effect of methanol on the equilibrium is to
destabilize the folded state of FAD, enhancing the contribution of the ‘open’
conformations.®® ** Overall, it concludes the solvent-dependent folding observed for FAD
appears due to solvent-solute interactions.*® * Very recently, we noticed dependence of FAD
dynamics over the solvent polarity and viscosity inside the reverse micelles.** Now, based on
such a diverse collection of literatures, it appears difficult to pin-point the factor(s) that is
(are) responsible for folding dynamics of FAD. Stacking interaction between adenine and
flavin might contribute significantly towards the stabilization of stack form of FAD. Recent
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simulation studies predicted the hydrogen bonds between phosphodiester and ribityl chain as
a possible reason for dominating percentage of stack conformation in water.?* *® * These
ongoing quests about FAD folding dynamics fascinated us to pursue a thorough investigation
to find out the role of stacking and/or hydrogen bond interactions in the FAD dynamics in
urea, as it is widely accepted as chaotrope for creating chaos in hydrogen networked

-4 and it is also well known for unfolding protein structures.”*’ To do so, we have

systems
employed picoseconds time resolved (TCSPC), femtosecond fluorescence up-conversion
techniques along with long (200 ns) the molecular dynamics simulations to study FAD in
urea water mixture and compared that with the dynamics of FAD in pure water. Our study
captures both the dynamics and structural aspects of FAD in presence of urea and provides

the molecular origin of unfolding.

4b.2. Experimental Results and Discussions

4b.2a. Steady State Results

Flavin absorption in water is characterized by two intense w-t* transition bands originated
from isoalloxazine chromophore corresponding to Sp—S; transition (Aaps~450 nm) and Sp—S;
transition (Aaps~375 nm).™ 22> 2 \When excited at either of absorption band, both FMN and
FAD in water exhibit an unstructured emission at ~535 nm*>?* %% (Figure 4b.1). With the
incremental addition of urea to the solution containing FMN (devoid of adenine moiety),
emission exhibits almost negligible effect (Figure 4b.1). Interestingly, on gradual addition of
urea to the solution containing FAD, the fluorescence intensity is enhanced more than double
of its initial value (Figure 4b.1) at maximum urea concentration (12 M). It is reported that
increasing urea concentration in water enhances the dielectric of the medium,* which is
expected to stabilize the stack conformation of FAD® ** % \We observed, however, a
completely opposite trend for FAD intensity in presence of urea. Hence, the modulation of
photophysics observed either for FAD in presence of urea is surely not an outcome of
dielectric variation of the medium. The difference in fluorescence property between FMN
and FAD in presence of urea thus arises due to the existence of adenine moiety in FAD,
which is absent in case of FMN. Notably, adenine participates in the formation of weakly
fluorescent stack conformation with flavin ring through photo-induced intramolecular
electron transfer process.™™*2#?® Here it is relevant to mention that the fluorescence property

of the unstack conformation is believed to be similar to that of FMN, as the latter appears
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solely from the isoalloxazine ring. Hence, we believe that the unstack conformation of FAD
would also experience similar quenching as that of FMN even though we have observed
continuous increment in emission intensity in presence of urea. Above observations suggests

that there are two opposing factors that affect FAD fluorescence in presence of urea;
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Figure 4b.1. Emission profiles of (a) FAD with increasing concentration of urea where, (1) — (10)
represents concentrations of urea 0, 0.25, 0.5, 1, 2, 4, 6, 8, 10 and 12 M, respectively, and (b) FMN
in water and in presence of urea.

however, the effect of enhancement dominates over the effect of quenching. The observed
enhancement in fluorescence intensity is certainly due to the increased population of unstack
conformation of FAD, as stack conformation is almost non-fluorescent in nature. This is
corroborated by the molecular picture obtained from all-atom simulation as mentioned later.
Therefore, we believe that urea affects the stacking interaction between adenine and
isoalloxazine ring, and shifts the equilibrium towards the unstack conformation. A more
detailed insight of interaction between flavin and urea can be obtained from the time-resolved

as well as the molecular dynamics simulation studies discussed afterward.

4b.2b. Pico-second to Nano-Second Time-Resolved Decay Features of FAD with

Increasing Urea Concentration

Figure 4b.2 depicts fluorescence decays of FMN and FAD collected using TCSPC technique
and the results are tabulated in Table 4b.1. It is evident from the decay profiles that FMN

exhibits single exponential decay in absence and presence of urea, as it does not have any

IISER Pune [ieys



Modulation of FAD Dynamics and Selective Detection of Flavins | Chapter 4

conformational flexibility. Lifetime of FMN is almost unchanged in the presence of urea.
This indicates that the dynamics of FMN is almost unaffected by the presence of urea, which
is corroborative with the steady state results. The decay characteristics of FAD in absence

and presence of urea is bi-exponential in nature. The longest decaying lifetime component
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Figure 4b.2. Time resolved decay profiles (measured in TCSPC set-up, Ae=440 nm and A= 535
nm) of (a) FAD and (b) FMN water and in presence of urea. The legends carry the respective
meanings.

(4.6 ns) of FAD is already known to appear from unstack conformation of FAD, and is in
good correlation with the single decaying component of FMN (Figure 4b.2, Table 4b.1).

The short nano-second component (~2.5 ns) is assigned to be the lifetime of partially stack

Table 4b.1. Fluorescence lifetime decay parameters (collected at 535 nm in TCSPC set-up) of FAD
and FMN in water and presence of urea.

FAD FMN

Sample 11(NS) arwy To(NS) Az x> ta(ns) [Ti(ns)  a g

2

Urea OM 2.32 47 462 53 0.95 3541 498 100 1.15
Urea0.5 M  2.37 46  4.62 54 0.95 3.58| 4.82 100 1.10
Ureal M 2.46 56 4.62 44 0.99 3411 4.76 100 1.18
Urea2 M 2.60 59  4.65 41 1.10 344 1| 4.74 100 0.95
Urea4 M 2.85 64 4.60 36 1.10 3.48 1 4.72 100 1.00
Urea 6 M 3.06 70 4.60 30 0.95 3.781 4.65 100 1.13
Urea 8 M 3.32 67 4.60 33 0.85 3.741 4.63 100 1.00
Urea 10 M 3.42 72 4.62 28 1.00 3751 4.62 100 1.13
Urea 12 M 3.52 73  4.62 27 0.99 3.821 4.62 100 1.10
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conformation of FAD. It is noticeable that lifetime of unstack conformation is almost
unchanged from bulk water to 10 M urea (Table 4b.1). This clearly implies that like FMN
the unstack conformation of FAD is not getting affected by the urea. From the TCSPC
results, we also infer that the population of unstack conformation increases, whereas the
percentage contribution of partially stack conformation decreases (Table 4b.1), resulting in a
marginal increase in the average lifetime. Note that TCSPC study cannot probe the dynamics
of stack conformation of FAD due to the limited time resolution of the set-up. To probe the
stacking dynamics of FAD in presence of urea, we employed femtosecond fluorescence up-
conversion technique, discussed in the forthcoming section.

4b.2c. Femtosecond Time-Resolved Decay Features of FAD with Increasing Urea

Concentration

The femtosecond decay profiles are depicted in Figure 4b.3. The results are summarized in
Table 4b.2. All the femtosecond decay profiles are non-exponential in nature. We have used

a tetra exponential fit function in order to fit the decay profiles in case of FAD as follows;

t t t t
I(t) = a, exp (— T_1) + a, exp (— a) + a5 exp (— g) + a, exp (— a) ..4b. 1

where, a; and 7; represent the pre-exponential factor (reflecting the contribution of i species
in the decay profile) and lifetime of the i species, respectively. From the fitting of the decay
profile of FAD in water alone, we have obtained 1.5 ps, ~10 ps, and 200 ps lifetime
components, which we have assigned as 1, 1, and T3, respectively. These lifetime
components are in agreement with previous reports.?*?® The 1.5 ps component is ascribed to
solvent relaxation around FAD, which is yet to be completed.”® The major point of attention
is the appearance of two the lifetime components, ~10 ps and ~200 ps. The ~10 ps
component is attributed to the stack conformation, where the isoalloxazine and the adenine
moieties residing within stacking distance (distance between center of mass of the two rings
<5.5 A% ¥ participate in an effective electron transfer process, which results in minimal
fluorescence lifetime among all the conformations. Another picosecond decaying component
(~200 ps) is in good agreement with ~220 picosecond component reported previously by van

24
l.

den Berg et al.?* and Nakabayashi et al.”>. This component was attributed to another type of

stack conformation, where the intramolecular electron transfer (IET) is relatively less
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effective due to slightly higher distance between flavin and adenine rings. Here it is pertinent
to mention that the oxidation potential of adenine (Exx=1.5 eV)* allows the electron transfer
form adenine to photoexcited flavin ring (ground state reduction potential Eg=-0.24 eV),*°

resulting in a reduced fluorescence lifetime of the flavin ring. This intra-molecular electron

—— FAD water (a) 404 (b) v
Y ——FAD with 8 M Urea | -
0.8 . ——— FAD with 10 M Urea 35{ & —u i v
y ——FAD with 12 M Urea - % - . v
Decay Fits 2 30 .
E 0.64 .E 254 - . _ ) A
o b 4 Y -
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S 0.4 = 1 4 L _ *
E 2154y I
g 104 —=— Solvation component
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Figure 4b.3. Femtosecond time resolved decay profiles of FAD and FMN (1,=420 nm and Aen,= 535
nm) in water and with increasing concentrations of urea up to 12M. (b) Changes in percentage
contribution in femtosecond decay components with variable urea concentrations. In all cases the
legends carry respective meanings.

transfer (IET) process is largely dependent over the distances between two rings. The
existence of stack conformation is strongly supported by the FMN decay profile, which is
devoid of any such picosecond components, as it lacks the adenine moiety (Figure 4b.3,
Table 4b.2). The long component lifetime (z4, detected in TCSPC) is assigned to the average
lifetime of *open’ and partially stack conformations of FAD and kept fixed during analysis.
The analysis of all the decay profiles in presence of urea are fitted with the assumption that
the same fast-decaying components having lifetime of 1.5 ps (1) and ~10 ps (z2) exist in
presence of urea with variable contribution and the long component lifetime (z;) obtained
from TCSPC is also kept fixed during analysis.

It is noticeable from Figure 4b.3 that the residual background having a long decay
time increases with the increase in urea concentration. This indicates that the dynamics slows
down in presence of urea. The fitting results clearly suggest that the population of solvation
component (a;) gradually decreases as the urea content of the solution increases. Decrease in

the contribution of solvation component suggests a limited access of water around the flavin
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ring with increasing urea concentration. Urea can disrupt the hydrogen bonding interaction;
therefore, it is possible that solute-solvent interaction is affected by the presence of urea,
which results in the small magnitude of a; in presence of urea. Plots of a, and a3 against urea
concentration are shown in Figure 4b.3b. Both a, and a3 represent the value corresponding to
the population of stack conformations in solution with different intramolecular distance

between adenine and isoalloxazine (flavin) ring. As shown in Table 4b.2, the population of

Table 4b.2. Fitting parameters of femtosecond time-resolved fluorescence decays of FAD in water
and with increasing concentrations of urea.

sample s @) ) @) wEs) a) wues) a®)
FAD water 1 36 12 35 212 14 3500 15
FAD + Urea 1 M 1 35 12 32 180 16 3500 18
FAD + Urea 2 M 1 35 12 30 162 18 3500 22
FAD + Urea4 M 1 27 12 33 97 19 3500 28
FAD + Urea 6 M 1 21 12 24 104 21 3500 33
FAD + Urea 8 M 1 19 12 22 95 22 3500 34
FAD + Urea 10 M 1 17 10 19 84 23 3500 36
FAD + Urea 12 M 1 4 12 18 130 24 3500 40

a, decreases with increasing urea concentration, indicating a decrease in the population of
stack conformation of FAD. Interestingly, the population of stack conformation having
lifetime of ~200 ps in water increases with rise in urea concentration in solution, although its
lifetime is getting faster in presence of urea. This indicates that IET rate also gets affected by
the presence of urea. The population of long nano-second component (a;) also increases
significantly with the increase in urea concentration. These results clearly suggest that urea
shifts the equilibrium from the stack towards unstack conformation. Recently, it has been
shown by simulation as well as experiments in methanol-water binary mixture that with the
decrease in the dielectric constant, the population of stack conformation decreases. It was
argued that methanol affects the dynamics of the FAD by enhancing the frequency of
unfolding events without affecting the lifetime of the open conformation.®® *° Literature
reports that dielectric constant of the medium increases with increasing concentration of
urea.”® ** Although an enhanced dielectric constant is well known to stabilize stack

conformation of FAD,” ** 3 we observe here that the population of stack conformation
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significantly reduces in presence of urea. Therefore, it is reasonable to conclude that urea
itself hampers the stacking interaction between adenine and isoalloxazine ring.

There are two plausible mechanisms by which the stacking interaction in FAD can be
hindered. (a) A direct urea induced disruption of intramolecular hydrogen bonding network,
which destabilizes stack conformation of FAD, and/or (b) solvation of aromatic moieties
(adenine and/or isoalloxazine ring) by urea, which destabilizes the m-m stacking interaction
within FAD. Recently, a few reports showed that urea can severely hinder n-m stacking
interaction by solvating hydrophobic aromatic moieties, like adenine, thymine and uracil.*>>?
Notably, FAD contains adenine in its structure, which can be easily solvated by urea, thereby,
creates hindrance for intramolecular stacking. At the same time, it is well established that
urea can interfere solute-solvent, solvent-solvent as well as intramolecular hydrogen bonding
interaction in a molecule.*** Recent simulation studies on FAD revealed that interplay of
hydrogen bond formation between the ribityl chain and the phosphodiester bond might
resulted in the formation of stack, unstack conformations of FAD.?* 3 % Simulation study
also found that there is a possibility of H-bond formation between hydroxyl group attached to
C3/C4 of the ribityl chain and N1 of the flavin in stack conformation.?* In order to probe the
involvement of urea in folding-unfolding dynamics of FAD in molecular detail, we have
carried out molecular dynamics simulation study (discussed next section). This provides the
molecular picture of the interaction in terms of H-bonding and stacking between different

parts of FAD and also between FAD and urea, corroborating the observations noted above.

4b.3. Molecular dynamics simulation

4b.3a. Structure and Dynamics of FAD

Simulation trajectories of 200 ns for each system were used to analyze the
conformational sampling of FAD in pure water and water-urea mixture. The following three
parameters were used to understand the conformational variations of FAD: (i) distance, d,
between the center of masses (COMs) of the adenine (Ade) and isoalloxazine (Iso) rings

(magnitude of the vector & Figure 4b.4), (ii) angle, 0, between the plane of the Ade and Iso

rings (angle between the vectors § and f in Figure 4b.4), and (iii) angle, ¢ between the
vector normal to the Iso ring and the vector from the COM of Iso to the COM of Ade (angle

between two vectors f and & Figure 4b.4). Stack configuration is defined when d < 6.0 A%,
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and both angles (0 and @) are either less than 40° or greater than 140°, i.e., 40 ° > (6, ¢) or (0,
@) > 140°, as shown schematically in Figure 4b.4a.

We also define the two different types of unstack conformations: (i) complete unstack
conformation (U4) where d>10 A and (ii) partially unstack where d<10 A. Based on our
observation of the geometry of FAD, we further divide the partially unstack into three
categories: (i) U1, when d< 6.0 A and 40° < (0, ¢) or (0, ¢) < 140° (ii) U2, when 6 A <d 10
A and 40° > (0, @) or (0, ) > 140° (iii) U3, 6 A <d 10 A and 40° < (0, 9) or (0, ¢) < 140°.

(h)

(0]
urea |p I",;

Ade/Iso

Figure 4b.4. Schematic representation of the stack and unstack conformation; (a) represents the
stack conformation, for which d < 6.0 A, and 6, ¢ = 0°. (b) Represents the unstack conformation,
where d < 6.0 A, = 0°, ¢ =90°. (c) Represents the unstack conformation, where d < 6.0 A, = 90°, ¢
= 90°. (d) Represents the unstack conformation, where d < 6.0 A, 6= 90°, ¢ = 0°. (e) Represents the
unstack conformation, where d 210 A. (f) represents the stack conformation of Ade/Iso with urea when
k<52A, 40 °<(a, B) < 140 °. € represents the vector from COM of Iso ring to Ade ring. § represents

the vector normal to the plane of Ade ring, which is a cross product of two vectors, & and b (Figure
4b.4q). f represents the vector normal to the plane of Iso ring, which is a cross product of two
vectors, ¢ and d(Figure 4b.4g). N represents the vector normal to the urea molecule, which is a

cross product of two vectors, | and M (Figure 4b.4h).

Therefore, U1 denotes the partial unstack configuration where Ade and Iso rings are close to
each other, but not in the preferably stacked configuration. U2 and U3 denote intermediate
distance separation. In U2, the angle between the planes conforms to stacked geometry;
however, the rings are far away (>6 A) to have perfect stacking interaction. Variations of

these parameters for FAD in water are shown in Figure 4b.5. The time variation of the
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distance between Iso and Ade rings in water is shown in Figure 4b.5a, while their
distribution is shown in Figure 4b.5d. Distribution is peaked at 4.2 A (with 0.6 A standard
deviation). This indicates that most of the time the two rings of FAD are in close proximity.
Time variation of the two angles (6,¢) are shown in Figure 4b.5b and 4b.5c, while their
corresponding distributions are shown in Figure 4b.5e and 4b.5f, respectively. It is clear
from the distribution that 6 is peaked at 172.1° while ¢ is peaked at 143.5°. Therefore,
according to the stacking criteria (as mentioned above), FAD remains in the stacked

conformation most of the time in water. Unstack conformation appears for short while for
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Figure 4b.5. (a), (b) and (c) show the variation of d, &, ¢, respectively with time for FAD in water. (d),
(e) and (f) are the distribution of the three parameters (d, ¢ and ¢) in water solvent. (g), (h) and (i)
represent variation of the three parameters (d, dand ¢) over trajectory for FAD in water urea mixture.

(), (k) and (I) are the distribution of the above mentioned three parameters for FAD in water-urea
mixture.

around 200 ps (inset of Figure 4b.5a). Orientation of water molecules in different possible
conformations of FAD in water at different time trajectory is shown in Appendix 4b.1. It
shows that a dominant number of stack conformations exist at almost all time frames, in
perfect agreement with the experimental results* 2 3.

Similar analysis of FAD is carried out for FAD in water-urea mixture (8M). Results
are shown in Figure 4b.5. A dramatic fluctuation in FAD conformation is observed here. It is
clear from the time-variation of the distance and angles that FAD prefers to exist in unstack
conformation most of the time in the mixture. However, FAD does not remain always in the

unstack conformation and stack-unstack equilibrium continues. Red boxes (Figure 4b.5g,h,i)
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indicate the time zones where stack conformation appeared during the simulation.
Distribution of the distance (d) between the two rings exhibits (Figure 4b.5j) distinct peaks
at 4 A, 8 A, 11 A and 15 A. Interestingly, distribution of two angles 6 and ¢ are almost
uniform (Figure 4b.5k,I) which indicates that the preference for the stack conformation

present in pure water is affected by urea.

Table 4b.3. Percentage of stack and unstack conformation of FAD in water and water-urea mixture
calculated over the whole trajectory.

Solvent Stack . Unstack conformation
conformation
Ul U2 U3 U4
Water 64% 0.1% 02%  356%  0.07%
Water-urea 14.4% 18.4% 54%  145%  47.3%

mixture (8M)

The stack-unstack equilibrium is analyzed to find the probability of each
conformation in both water and water-urea mixture. Table 4b.3 shows that 64% of FAD
conformation is in stack conformation in water and the rest 36% is in unstack conformation,
in close agreement with the experimental observation obtained here (Table 4b.2). Amongst
the unstack conformation in water, a significant portion (35.6%) comes from partial unstack
conformation U3, where the distance between two rings lies between 6 A and 10 A and the
angles 6 and ¢ are between 40° and 140°. This indicates that in water, FAD never actually
goes to the fully unstack configuration, rather the rings adopt different orientations to get out
from stacking interaction, which is evident from the different time snaps of water molecules
around FAD (Appendix 4b.1). However, we have found that almost 25% molecules
(excluding solvation component) exist in unstack conformation from fluorescence lifetime
results (Table 4b.2). The slight discrepancy may arise by the precise definition of unstack
conformations in our computational approach; whereas the populations of unstack
conformations obtained in experiment was from unquenched lifetime only. Also note that, the
molecular dynamics simulation provides the interaction amongst different species in their
ground electronic state only, whereas the experiment gathers this information through the

excited state only. However, it is not expected that the dynamical structures of isoalloxazine
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in the ground and excited electronic state will show significant differences, as is evident from
the reasonable agreement between experiment and theory obtained here.
Amazingly, in the water-urea mixture, only 14.4% FAD molecules exist in the stack

conformation and the remaining 85% FAD molecules attains the unstack conformation

Figure 4b.6. Orientations of urea molecules around isoalloxazine and adenine rings of FAD at
different time points in the trajectory.

(Table 4b.3). Some representative configuration of urea molecules around FAD in stack and
unstack conformations obtained at different time frames are shown in Figure 4b.6. Among
the total population of unstack conformation, majority of the structure exists in the

completely unstack conformation U4 (47.3%), where distance between the two rings are
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more than 10 A. The partially unstack conformation contains all the three possibilities (U1,
U2 and U3) discussed previously. 18.4% structures contain two rings close to each other with
unfavorable stacking orientation (U1), while 5.4% structures are of U2 type, where angles are
of stacking type, but the distance between the rings does not allow stacking interaction. Rest
14.5% structures exist in U3 conformation, where both the distance and the angles do not
allow stacking to occur. Although the above results support our claim that the contribution of
unstack conformations increases in presence of urea, we cannot correlate the exact population
of stack and unstack conformations obtained from simulation with experiments. This is
because, in experiment, a significant portion of the decay profile contains solvation
component, which cannot be detected in simulation as it is done in the ground state.
Secondly, in experiment we have identified the stack conformations through the quenched
lifetime of FAD, and here the total population of stack conformations of FAD is a
combination of A, and As. In simulation, on the other hand, we have defined stack
conformation, which fulfill the angle and distance criteria (discussed previously); all other

conformations were considered as unstack conformations.

4b.3b. Hydrogen-Bond Analysis

To understand the effect of water and urea on FAD conformation, we analyzed hydrogen

bonds (HBs) between different parts of the FAD (Ade, Ribose (Rib), Iso rings and Phosphate

15
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Figure 4b.7. Average Hydrogen bonding (HB) of the different part of FAD and with the solvent (water
and water-urea mixture). The black point is the average HB in the water solvent. The green point is
the average HB in the water-urea mixture (8M).
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groups (Phos)), and with the solvent molecules (water and urea). HB was determined by
defining a distance and an angle cut-off. Distance cut-off between the donor and acceptor was
taken as 3.5 A, while the cut-off for the angle formed by the donor, hydrogen, and acceptor
was taken to be 30°.>***Average HBs between different parts of FAD and with solvents are
shown in Figure 4b.7. HBs between different parts of FAD (Ade, Iso, Rib and Phos)
(intramolecular HBs) is almost non-existent in water, which is consistent with the simulation
results reported by Radoszkowicz et al.®® In urea-water mixture, number of HBs between
different parts of FAD is also negligibly small. The number of HBs between different parts of
FAD and the solvent molecules in general is similar in case of pure water and the mixture
(Figure 4b.7). Interestingly, in the mixture, some of the water molecules get replaced by urea
for making HBs with different parts of FAD as shown in Figure 4b.7. Phosphate (Phos)
makes maximum HBs with water in pure solvent (11.3). However, in the urea-water mixture,
on an average 5.5 water molecule and 8.5 urea molecules make HBs with the phosphate
group. Similarly, average number of HBs of Ade and Iso with water in pure water is 4.7 and
5.1, respectively. This changes to 2.7 and 2.9 in the mixture, whereas average HBs of Ade
and Iso with urea in the mixture is 2.4 and 3.4, respectively. Therefore, the simulation results
suggest that hydrogen bond is not the major driving factor towards the stack to unstack

dominance in presence of urea.

4b.3c. Structural Arrangement of Urea Around FAD

To see the effect of urea on the FAD conformation, we have monitored the stack-unstack

behavior of urea with Ade and Iso ring by using three parameters: (i) distance k, between the

COM of Ade/lso to the urea molecule (magnitude of vector K in Figure 4b.4f), (ii) angle o,

between the vector normal to the Ade or Iso ring and the vector normal to the urea molecule

(angle between the unit vector A andﬁin Figure 4b.4f) (iii) angle B, between the vector

normal to the Ade or Iso ring and the vector from the COM of Ade or Iso to the urea
molecule (angle between the vector k andh in Figure 4b.4). To define the normal vector of

the urea, we took the cross product of the two vectors | and i as shown in Figure 4b.4h
Figure 4b.8 shows the distribution of the above distance and angles of urea with the Ade/lso
rings in the urea-water mixture. Distribution of urea molecules around the rings exhibits two
peaks. We defined the stack conformation, when k < 5.2 A and 40° < (a, B) or (a, ) < 140°.

Rest of the structural arrangements between the urea and Ade/lso are defined as unstack
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conformation. We classified the unstack conformation into two types: (i) Unl for 40° < a or
o <140° and 40° > or B > 140°. (ii1)) Un2 for 40° > a or o > 140° and any B value. From the
above definition, we can see that Un1 denotes urea configuration where the plane of the urea

molecule is perpendicular to the ring plane. Un2 denotes the configuration, where urea

20000 E(a) — Ade-urea 2000 E(b) — Ade-urea
E’ |5000;' — Iso-urea E‘ ISOO;- — Iso-urea
S 10000 S 1000 F
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Figure 4b.8. Distribution of k, a and 8 for Ade/Iso with urea. (a) distribution of distance (k) between
the COMs of Ade and urea, Iso and urea. (b) Distribution of angle (a) between the Ade and urea, Iso
and urea. (c) Distribution of angle (8) between Ade and urea, Iso and urea.

molecules surround the ring in the periphery. From the distribution of the distance of urea
from both the above rings, we assign the cut-off distance at 5.2 A for direct interaction of
urea with the rings. Subsequently, we have analyzed the conformation of the urea in
proximity of the rings from the above-mentioned criteria. Table 4b.4 shows the number of

urea molecules around the Ade and Iso in both stacked and unstack conformation. We have

Table 4b.4. Percentage of stack and unstack conformation of urea with both ring Ade and Iso.

Cut-off Number of % Unstack
Distance urea % Stack
(R) molecule Unl Un2
Ade 5.2 2.6 28.4% 15.0% 56.4%
Iso 5.2 3.0 39.0% 11.7% 48.5%
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found that on an average, 2.6 urea molecules are within 5.2 A distance from the Ade ring and
3 urea molecules are within 5.2 A distance from the Iso ring. Orientation of the urea
molecules around the Ade and Iso rings is different as mentioned in Table 4b.4. 39% of the
urea molecules around the Iso ring form stack conformation, whereas 28.4% urea molecules
stack around Ade. In unstack conformation, majority of the conformation exists in Un2
conformation for both the rings, and these urea molecules participate in hydrogen bond
interactions with rings.

From the analysis of the structural arrangement or urea around FAD, we have
observed that in the mixture, urea replaces water to interact with different parts of the ring.
Although the overall number of hydrogen bonds between FAD and the solvent does not
change from the pure water to the mixture, urea replaces some of the water molecules from
both the rings to participate in stacking and hydrogen bonding interaction with Ade and Iso
ring. Moreover, participation of urea around Ade and Iso is more when FAD is in unstack
conformation. Number of urea around Ade and Iso is 2.0 in stack conformation; while this
participation comes partially (~30-40%) from the stacking interaction of urea with Ade/lso
rings. This decreases the probability of FAD to be in the stack conformation in presence of
urea, thereby shifting the equilibrium towards more unstack conformations.

4b.4. Conclusion

Present work focuses on the urea induced unfolding of FAD through steady state, femto to
nanosecond time-resolved fluorescence spectroscopy, and molecular dynamics simulation
studies. It is evident from steady state emission profiles that the intensity of FAD rises up
with increasing urea concentration. A comparative study with FMN exhibits small decrement
in intensity. As stack conformation is almost non-fluorescent in nature, above observation
suggests that the population of unstack conformation increases in presence of urea. The
fluorescence decay profiles collected in both TCSPC and up-conversion techniques slow
down in presence of urea, indicating a significant change in the stack-unstack dynamics of
FAD in presence of urea. Moreover, it is observed that unstack conformation population
increases from 15% in pure water to 40% in 12 M urea. Results obtained from molecular
dynamics simulation support this observation very well. It shows that although the total
number of hydrogen bonds remains same in the water and urea-water mixture, urea replaces
many of the water molecules around adenine and isoalloxazine rings of FAD. Moreover, MD

simulation studies reveal that a major fraction of urea molecules (~30% to 40%) form
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stacking interaction with both of the adenine and isoalloxazine rings. As a result,

intramolecular stacking interaction between isoalloxazine and adenine ring is disrupted, and
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Scheme 4b.1. Schematic representation of urea induced unfolding dynamics of FAD.

thereby, the contribution of unstack conformation of FAD increases with increasing urea
concentration in the medium (Scheme 4b.1).
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4c. Comparative Study of Flavins Binding with Human
Serum Albumin: A Fluorometric, Thermodynamic and
Molecular Dynamics Approach

4c.1. Motivation

Protein-ligand binding offers a viable tool to elucidate structural information of the protein
and their functional role in binding various ligands.>”** A transport protein, human serum
albumin (HSA), has been used repeatedly for such investigations for its high capability to
bind wide variety of endogenous and exogenous ligands of diverse chemical nature (fatty
acids, amino acids, metals like Cu and Zn, drugs etc.).®"® HSA is a monomeric protein
(Scheme 2.3, Chapter 2) containing three homologous domains (I, 1, I11), each of which is
constituted by two sub-domains A and B.%” "' As the domains Il and 11l share a common
motif, conformational change or effect of binding in one of the domain is complementary to
another.®” * The principal ligand binding sites are now well explored from crystal structure
analysis and named as Sudlow’s site | (SS1) and Sudlow’s site 11 (SS2). Warfarin like bulky
heterocyclic anions prefer to bind in SS1, located at subdomain I1A, whereas ibuprofen and
other aromatic extended conformers of carboxylates prefer SS2 at sub-domain of IIIA
(Scheme 2.3, Chapter 2).%7°

Riboflavin (RF, also known as vitamin B;), Flavin mononucleotide (FMN), and
Flavin adenine dinucleotide (FAD) are the common members of flavin family recognized for
various biological activities. RF participates in iron metabolism and prevents light induced
oxidative damage of lens proteins.’”” Some evidences also claim that riboflavin has been
investigated as a treatment for recurrent migraine headaches.”® FAD and FMN are present in
various photoreceptors such as DNA-photolyase, photototropin and BLUF proteins etc." *”
As we have already mentioned in the previous section (Chapter 4a) that among these flavins,
only FAD has conformational flexibility in terms of ‘stack’ (closed) and ‘unstack’ (open or
extended) structures both in solution and in flavoproteins,*> 1 26313433 however preference
of either of the conformer in different proteins and the dynamic behavior is not well
understood To understand the dynamic behavior of FAD inside the flavoproteins an extensive
study is required using a model protein like HSA, which is widely used for protein-drug
interaction studies.®® ®® %"° Moreover, considering the importance of RF as a coenzyme to

various important enzymatic transformations, it is surprising that present knowledge related
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to its uptake, transport and incorporation into protein is scarcely available. Previously, a very
few studies have been focused on understanding of binding interaction of RF with serum
albumins, and in these reports intrinsic fluorescence property of tryptophan was utilized to
understand the binding interaction of RF with serum albumin.”*"® Moreover, the previously
reported binding studies related to RF were solely focused on binding constant determination,
without detail information about the thermodynamic parameters such as free energy, enthalpy
and entropy which provide valuable information about the driving force of the binding
process.

Here, we have used flavins as an extrinsic fluorescence marker, (mainly FAD, FMN
and RF) to see the effect of binding in emission and lifetime decay profiles of extrinsic
fluorophores using steady state and time-resolved fluorescence spectroscopy. We have
measured thermodynamic parameters from fluorescence and isothermal calorimetric (ITC)
studies to get knowledge about the nature as well as driving force of binding. We have also
used docking followed by molecular dynamics method to understand the molecular picture of
binding, which corroborate with the experimental results. The present study shows that
flavins can be used as external fluorescence marker and provides new insights towards the
understanding of interactions between flavins and surrounding amino acids in the binding

pocket of flavoproteins.

4c.2. Results and Discussion

4c.2a. Steady State Results of Flavins

Absorption spectra of FAD, FMN and RF at pH 7 exhibits two prominent peaks (Appendix
4c.1) due to the main chromophoric unit isoalloxazine, one at ~ 375 nm, corresponding to So
— S, transition, whereas the other at ~448 nm, characteristic of So — S; transition, in
corroboration with previous studies™ ?°. With the addition of HSA to the solution containing
flavins, the absorbance at 375 nm increases with the simultaneous increase in the absorbance
in the UV region (Appendix 4c.1). This might be the first indication towards the interaction
between flavins and HSA. The room temperature emission spectra of FAD, FMN and RF in
pH 7 buffer solution show a single unstructured band with a peak maximum around 535 nm
(Figure 4c.1). With the addition of HSA, FAD exhibits ~7 nm and FMN exhibits ~5 nm blue
shift at high protein concentration (0.3 mM) from its earliest position (Figure 4c.1), implying

the strong interaction with protein. RF, however, does not show any blue shift. The
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fluorescence intensity pattern, on the other hand, shows a decrease of ~67% in case of FAD,
88% in case of FMN and 17% in case of RF at 0.3 mM HSA concentration. This quenching
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Figure 4c.1l. Emission spectral features of (a) FAD, (b) FMN and (c) RF with the various
concentrations of HSA. Arrows indicate the trend from lowest (0 mM) to highest HSA concentration
(0.3 mM). The Benesi-Hildebrand plots are shown as inset of each figure.

can be attributed to the tryptophan residue present at primary sequence position 214
(TRP214) at the SS1. Note that, HSA also contains phenylalanine and tyrosine residues that
share almost similar fluorescence property like tryptophan. However, separate experiments
involving flavins and the above mentioned amino acid residues in solution show that tyrosine
and phenylalanine do not have any significant quenching effect on flavins, but tryptophan
exhibits severe quenching effect (Appendix 4c.2).

The blue shift in emission spectra along with fluorescence quenching gives an
indication that FMN and FAD may bind to HSA in the SS1 binding pocket where tryptophan

resides, considering the fact that SS1 is the usual binding pocket of many drugs.””" The
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conformational flexibility (‘stack’ and ‘unstack’) of FAD may be responsible for its lower
extent of quenching by protein compared to FMN because in the ‘stack’ conformation, flavin
ring is already involved in intramolecular quenching with adenine moiety. Insignificant
quenching of RF alludes to its less binding affinity in SS1 pocket. The quenching results
shown by flavins indicate that electrostatic interaction between flavins and protein may play a
major role in binding process. FAD and FMN, containing negatively charged phosphate
group(s) in structure, like to bind to SS1 which is surrounded by several positively charged
amino acid residues (ARG252, ARG222, LYS199, HIS242, ARG218, LYS199)%. RF devoid
of any negative charge is unable to have a strong electrostatic interaction. However,
monitoring intrinsic fluorescence properties of TRP214 of HSA, it has been suggested that
primary binding site for RF is close to TRP214.”* Therefore, more studies like fluorescence
lifetime, time-resolved anisotropy, molecular docking studies and molecular dynamics
simulation are required to unambiguously conclude the binding position of RF to HSA.

After the structural aspects, we now focus on the probable mechanism of quenching.
Usually, there are two possible quenching pathways: either resonance energy transfer or
electron transfer from tryptophan to flavins. The possibility of energy transfer can be easily
ruled out since there is no overlap between emission spectra of flavins (donor) with the
absorption spectrum of tryptophan (acceptor). Therefore, most feasible reason for the
quenching of flavins by HSA is the electron transfer between tryptophan and flavins. The
redox potential of flavins and tryptophan also supports that electron transfer from tryptophan
to flavin is the main quenching mechanism for flavin fluorescence inside the protein nano-
cavity.® 8 It has been also shown that the electron transfer from tryptophan to flavins after
photo-excitation is the primary step for the photocycle of flavins containing photoreceptor
proteins.2* # Although steady state studies cannot give the explicit picture of the interaction
between flavins and HSA, it provides an indication that FAD and FMN bind to SS1 pocket
containing tryptophan residue, whereas a small fraction of RF binds to the SS1 and larger
fraction either binds to the surface of HSA or remains unbound.

The double reciprocal Benesi-Hildebrand®® (Chapter 3) plots of (1/Al) against [L]*
produce a straight line for all flavins indicating 1:1 complex formation between flavins and
HSA (insets in Figure 4c.1). The binding constant (K), which designates the strength of
binding, is determined from the intercept to slope ratio of Benesi-Hildebrand plot, and the
calculated values appears to be 2.4x10*M™, 1.00x10* M and 8.0x10*> M for FMN, FAD
and RF, respectively. The standard free energy change (AG®) of the flavins binding to HSA is
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calculated from the standard thermodynamic relation (AG®= -RTInK). Using the values of K,
the standard free energy change for this process of complexation is determined to be -6.0
kcal.mol™, -5.8 kcal.mol™ and -3.9 kcal.mol™® for FMN, FAD, and RF, respectively, at
ambient temperature (298 K). From free energy change for this complex formation process, it
is evident that RF does not form strong complex with HSA as that of FMN and FAD. This
substantiates with the larger extents of fluorescence quenching of FMN and FAD compared
to RF as mentioned before. The lowest binding free energy along with the negligible
quenching of RF points toward the fact that only a small fraction of RF binds to SS1 site, and

larger fraction of RF may bind to the surface of the protein or it remains unbound.
4c.2b. Excited State Lifetime Measurements

Fluorescence lifetime measurement is an excellent technique to explore the excited state
environment around the fluorophore and is highly sensitive to the excited-state interaction
between the probe and protein. Thus, lifetime measurements data can contribute significantly
in realizing the interaction process between flavins and HSA. In buffer, at pH 7, FAD
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Figure 4c.2. Lifetime decay profiles of (a) FAD, (b) FMN and (c) RF in pH 7 buffer and 0.3 mM of
HSA media.

exhibits a bi-exponential decay with two lifetimes of ~4.3 and ~2.3 ns having relative
contribution of 33% and 67% (Table 4c.1, Figure 4c.2). The ~4.3 ns component represents
the ‘unstack’ conformer, whereas the ~2.3 ns component represents ‘partially stack’
conformer of FAD in which the isoalloxazine moiety does not stack but interacts with the
other parts of the molecule, resulting in a less efficient quenching. It is pertinent to mention
that a reasonable percentage of ‘stack’ conformer also exists at this experimental condition;

however, we could not able to monitor the dynamics of ‘stack” conformer due to its quenched
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lifetime of ~10 ps,>® which is beyond of our instrument time-response (~40 ps). With the
gradual increase of HSA concentration, the lifetime of the two conformers remains the same,
but the contribution for the short component sharply falls down. Moreover, after a certain
protein concentration a new component with a reduced lifetime of around 150-200 ps
appears. This reduced lifetime is an outcome of the quenching effect of FAD by TRP214 in

Table 4c.1. Fluorescence lifetime parameters of FAD, FMN and RF with different concentrations of
HSA measured in TCSPC setup.

Sample a t(ns) a to(s)  as w(s) <of(s) ¥
FAD inpH 7 0.67 2.29 0.33 4.29 - - 2.95 1.00
HSA 0.06 mM 0.56 2.04 0.44 4,31 - - 3.04 1.00
HSA 0.18 mM 0.30 2.14 0.35 461 0.35 0.17 2.32 1.03
HSA 0.30 mM 0.23 2.00 0.29 480 0.48 0.16 1.93 1.08
FMN in pH 7 1.0 4.52 - - - - 452 1.08
HSA 0.06 mM 1.0 4.44 - - - - 4.44 1.11
HSA 0.18 mM 0.76 461 0.12 256 0.12 0.13 3.86 0.94
HSA 0.30 mM 0.62 471 0.15 252 0.23 0.34 3.38 0.99
RF in pH7 1.0 451 - - - - 451 1.09
HSA 0.06 mM 1.0 450 - - - - 450 1.03
HSA 0.18 mM 1.0 451 - - - - 451 1.07
H SA 0.30 mM 1.0 4.48 - - - - 448 1.08

#
<t>=q 71t at+azr;

SS1 binding pocket of HSA. With the increase in protein concentration, the relative
contribution of this new component enhances with subsequent decrease in contribution of the
other two components. FMN in general exhibits a single exponential decay at pH 7 (Table
4c.1, Figure 4c.2). But after a certain concentration of protein (> 0.06 mM) a new short-lived
component of ~650 ps appears and this component further quenches down as the HSA
concentration increases. The reduced lifetime is originated due to quenching of FMN by
TRP214 in SS1 binding pocket. The lifetime results of FMN and FAD support well our
steady state results. FMN, FAD inside several flavoproteins also exhibits similar
characteristics. The fluorescence decay profiles of FAD in the binding pockets of medium-

chain acyl Co-A dehydrogenase (MCAD) and glucose oxidase (GOD) are extremely fast
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compared to that of FAD in solution, which is attributed to the ultrafast electron transfer from
surrounding TRP moiety to FAD.?” FMN inside the binding pocket of flavodoxin also
displays fast fluorescence decay due to the rapid electron transfer from the surrounding
amino acid residue to the excited FMN.®® Unlike FMN and FAD, RF does not show any
quenching effect on lifetime with variable protein concentrations (Table 4c.1, Figure 4c.2);
although in steady state spectra RF exhibits ~17% quenching (Figure 4c.1). Therefore, the
decrease of emission intensity of RF in presence of HSA may be ascribed to static quenching.
According to the earlier reports, the primary binding site of RF is close to TRP214.” Earlier
reports as well as all the present evidences suggest that small fraction of RF molecules form
dark complexes with TRP214 at SS1. The strong stacking interaction between neutral RF and
tryptophan may be involved in electron transfer, which could result in the formation of dark
complex. Mataga et al. also reported similar non-fluorescent riboflavin binding protein (RBF)
in which the isoalloxazine ring of RF is stacked between tryptophan and tyrosine.?’
Computational studies (discussed later) show that RF is closer to TRP214 than both FMN and
FAD. Detail insight about the molecular picture of complex formation will be discussed in

the docking and molecular dynamics simulation section.

4c.2c. Time Resolved Anisotropy Measurements

When the probe binds to protein binding pocket, the rotational motion of the probe is
expected to be restricted, which is reflected in the soaring rotational relaxation time of the
probe. Time-resolved anisotropy results are presented in Table 4c.2 and shown in
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Figure 4c.3. Anisotropy decay profiles of (a) FAD, (b) FMN and (c) RF in pH 7 buffer with 0.3 mM of
HSA and 8 M urea containing 0.3 mM HSA
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Figure 4c.3. In the absence of HSA, single exponential anisotropy decay is observed with
rotational correlation time ~250 ps and ~270 ps corresponding to FMN and FAD,
respectively. This indicates that the probe molecules experience a homogeneous environment
in normal buffer medium. In presence of HSA, the anisotropy decay is expected to be non-
exponential because of distinctly different rotational relaxation times of the free and protein-
bound molecules. This is indeed the case for FMN and FAD (Figure 4c.3). A nanosecond
component along with the above mentioned 250-270 ps component appears in the anisotropy
decay profiles of FMN and FAD (Table 4c.2). The fast anisotropy component represents the
rotational time of unbound FMN and FAD, whereas the long component represents the
rotational motion of protein-bound FMN and FAD. Another important feature observed in
anisotropy study is that the anisotropy decay profile of FAD in presence of HSA is slower
than that of FMN under the same condition, possibly due to stronger electrostatic interaction
having two negatively charged phosphate groups compared to FMN, which consists of only

Table 4c.2. Anisotropy decay characteristics of FAD, FMN & RF with different concentrations of HSA
in native and denatured state measured in TCSPC setup.

Sample ro anr tr(NS) ax T (nNS) <> (NS)
FAD in pH7 0.37 0.34 0.272 - - 0.272
FAD + 0.06 mM HSA 0.38 0.36 0.299 - - 0.299
FAD + 030 MM HSA 0.39 0.19 0.298 0.072 2.27 0.827
0.30MMHSA+U8M 0.35 0.35 0474 - - 0.474
FMN in pH7 0.36 0.36 0.254 - - 0.254
FMN + 0.06 MM HSA 0.35 0.35 0.261 - - 0.261
FMN +0.30 MM HSA 035 030 0.255 0.050 2.47 0.676
0.30mMMHSA+U8M 0.36 0.36 0.433 - - 0.433
RF in pH7 0.36 0.36 0.200 - - 0.200
RF +0.06 MM HSA  0.33 0.33 0.230 - - 0.210
RF + 0.30 mM HSA 0.35 0.35 0.240 - - 0.233
0.30MMHSA+U8M 0.34 0.34 0.284 - - 0.284

one phosphate group. Therefore, rotational motion of FAD inside the SS1 binding pocket is
more restricted than that of FMN. RF exhibits single exponential anisotropy with a rotational

correlation time of ~200 ps in buffer solution of pH 7. Unlike FMN and FAD, the anisotropy
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decay features of RF in presence of HSA are almost unchanged (Figure 4c.3). This suggests
that RF does not sense any change of microenvironment even in the presence of HSA.
However, it has already been established from the steady state fluorescence and lifetime
results that RF inside the SS1 forms a dark complex with TRP214 and this dark complex
cannot contribute to the anisotropy decay as it is almost non-fluorescent in nature. Therefore,
we anticipate that the observed anisotropy decay profile for RF in presence of HSA is an
outcome of unbound and (or) surface bound (binding to SL site) RF molecules.

If flavins (FMN, FAD) bind to HSA in its nano-cavity, unfolding of protein will lead
to dissociation. Therefore, we studied the effect of protein denaturation on the rotational
motion of flavins. Urea induced protein unfolding is a well-examined system,*” " and this
process for HSA takes place at a single two state transition with an intermediate at 4-6 M
urea concentration.”™ % In the present work, a fixed concentration of HSA was titrated by
raising concentration of urea and the fluorescence intensity change of tryptophan was plotted
with variable urea concentrations. Sigmoidal feature of the curve clearly indicates that
complete denaturation of HSA takes place at ~8 M urea, in agreement with a previous
study.”” On gradual addition of urea to the 0.3 mM HSA containing flavin solution, the
anisotropy decay profiles become faster. At 8 M urea, the decay profiles have very close
resemblance to that of flavin solutions at pH 7 buffer (Figure 4c.3). However, the anisotropy
decay profiles of flavins do not coalesce to that of flavins at pH 7 buffer solution, as the
viscosity of the medium is quite higher than that of pH 7 buffer medium due to the addition
of 0.3 mM HSA as well as 8 M urea to flavins containing pH 7 buffer solution (Figure 4c.3).
The above observation clearly implies that flavins were bound to the SS1 of HSA in its native
state, and after denaturation all the flavin molecules come out from the binding pocket to the
bulk medium. This gives the close resemblance of anisotropy decay profiles of flavins in the

denatured state to that of flavins at pH 7 buffer.

4c.2d. Structural Information of Protein Using Circular Dichroism

Circular dichroism (CD) spectroscopy is vastly exploited to monitor structure, conformation
and stability of proteins under both bound and unbound conditions with various drugs and
ligands.”®® CD can provide a notion about the fraction of residue of the protein involved in
the formation of a-helix, B-sheets or random coils. From CD spectra one can also have a good
measure of the percentage variation of structural contents. To ascertain the possibility of

structural change of HSA during the interaction with flavins, we employed far UV circular
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dichroism studies within a range of 200 nm to 250 nm. In absence of any of the flavins, CD
spectra show two minima at 208 nm and 222 nm, which is a clear signature of high content of
a-helix structure in the protein under study (Figure 4c.4). These peaks are in good agreement
with previous reports, which articulate that HSA contains around ~65% of a-helix in its
native structure.®> %% In the presence of flavins, the CD spectra are exactly superimposed

with that of HSA alone (Figure 4c.4). This observation leads us to conclude that the binding
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Figure 4c.4. CD spectra of HSA with variable concentration of (a) FAD, (b) FMN and (c) RF.

of flavins to HSA does not change the secondary structural pattern of the protein itself.
RMSD values obtained from simulation studies (discussed later) also support the conclusion
drawn from CD studies. We cannot exclude the possibility of tertiary structural change of
protein upon binding with flavins. However, we cannot monitor the tertiary structural change

of protein upon binding with the flavins as later exhibits strong CD signal in this region.
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4c.2e. Thermodynamic Parameters from ITC

Isothermal titration calorimetric profiles for flavins with HSA are shown in Figure 4c.5 and
the results have been provided in Table 4c.3. Each peak of the binding isotherm in upper
panel represents each of the flavin injections. The amount of heat liberated by successive
addition of flavin is plotted against the molar ratio of flavin to HSA at lower panel. A
standard nonlinear least-square regression binding model for one site binding is employed to
fit the data. The best fit is shown in lower panel. From the fitting of binding curves, the
binding stoichiometry of 0.54 and 0.65 are observed for FAD and FMN, respectively. The
binding stoichiometry suggests that each flavin molecule binds to two different protein
molecules at a time, or it might be portrayed that each flavin binds to a dimeric protein
molecule. However, steady state results confirm 1:1 binding between HSA and flavin. If one
flavin molecule simultaneously binds to two HSA, then it would be reflected in the Benesei-

Hildebrand plot. Therefore, we infer that flavin may bind to one binding pocket of dimeric
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Figure 4c.5. Isothermal calorimetric titration profiles of HSA by (a) FAD and (b) FMN at 298 K

protein. In this context it is pertinent to mention that the titration method in ITC and
fluorescence are quite different. In fluorescence, a flavin containing solution is titrated by
HSA, whereas in ITC a protein solution is titrated by concentrated solution of flavin.
Probably, the concentration of HSA taken for ITC study has propensity to form dimer. When

same experiment was repeated with a lower concentration of HSA, maintaining the protein to
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probe ratio same as 1:5, we did not get any binding enthalpy from that study. Therefore, we
anticipate that the affinity of binding is not appropriate at lower concentration of HSA. Table
4c¢.3 shows that the binding of both FAD and FMN shows negative heat of deflection,
indicating an exothermic nature of binding. The favorable enthalpy change primarily reflects
the strength of the interactions of the ligand (FMN/FAD) with the HSA (e.g. van der Waals,
hydrogen bonds, etc.) is relatively higher than those existing with the solvent. However,
entropy change during binding process is positive for both of FMN and FAD, and it can be
inferred that these interactions are also entropy driven along with enthalpy. Here, it should be
mentioned that ITC measures total entropy and it includes entropy change of the protein,
water and ligand for binding. CD and simulation studies confirm that binding of flavins to

HSA does not change the secondary structure of protein itself. Therefore, in

Table 4c¢.3. Binding parameters of FAD and FMN with HSA obtained from ITC experiment.

Sample N K (M™% AH® (cal/mol) AS°(cal/mol/deg) AG® (kcal/mol)
FADInHSA 054 (3.2840.18)x10°  -3715+250 8.21 -6.78
FMN in HSA 0.65 (5.54:0.35)x 10°  -5168 375 4.38 -6.47

absence of conformational changes of protein, the positive entropy may originate from the
increased solvent entropy due to burial of FMN/FAD inside protein binding pocket and
release of water upon binding. The binding constants as well as free energy of association
have a good agreement with the results evaluated form steady state fluorescence data.
Moreover, the value of enthalpy and entropy change suggests that there are almost no
structural changes when flavins bind with HSA.® Our CD results also support this
conjecture. The higher binding constant as well as negative free energy change of FMN
compared to FAD might be attributed to the smaller size of FMN compared to FAD. FMN
probably fits better than FAD within the binding pocket in SS1 due to its smaller size. We are
unable to get any result about the interaction of RF with HSA by ITC study under the same
experimental condition. However, as discussed before, fluorescence studies suggest that only
a fraction of RF molecules form dark complex with TRP214 at the SS1 site, which may not

be strong enough to be detected by the ITC instrument.
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4c.2f. Docking and Molecular Dynamics Simulation

Docking and molecular dynamics simulations are essential tools to understand the molecular
interaction and dynamics of two bound species. To verify the experimental observations of
FMN and FAD binding to SS1 and only a fraction of RF binding to the same SS1 pocket of
HSA, we have employed docking studies of flavins with HSA followed by molecular
dynamics (MD) simulation study, detailed outcome of which is presented here. We have first

performed 10 ns simulation of the protein alone in water to observe its stability.
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Figure 4c.6. (a) Time evolution of the RMSD for the whole protein (HSA) and its different domains
from the crystal structure, (b) time evolution of the radius of gyration (Rg).

The root mean square deviation (RMSD) of the full protein and its different domains
are shown in Figure 4c.6a, which suggests that the protein is well equilibrated as the RMSD
value fluctuates around 2.5 A for the last 4 ns. Radius of gyration (Ry), which is a measure of
the size of the protein, is shown in Figure 4c.6b. The radius of gyration of HSA also
fluctuates around 26.7 A which is comparable to that of experimental value of 27.4+0.350
A2 Note that neither the RMSD, nor the Ry shows large deviation from the crystal structure
as opposed to Sudhamalla et al.'®* and in agreement with Deeb et al.’%?

To obtain preliminary information about the binding site, first we have searched the
whole protein using genetic algorithm in docking software AutoDock.'®® This preliminary
docking showed that RF binds to three different binding sites, SS1, SL, and SS2 (Scheme
2.3, Chapter 2, Section 2.1c), while FAD and FMN show binding affinity only to SS1 site
that accommodates the amino acid tryptophan (TRP214, see Scheme 2.3, Chapter 2, Section
2.1c). To obtain best docked structures for all the flavins, we performed docking of each

flavin to their preferred binding sites using more refined grid. Table 4c.4 summarizes the
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binding energy and other parameters of all the docking studies. To obtain more accurate and
flexible bound complex, we performed molecular dynamic simulations of HSA-flavin
systems for 4 ns starting with best docked structure of each flavin molecule onto previously
10 ns equilibrated protein.

RF shows affinity towards three different sites of the HSA, out of which two are
comparable as shown in Figure 4c.7 (Figure 4c.7, 4c.8, 4¢.9 and Appendix 4c.3 are made
using UCSF Chimera'®). The binding energies of RF to the three sites are comparable (Table
4c.4). Figure 4c.7a shows RF bound to the SS1 pocket involving stacking interaction with
TRP214. The hydroxyl groups of ribityl side chain of RF forms intermolecular hydrogen
bonding with GLY196, LYS199, GLU153 and the carbonyl group of isoalloxazine ring
involves in hydrogen bonding interaction with ARG218. The stability is also contributed by
the electrostatic interaction between the side chain and basic amino acid residues present in

Figure 4c.7. (a) RF bound to SS1 after docking (b) RF bound to SS1 after 4 ns simulation. (c) RF
bound to SL after docking (d) RF bound to SL after 4 ns simulation. RF is given element-based colour.
The amino acids are coloured according to hydrophobicity except TRP214 which coloured purple.

the hydrophilic side of the binding pocket. The centre of mass distance between flavin and
tryptophan rings is 5.41 A. Figure 4c.7b shows the same structure obtained at the end of 4 ns
molecular Therefore, this structure indicates better stacking interaction of RF with TRP214

compared to the docked complex. Figure 4c.7c shows the binding of RF to the surface of
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HSA close to LYS444 at the SL site. This binding site is contributed by sub-domains Illa, lla
and I1b. The isoalloxazine ring is flanked by PRO339 and PRO447. Ribityl side chain forms
hydrogen bonding with GLU297, GLU294 and LYS444. Figure 4c.7d shows the same
interaction obtained after 4 ns simulation, and it indicates that the surface binding pocket (SL
site) of RF (close to LYS444) has also undergone conformational change 5.41 A.

Table 4c.4. Different interaction energies between flavin derivatives and the protein in the best
docked structure obtained from AutoDock. Binding site for each is also mentioned.

- Binding vdw-hb- Electrostatic Tortional
. Binding X . .
Flavin sites energy desolvation interaction energy energy
(kcal/mol)  energy (kcal/mol) (kcal/mol) (kcal/mol)
RF SS1 -3.19 -4.32 -1.56 2.68
RF SL -2.32 -3.30 -1.70 2.68
RF SS2 -0.86 -2.09 -1.45 2.68
FMN SS1 -1.82 -3.30 -2.10 3.28
FAD SS1 2.74 -0.72 -2.21 5.67

The third binding site of RF is the SS2 (Appendix 4c.3). Here, the methyl side chain of
isoalloxazine ring forms hydrophobic interaction with LEU407 and ribityl side chain forms
hydrogen bonding with ARG410 and LYS414. Binding of RF to SS1 can lead to strong

Figure 4c.8. (a) FMN bound to SS1 after docking (b) FMN bound to SS1 after 4 ns simulation. Other
details are same as that of Figure 4c.7.

stacking interaction between tryptophan (TRP214) and isoalloxazine ring of RF, and this
strong stacking interaction results in the formation of almost dark complex between two, as
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they may be involved in intermolecular electron transfer process. However, binding to the
other two sites will not affect the fluorescence of the RF (since these sites are away from
TRP214). Steady state fluorescence experiment confirms ~20% reduction in fluorescence of
RF on mixing with HSA. Therefore, presence of three comparable binding sites of RF results
in binding a fraction of RF molecules to SS1 site, which leads to only a moderate quenching
in the fluorescence.

Figure 4c.8a shows the binding of FMN to SS1 binding pocket of HSA only. Here,
the negatively charged FMN molecule is more towards the hydrophilic region of the binding
pocket and makes the interactions with surrounding positively charged amino residues such
as ARG218 and LYS199. Like RF, FMN forms stacking interaction with TRP214 which is
responsible for the drastic decrease in fluorescence intensity. The methyl groups of
isoalloxazine ring face towards hydrophobic part of the SS1.Moreover, the isoalloxazine ring
forms hydrogen bonding with ASP451 and LYS195, whereas ribityl side chain involves
hydrogen bonding interaction with LYS195. The stability is also increased by electrostatic
interaction between terminal phosphate group of FMN and surrounding two positively
charged amino acid residues (LYS199 and GLY196). Consequently, the electrostatic
interaction energy of FMN is more negative than RF (Table 4c.4). Figure 4c.8b shows the
same structure after 4 ns of molecular dynamics simulation. In the case of FMN, SS1 has
undergone more conformational change in order to involve in increased stacking interaction
with TRP214. This also increases the electrostatic interactions between the basic amino acid

residues and negatively charged side chain of FMN as shown in Figure 4c.8b.

.

Figure 4c.9. (a) FAD bound to SS1 after docking (b) FAD bound to SS1 after 4 ns simulation. Other
details are same as that of Figure 4c.7.

Figure 4c.9a displays the binding of FAD to SS1 site of HSA. FAD binds to this
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binding pocket only in the ‘unstack’ conformation. Here, the isoalloxazine ring points more
towards hydrophobic portion, whereas methyl groups face towards LEU347. The ribityl side
chain directs towards the hydrophilic region of the binding pocket. The carbonyl groups of
the ring make hydrogen bonding with SER454. Moreover, the stability is increased by
hydrogen bonding between ribityl side chain and ARG218, ARG222, LYS195 and LYS199.
The adenine ring of FAD is stabilized by interaction with HIS242. Furthermore, the stability
is gained by the electrostatic interactions between two negatively charged phosphate groups
and positively charged surrounding amino acid resides. However, total binding energy
obtained for FAD from AutoDock is positive. The reason for the positive binding energy lies
in the unusually high torsion energy of (5.7 kcal/mol) of the drug (Table 4c.4). It should be
mentioned here that docking energy is only empirical in nature. Moreover, due to absence of
dynamics, flexible optimization is also not possible. Therefore, molecular dynamics
simulation was adopted to achieve proper bound complex and average energy. Figure 4c¢.9b
shows the FAD bound to SS1 after 4 ns simulation. Here, conformational change has taken
place to form hydrophobic interactions with VAL344 and LEU347. Here, adenine ring of
FAD is shifted more towards TRP214. It is clear from Figure 4c.9b that isoalloxazine ring is
on one side of tryptophan residue and adenine ring on the other side of tryptophan. Here the
ring is close to TRP214 but the distance and orientation of the isoalloxazine ring is not
suitable for stacking interactions like RF and FMN. However, the closeness of the flavin ring
towards the tryptophan residue may be responsible for fluorescent quenching of FAD, albeit,
lesser than FMN. Although RF has better stacking interaction than FMN and FAD, it has
other competitive binding sites where quenching is not possible. Hence, overall RF exhibits
trifling quenching than that of FMN and FAD.

Table 4c.5. Short range Coulombic and Lennard-Jones potentials between HSA and different flavins.

Systems Coul-SR (kcal/mol) LJ-SR (kcal/mol)
HSA-RF (SS1) -37.46 £ 0.105 -31.930 £ 0.050
HSA-RF (SL) -14.41 +£0.048 -21.764 +£2.318
HSA-FMN -51.77£0.118 -36.921 +£0.027
HSA-FAD -77.61 + 0.085 -77.995 + 0.045

Table 4c.5 shows the average non-bonding interaction energy (electrostatic
interaction and van der Waals interaction) between HSA and flavins obtained from molecular
dynamics simulations. It shows that RF binds to SS1 pocket stronger than SL in terms of both
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the van der Waals and electrostatic interaction. Both FMN and FAD show more electrostatic
interaction energy compared to RF because of the presence of negatively charged terminal
phosphate groups in the formers. In case of FMN, electrostatic interaction predominates over
van der Waals interaction. Among FMN and FAD, later shows stronger electrostatic
interaction with the basic amino acids present in the SS1 because of the presence of two
phosphate groups in FAD. For binding of FAD in SS1 site, both electrostatic and van der
Waals interactions contribute similarly.

It should be noted that the binding energy obtained from docking and molecular
dynamics simulation are different due to the different force-field used in both cases. Docking
uses empirical energy function based on specific atom types and fixed interaction energy.
Molecular dynamics, on the other hand, uses quantum chemically derived all atom force-field
and uses distance dependent energy functions. Therefore, the energy values obtained from
two above methods are not comparable. However, they can be used to understand the
qualitative aspect of the interaction between the protein and the ligands (flavins). Moreover,
in molecular dynamics simulation, we provided only the average potential energy, not the free
energy as the later would require much more extensive set of simulations and may be beyond
the scope and the goal of the present article.

Average RMSD and radius of gyration of HSA in different systems are shown in
Table 4c.6. (Appendix 4c.4 and Appendix 4c.5). After 2.5 ns simulation RMSD fluctuation
is around 2 A in all the systems indicating the stability of systems and shows the reliability of
the docking. The average RMSD for the whole protein in simulation of HSA alone is 2.09 A
as shown in Table 4c.6. RMSD’s for protein-flavin complexes are also within permissible
range of molecular dynamics simulation. The conformational fluctuation of each of the amino

acids in the binding site (SS1) is analysed using root mean square fluctuation (RMSF) values.

Table 4c.6. RMSD and Radius of Gyration values for HSA chain in different HSA-flavin systems

Systems RMSD (A) Radius of Gyration (A)
HSA 2.09 +0.087 26.89 +0.095
HSA-RF (SS1) 2.52+0.169 27.19 £ 0.097
HSA-RF (SL) 2.60+0.119 27.10+£0.101
HSA-FMN 2.63+0.120 27.13 £0.096
HSA-FAD 2.32+0.128 27.26 £0.114
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Appendix 4c.6A, Appendix 4c.6B and Appendix 4c.6C depict the RMSF of HSA
complexed with RF, FMN and FAD, respectively compared to that of the un-complexed
HSA.

4.c.3. Conclusion

Three different flavins (RF, FMN and FAD) interact with HSA in different extents, and the
binding interactions between flavins and HSA have been monitored with the help of steady
state and time-resolved fluorescence spectroscopy, isothermal titration calorimetry, circular
dichroism studies. Flavins have been reported for the first time as an extrinsic fluorescence
marker for a model transport protein HSA. Steady state and time-resolved fluorescence

studies confirm that major fraction of FMN and FAD molecules bind to the SS1 binding

Scheme 4c.1. Schematic representation of Flavin (FAD, FMN and RF) binding locations in HSA.

pocket of HSA (Scheme 4c.1). For RF, a small fraction binds strongly with TRP214 in the
SS1 binding pocket of HSA and forms a dark complex with TRP214 (Scheme 4c.1). The
remaining fraction of RF molecules either reposes on protein surface or remains unbound.
The thermodynamic parameters like free energy, enthalpy and entropy change of the binding

interactions between flavins and HSA are determined with the help of ITC study. Finally, the
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molecular picture of binding interaction between flavins and HSA are well explored by
docking as well as molecular dynamics studies. This study might furnish a new perception
towards the understanding of interactions between flavins and surrounding amino acids in the

binding pocket of flavoproteins (Scheme 4c.1).
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4d. Role of Mg+2 Ions over Flavin Recognition by RNA
Aptamer: Spectroscopic and Thermodynamic Glimpse

4d.1. Motivation

Aptamers are small sequence of nucleotides engineered through repeated rounds of in vitro
systematic evolution of ligands by exponential enrichment (SELEX) and can sense specific
molecular targets with high selectivity.’®*% RNA aptamers are characterized by unpaired or
mismatched bases, which folds RNA into distinct secondary and tertiary structures containing
loops and bulges suitable for selective interactions with small molecules, proteins, nucleic
acids, cells, tissues and organisms.’®™*> Although the importance of RNA aptamer as small
molecular target has been portrayed by a number of studies™®, a little has been focused on

electron shuffling cofactor binding aptamers. The ubiquitous existence of flavins in nature’®

16,3135 and its involvement in various biological activities like, efficiency to catalyze single
and/or double electron transfer reactions, controlling circadian rhythm in higher organisms,
directing the light induced tropism in plants etc. ™% 313 have spurred enthusiasm about
flavin binding RNA aptamers. Burgstaller et al. first isolated aptamer sequences, which are
able to recognize flavin co-factors.™" **® NMR results conclude isoalloxazine ring of flavin
mononucleotide (FMN) intercalates between G-G mismatch and G-U-A base triple, which

results the selective affinity for flavins.*°

Moreover, this recognition specificity is associated
with hydrogen bonding of the uracil like edge of isoalloxazine to Hoogsteen edge of adenine
at the interaction site. This structural stabilization has been employed to the design allosteric

ribozyme whose self-cleavage and self-ligation reactions are enhanced nearby 300-fold in
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Scheme 4d.1. 35-mer self loop forming flavin binding RNA aptamer
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presence of FMN because of structural stabilization upon binding with cofactors.*?®*# Later
Lauhon et al. isolated riboflavin and nicotinamide redox cofactors detecting RNA aptamer,
for which riboflavin recognition leads to two-tiered G-quartet structural reformation.?
Although selective to redox co-factors, aptamers never found to differentiate binding between
oxidized and reduced form of 5-deazariboflavin derivative, which is a structural analog of
riboflavin.’®® SELEX method has been used to identify RNA aptamers that recognizes flavin
adenine dinucelotide (FAD) but unable to distinguish FAD from FADH,.?* Anderson et al.
detected 14-mer RNA aptamer selective to flavins (riboflavin, FMN and FAD) through
experimental and computational methodologies and showed better interaction with FMN
compared to others.*** The electron density on the phosphate group is speculated to partially
delocalize on the flavin ring, which strengthen hydrogen bonding and zn-stacking interactions
between isoalloxazine and nucleobases.'?* Notably, literatures lack any detailing about higher
selectivity towards FMN as well as structural information about FAD-aptamer complexation.
The major complexity of FAD compared to FMN is the existence of FAD in variable
conformations (namely, ‘stack’, ‘partially stack’ and ‘unstack’) in water, as it contains
adenine and isoalloxazine moieties in its structure.***> %% Therefore, it seems interesting to
find out particularly which conformer of FAD is appropriate for the interaction with aptamer.
Since the dinucleotide cofactors seem to have special evolutionary importance, it is worth
having a better insight about their interactions with RNA aptamer (Scheme 4d.1). Therefore,
we intend to explore this understanding with the help of biophysical techniques, e.g., steady
state, time-resolved fluorescence, circular dichorism (CD) and isothermal titration
calorimetry (ITC). Although it’s well established that thermodynamic parameters, like,
enthalpy and entropy changes are the governing factors for small molecule detection,
previous reports paid least attention to the thermodynamics insight of flavin recognition by
RNA aptamer. Hence, a detailed investigation about thermodynamics of flavin-aptamer
interaction is necessary in order to provide insight into the selectivity and feasibility of flavin
sensing.

It is well known that few mono and bivalent metal ions at high concentrations
stabilize RNA tertiary structures, though the exact mechanism is still under mist. Researchers
found K* and Mg*? offers most effective stability to RNA structures. Draper and co workers
establishes that a folded RNA structure interacts in a better way to Mg*™ ions, as its
phosphate charges are accumulated to a smaller volume, which results a strong electrostatic

interaction with the metal ion.*”> ' Moreover, a water solvated bivalent Mg*? state is
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speculated to interact through co-ordination and hydrogen bonding interactions, resulting a
better stability of RNA.**" A recent report by Fiore et al. shows the overall interaction
between RNA and Mg*? is exothermic and entropically costly.*® In this work we intend to
explore the effect of Mg*? ion concentration over flavin detection by RNA aptamer.

In a nutshell, the present work is executed with three distinct targets, which are (a)
exploring the binding interactions flavins (specially FAD and FMN, as they have vast
structural diversity) by RNA aptamer and uncovering how the conformational flexibility of
FAD affects the recognition, (b) a detailed thermodynamic insight of flavin recognition by
RNA aptamer from steady state fluorescence and isothermal titration calorimetry studies, (c)
the effect of Mg* ion concentrations over flavin recognition. These biophysical insights of
flavin-aptamer interaction may improve the basic understanding of small molecule

recognition by RNA aptamer.

4d.2. Results and Discussions

4d.2a. Steady State Absorption and Emission Results

FAD absorption in water and in presence of RNA aptamer containing 10 mM Mg* ion

concentration is shown in Figure 4d.l1a and the absorption spectra at lower Mg™ ion

Absorption (a.u.)
Absorption (a.u.)

350 400 450 500 550 350 400 450 500 550
Wavelength (nm) Wavelength (nm)

Figure 4d.1. Absorption spectra of (a) FAD and (b) FMN in presence of 10 mM Mg ion
concentration with increasing RNA aptamer concentrations, where 1— 8 represents concentration of
RNA 0, 1, 3, 5, 10, 20, 30 and 50 uM, respectively.

concentrations (2 mM and 4 mM) are provided in supporting information (Appendix 4d.1).

Flavin absorption in water is characterized by two intense w-t* transition bands originated
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from isoalloxazine chromophore corresponding to So—S; (Aaps~450 nm) and Sp—S; (Aaps~375
nm) transitions (Figure 4d.1)."> ?* % % jith increasing concentration of RNA aptamer,
decreasing absorption at both of ~375 nm and ~450 nm bands of FAD is observed, which
becomes more prominent with increasing Mg ion concentrations. Moreover, a detectable
red shift is found especially for Sp—S; band at higher RNA concentrations, which does not
vary with Mg*? ion concentration. FMN, a structural analog of FAD, exhibits comparable
decrease in absorbance with increasing RNA concentration (Figure 4d.1b). A prominent red

shift is also detected for FMN along with a peeping hump at ~480 nm, which might be
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Figure 4d.2. Emission profiles (lex = 444 nm) of (a) FAD and (b) FMN in presence of 10 mM Mg*? ion
concentration, with increasing RNA aptamer concentrations, where 138 represents RNA
concentration 0, 1, 3, 5, 10, 20, 30 and 50 uM, respectively. (c) Stern-Volmer plot of FAD and FMN in
presence of different Mg*? ion concentrations, where the legends carry respective meaning. Note that
the line joining the point does not represent the actual fitting.

originated due to lower energy transition of RNA-bound isoalloxazine chromophore. The red
shift in absorption spectra for both FMN and FAD may be attributed to the H-bonding
interaction between flavins and aptamer.'?® The decreasing absorption along with a red shift
with increasing RNA aptamer and Mg*? ion concentration is indicative towards interaction
between FMN/FAD and RNA aptamer.

Flavins (FAD/FMN) exhibit an unstructured emission at ~530 nm in buffer (PBS, pH
7.2), which originates from isoalloxazine ring.™ *2° To explore the effect of flavin
fluorescence upon binding to aptamer, a fixed concentration of FAD/FMN in buffer
containing 10 mM Mg*? is titrated by rising concentration of RNA aptamer (Figure 4d.2).
The emission spectra at lower Mg concentrations are shown in supporting information
(Appendix 4d.2). The emission intensity of both FMN and FAD decreases sharply with
increasing RNA concentration. The extent of quenching for FMN is higher than FAD at any

Mg*? concentrations and is clearly visible from Stern-Volmer plots shown in Figure 4d.2c.
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Moreover, FMN offers a more prominent hypsochromic shift in emission spectra compared
to FAD (Figure 4d.2, insets). The blue shift along with strong quenching infers effective
binding interactions between flavins and RNA aptamer. The extent of quenching as well as
emission shift differs between FAD and FMN, and is attributed to different extent of affinity
and selectivity of the aptamer towards flavins. A relatively lower extent of quenching for
FAD can be attributed to its conformational flexibility (‘stack’ and ‘unstack’). The ‘stack’
conformers of FAD (in which flavin ring is already involved in intramolecular quenching
with adenine moiety) being almost non-fluorescent in nature, cannot participate in the
interaction with RNA aptamer, and hence a lesser extent of quenching is observed for FAD.
The binding interaction between FAD/FMN and aptamer is further confirmed from the
changes observed in steady state anisotropy (Figure 4d.3a), as it provides insight about an
association process. The increase in steady state anisotropy infers that the flavins experience
rigid environment due to association with RNA aptamer.

Next, we focus on probable mechanism(s) of quenching, and two possibilities exist,
either resonance energy transfer or electron transfer between RNA nucleobases and flavins.
Since there is no overlap between the emission spectra of flavins (donor) and the absorption
spectrum of any of the nucleobases (acceptor) the possibility of energy transfer can easily be
ruled out. Therefore, plausible reason for quenching is the electron transfer between
nucleobases and isoalloxazine ring where nucleobases (e.g. adenine Eq,=1.5 eV**/ adenosine
Eox=1.46 eV %3 uracil (Eox = 0.88 eV ), cytidine (Eox = 1.6eV %) and guanosine
(Eox = 1.29 eV® 131)) act as potential electron donor to photoexcited flavin ring (ground
state reduction potential E,eq =-0.24 eV*°), and results a heavily quenched fluorescence of the
flavin. Next obvious question is probable binding location of flavins in RNA aptamer. One
possibility is flavin intercalates between the base pairs of complementary strand (Scheme
4d.1). To verify this possibility, we have checked the interaction scenario of flavin with 18-
mer inter complimentary RNA ((AU)g), and we found both FMN and FAD do not show any
alteration in emission intensity by increasing (AU)1g concentration (Appendix 4d.3a). Hence,
we can rule out the intercalation mode of binding to RNA aptamer. The other possibility is
flavin binds to the mismatch sequences of RNA aptamer (Scheme 4d.1), as it is well known
that several ligands and small molecules bind to the bulge and loop segments of RNA 1%
Notably, NMR followed by MD simulation showed isoalloxazine ring of FMN involves in
stacking interaction with the flanking G-G pair and G10.U12.A25 triple in bulge segment of
the RNA aptamer.’™® In summary, steady state results provide strong evidence that ultrafast
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electron transfer from nucleobases (mismatch bases like G9.G27, G10-U12-A25 triple and
A13-G24 in the bulge segment of RNA aptamer) to flavin ring is accountable for the
observed quenching effect of both FMN and FAD fluorescence in presence of RNA aptamer.

A very indulging care has been taken to the fluorescence study with variable
concentrations of Mg*? ion concentrations, as it’s known that tertiary structure of RNA
depends on Mg*? ion concentration.'?> 1% We found with increasing Mg*? ion concentration
(from 2 mM to 10 mM), the relative quenching for both of FAD and FMN enhances
significantly as shown in Figure 4d.2c. Moreover, the quenching is higher for FMN
compared to FAD (Figure 4d.2c). To verify that FAD dynamics is not getting affected by
Mg*? ion, we titrated a fixed concentration of FAD with increasing Mg*® under identical

experimental condition, and interestingly we have found no variation in intensity or emission
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Figure 4d.3: (a) Steady state anisotropy of FAD and FMN (Aex = 444 nm and collected at 535 nm)
with increasing concentration of RNA aptamer recorded at variable Mg+2 concentrations. (b)
Temperature dependent denaturation of RNA monitored by retrieval of flavin fluorescence. All the
legends carry respective meaning.

position (Appendix 4d.3b). Hence, variable effect in emission intensity at higher Mg*? ion
concentrations appears due to structural stabilization of flavin bound RNA aptamer by the
Mg*? ions. It is well established that Mg** ion stabilizes the tertiary structure of RNA by
electrostatic screening of surface phosphates either by direct ion-dipole interaction or by
hydrated ion and charge interaction.?® The lesser extent of quenching in case of FAD at the
same experimental condition indicates the aptamer has lesser binding affinity for FAD
compared to FMN, as FAD has additional conformational flexibility.

To confirm the binding interaction of flavins with RNA aptamer and to check the

reversibility of the binding process, temperature induced fluorescence measurement is
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performed (Figure 4d.3b). We have noticed the emission intensity of flavins reverts back to
its original intensity with increasing temperature. With increasing temperature, RNA aptamer
structure collapses releases the aptamer-bound flavins into buffer. As free flavin in water is
characterized by higher fluorescence quantum yield, hence, it can be concluded from this
temperature induced denaturation of RNA aptamer that flavins are subjected to stacking

interactions with the nucleobases in the bulge segment of the aptamer.

4d.2b. Association Behavior of Flavins-Aptamer Interaction

A quantitative estimation of binding affinity between flavins and aptamer can be obtained
from Scatchard plot**® (Appendix 4d.4). A systematic Mg*? ion dependent study shows a
monumental impact over binding constant of flavins with RNA aptamer. FAD at 2 mM Mg*
concentration offers a binding constant 1.40 x10* M™, which enhances ~100 fold at
maximum Mg*? ion concentration (10 mM) (Table 4d.1). A more intriguing results is
observed for FMN, which shows a 10 fold higher association constant compared to FAD at 2
mM Mg*? concentration and rises up to 2.0 x 10’ M at 10 mM Mg*? ion concentration. The
high binding affinity of FMN/FAD in presence of higher Mg* ion is attributed to the
formation of a more stable tertiary structure of RNA aptamer in presence of high Mg* ion
concentration. Moreover, Mg™ ion favors the interactions between nucelobase and
isoalloxazine by screening the negative charge of backbone phosphates. These results closely
resemble to the binding constant determined from fluorescence assay performed by Anderson
et al. and it was shown FMN exhibits three times higher binding affinity than that of FAD,***
although the reason of lower binding affinity has not been addressed. In this work, we have
addressed this issue and we have already mentioned that conformational flexibility of FAD
may be intriguing factor for the lesser binding affinity as well as selectivity towards the RNA
aptamer. Binding constants along with the free energy changes (Table 4d.1) infer that the
detection of flavin by the aptamer is highly energy favored and Mg*? ion dependent process,
and we intend to depict a more detailed thermodynamic insight from ITC, described in latter
part of these manuscript.

4d.2c. Impact over RNA Structure; CD and Thermal Melting Study

CD signal is sensitive to minute structural changes in bio-molecules like polynucleotides

(DNA/RNA) or proteins during interaction with ions, ligands or other macromolecules.*® %
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Hence, the impact over aptamer structure due to Mg™ ion as well as flavins binding is
elucidated from circular dichroism studies (Figure 4d.4a). RNA aptamer alone in PBS
exhibits two dips (at ~210 nm and ~235 nm) along with a peak at ~265 nm. A reasonable
number of previous reports already characterized this features as a signature of A-form of
RNA, where the base pairs are tilted relative to helix axis.***** Note that most of the RNA
structures found in nature are abundant in A from containing bulges and/or loops, which are
able to selectively trap small molecules and ligands.*****® The CD spectra of aptamer shows
dependence on Mg*? ion concentration (as the peak at 265 nm is increased by ~20%, while
moving from 2 mM to 10 mM of Mg*? ion concentration), which infers that aptamer structure
is gaining more stability at higher Mg*? ion concentration. Here it is relevant to mention that
Jack et al. also observed almost similar change in CD spectra of an antiterminator model

RNA, when the Mg*? ion concentration increases from 0 to 15 mM, and they attributed
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Figure 4d.4: (a) CD Spectra of RNA aptamer with increasing concentrations of Mg*? ion along with
FAD and FMN. (b) Thermal melting data for RNA aptamer collected at 260 nm with FAD and FMN in
presence of 4 mM Mg*? ion. All the legends carry respective meaning.

this small change due to increased base stacking interaction in presence of higher Mg*? ion
concentration.*® In presence of flavin (either FAD or FMN) a detectable decrease in CD
signal is noticed at ~265 nm (Figure 4d.4a). Moreover, a clear blue shift at ~265 nm peak is
observed in CD spectra due to FAD and FMN binding. The decreasing CD signal along with
blue shift infers about the interaction of FAD/FMN with RNA aptamer. The similar changes
for FMN and FAD in CD spectra confirm that isoalloxazine ring is responsible for RNA
interaction. Douthart et al. previously monitored intercalation of ethidium bromide in ds-

RNA through CD spectroscopy, and a visible increase at ~ 265 nm CD signal was concluded
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as an outcome of intercalation to RNA."** Therefore, the descending CD signal at ~265 nm
for FAD and FMN infers about structural or conformational alteration of RNA aptamer upon
binding to the bulge region of the aptamer.

The structural stability of aptamer during flavin binding is also verified through
thermal melting study. The aptamer without flavins consist two distinct sigmoidal regions
showing melting at 42°C and 72°C (Figure 4d.4b). The lower melting temperature (42°C)
may appear due to the opening of small stem-loop structure (from Ul14 to A23, Scheme
4d.1), whereas higher temperature (72°C) may be attributed to the global melting of the RNA
structure. The global melting temperature matches well with the value checked from IDT
under identical salt concentrations. In presence of FAD and FMN, the melting temperature of
small stem-loop structure is found to be varied from 42°C for RNA alone to 46°C for FAD-
bound RNA and 47°C for FMN bound RNA at 10 mM Mg*? concentration. Interestingly, no
such prominent change is observed for global melting temperature by interaction with either
of the flavins. This observation might indicate that flavin binding stabilizes the stem-loop
region of aptamer but does not perturb global melting of aptamer and also confirms that the
isoalloxazine ring does not intercalate to the complimentary strands of aptamer, as
intercalation between base pairs is known to alter global melting temperature to higher extent.

4d.2d. Isothermal Titration Calorimetry (ITC): A Thermodynamic Glimpse

In case of biomolecule-ligand interaction thermodynamic parameters play crucial role, as
they provide detailed information about binding interaction, structural reformation or
feasibility of the ligand-macromolecular association.*** Therefore, we have used ITC
study to get insight into the thermodynamic parameters during flavins-RNA interactions. ITC
profiles of flavins-aptamer interaction are shown in Figure 4d.5 and the results are depicted
in Table 4d.1. Each enthalpy burst in upper panel represents individual RNA injections, and
the amount of heat liberated by the successive additions is plotted against the molar ratio of
flavin to aptamer in the lower panel. A standard nonlinear least-square regression binding
model (single site) is employed to fit the results. Binding stoichiometries at low Mg*? ion
concentration are determined to be 0.80 and 0.78 for FAD and FMN, respectively. At higher
Mg*? ion concentrations (10 mM) the ‘n’ (the molar ratio of ligand to macromolecule) values
appear to be 0.7 and 0.67 for FAD and FMN, respectively and it suggests that each flavin
molecule binds to single site of RNA aptamer, which is in agreement with our steady state

and NMR™® results, predicting 1:1 interaction between flavin and aptamer. The association

IISER Pune [kl



Modulation of FAD Dynamics and Selective Detection of Flavins | Chapter 4

constant obtained for FMN (8.60 x 10° M™) is almost four times higher in magnitude
compared to FAD (1.30 x 10° M™) in presence of RNA (at 10 mM of Mg*? concentration),

which corroborates well with steady state emission results under similar experimental
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Figure 4d.5. Isothermal Titration Calorimetry profiles of (a) FAD (in 4 mM Mg*?) and (b) FMN (in 4 mM
Mg*?) with increasing concentration of RNA aptamer, whereas (c) and (d) represents ITC of FAD and
FMN with RNA aptamer in presence of 10 mM Mg*? ion concentration, respectively. The upper panels
in all cases represent change in enthalpy at each injection, whereas the lower panels show the overall
variation in enthalpy for the process.

condition. The difference of association constant between FAD and FMN may appear due
toconformational flexibility of FAD, which is not present in case of FMN. Table 4d.1 offers
a high negative heat of deflection for flavins binding to RNA aptamer, which indicates an
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exothermic nature of binding. We have already anticipated from steady state emission, CD
and melting studies that isoalloxazine ring of FMN/FAD interacts with mismatch nucleobases
in the bulge segment of the aptamer. Therefore, we believe the high negative enthalpy values

obtained from ITC studies are outcome of the above mentioned interactions, and it suggests

Table 4d.1. Binding constant and detailed thermodynamic parameters of FAD and FMN binding
interaction with RNA aptamer determined form steady state measurements and ITC.

[Mg*=2mM [Mg*?]=4mM [Mg**]=10mM

FAD
Elrﬁg;escence K 1.40 x 10 M 120 x 10 * M 5.52 x 10 ® M.
AG® -5.63 kcal/mol -6.90 kcal/mol -9.20 kcal/mol
From ITC K (6.9+035) x10°M*  (1.30+0.15) x 10 ° M™
AH -(1.17+0.09) x 10 * -(1.57 £0.04) x 10 *
cal/mol cal/mol
AS -12.3 cal/mol/deg -24.6 cal/mol/deg
AG® -8.03 kcal/mol -8.50 kcal/mol

FMN
E[Sg;escence K 6.50 x 10 ° M. 1.07 x 10 ® M 20x107 M*
AG® -7.90 kcal/mol -8.20 kcal/mol -9.90 kcal/mol
From ITC K (3.30+1.40)x 10°M?*  (8.60+2.23) x 10° M™*
AH -(1.22 £0.05) x 10 * -(1.60 £0.11) x 10 *
cal/mol cal/mol
AS -11.1 cal/mol/deg -22.5 cal/mol/deg
AG® -9.00 kcal/mol -9.30 kcal/mol

the bulge is sufficiently flexible and permits an optimal interaction with flavin. Interestingly,
the change in entropy during flavins binding to aptamer is found to be negative for all cases,
irrespective to Mg*? ion concentration. A negative change in entropy can be attributed to the
favorable electrostatic interactions between ligands and RNA.** > Note that the resultant
entropy change appeared during flavins-aptamer binding is the combined effect of drug
entropy change, RNA entropy change as well as entropy change of water during binding
process.*® It is obvious that drug entropy will decrease while binds to aptamer, and the
flexibility of RNA decreases during drug or protein interacts*’. On the other hand, water
entropy generally increases when a drug binds to DNA/RNA.** Therefore, we feel that the
negative entropy which appears in our study is due to the cancellation of positive entropy of

water by the negative entropy change of RNA as well as falvins. Moreover, few previous

IISER Pune [ikpi



Modulation of FAD Dynamics and Selective Detection of Flavins | Chapter 4

studies report about a large negative TAS value, which is likely to reflect the ligand assisted
refolding of RNA aptamer’*®. The standard free energy changes calculated from enthalpy as
well as entropy contributions are well corroborative with steady state fluorescence
measurements at 298 K. Finally, the negative values of standard free energy changes
conclude that the binding of flavins to aptamer is highly spontaneous in nature.

4d.2e. Time Resolved Measurements

Time resolved fluorescence measurement is highly sensitive to the excited-state interaction
between the probe and RNA, and hence is a unique technique to depict the environment
around the fluorophore in excited state. Thus, fluorescence lifetime measurements are
performed to understand the interaction scenario between flavins and RNA aptamer. FMN

exhibits single exponential decay at pH 7 having a lifetime ~4.3 ns (Figure 4d.6). In presence

1.04 | Prompt (@) 1.0+ Prompt (b)
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Figure 4d.6. The decay profiles of (a) FAD and (b) FMN collected at 535 nm in absence and
presence of RNA aptamer at 10 mM Mg*? ion concentration (e = 444 nm).

of RNA, a new short-lived component of ~200 ps appears for FMN, and overall average
lifetime reduced in presence of RNA aptamer (Figure 4d.6). Unlike FMN, FAD exhibits
three distinct lifetime components at pH 7, a ~10 ps component (appears from stack
conformer of FAD), ~2.2 ns (arises ‘partially stack’ conformer) and ~4 ns lifetime (appears
from open conformer of FAD).** ?*>® Note that due to limited time response of TCSPC (~40
ps) instrument, we are not able to detect the lifetime of ‘stack’ conformer. Hence, we detect a
bi-exponential decay for FAD with two distinct lifetimes of ~4.3 and ~2.3 ns having relative
contributions of 55% and 45%, respectively (Figure 4d.6, Appendix 4d.t1). The ~4.3 ns
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component represents the “unstack’ conformer, whereas the ~2.3 ns component corresponds
to ‘partially stack’ conformer of FAD in which the isoalloxazine moiety does not stack but
interacts with the other parts of the molecule.”® With the gradual increase in RNA
concentration, the lifetime of the two conformers remains same but offers a decreasing
contribution of the long component. A new component with a reduced lifetime of around
~200 ps appears in presence of RNA. The reduced lifetime appeared in the decay profiles of
both FMN and FAD (Figure 4d.6, Appendix 4d.t1) is an outcome of the quenching effect of
isoalloxazine fluorescence by the nucleobases in the bulge segment of aptamer. In a nutshell,
the lifetime results are in accordance with out steady state fluorescence results, where we

have detected >90% quenching for flavin at higher concentration of RNA aptamer.

4d.3. Conclusion

Present work describes the detailed biophysical aspects of flavin (mainly FAD and FMN)
recognition by RNA aptamer. Steady state fluorescence, time-resolved fluorescence, circular
dichroism (CD) and thermal melting studies depict fluorescence quenching of flavin due to
stacking interactions with mismatch bases like G9.G27, G10-U12-A25 triple and A13-G24

Scheme 4d.1. Schematic representation of FAD-RNA aptamer interaction.

and causes structural reformation, majorly in the small stem-loop segment of the aptamer
(Scheme 4d.1). Isothermal titration calorimetry (ITC) study shows that flavin detection is

highly enthalpy driven process. The negative changes in standard Gibb’s free energy
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conclude about the feasibility of interaction. We also observed that FMN shows a higher
affinity to aptamer compared to FAD, and it is attributed to conformational flexibility of
FAD, which does not exist in case of FMN. As ‘stack’ conformer of FAD remains silent
during binding process due to the intramolecular stacking between isoalloxazine ring and
adenine moiety, a reasonable population of FAD conformers cannot participate to further
external stacking interaction with nucleobases of aptamer. Moreover, we have noticed that
the feasibility of the recognition process is highly Mg*?ion concentration dependent and it is

attributed to the better stability of aptamer structure in presence of higher Mg*? ion.
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4.3. Appendix

Appendix 4b.1. Orientations of water molecules around adenine and isoalloxazine rings of FAD at
different time points in the trajectory.
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Appendix 4c.1. Absorption Spectra of (a) FAD, (b) FMN and (c) RF at different HSA concentration
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Appendix 4c.2. Comparative quenching of FMN
by tryptophan, phenylalanine and tyrosine in bulk.
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Appendix 4c.4. Root Means Square Deviation of
HSA chain in HSA, HSA-RF, HSA-FMN and HSA- :
FAD systems.

i Appendix 4c.3. RF bound to SS2 after docking.
! RF is given element-based color. The amino
i acids are colored according to hydrophobicity.
The picture is plotted using chimera.
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EAppendix 4c.5. Radius of Gyration of HSA

! chain in HSA, HSA-RF, HSA-FMN and HSA-

i FAD systems.
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Appendix 4c.6. RMSF of amino acids of active site SS1 in A) HSA-RF, B) HSA-FMN and C) HSA-
FAD systems in comparison with RMSF of amino acids of SS1 in HSA only. Amino acids present in
the SS1 binding pockets are also mentioned.
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Appendix 4d.1. Absorption spectra of FAD (a, b) and FMN (c, d) in presence of 2 mM and 4 mM
Mg*? ion concentration with increasing RNA aptamer concentrations; where 1—8 represents RNA
concentration 0, 1, 3, 5, 10, 20, 30 and 50 uM, respectively.
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Appendix 4d.2. Fluorescence spectra of FAD (a, b) and FMN (c, d) in presence of 2 mM and 4 mM
Mg+2 ion concentration with increasing RNA aptamer concentrations; 1—-8 represents RNA
concentration 0, 1, 3, 5, 10, 20, 30 and 50 uM, respectively.
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Appendix 4d.3. (a) Emission spectra of FAD with 50 uM (AU),s RNA in presence of 10 mM Mg*z. (b)
Emission spectra of FAD in absence and presence of maximum Mg+2 ion concentration (10 mM).
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Appendix 4d.4. Modified Scatchard plot for FAD with increasing RNA concentrations and variable
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5.1. Motivation

Molecular switches are receiving up-rising attention from recent past owing to its potential
applications in bio-sensors, memory devices, logic gates and in many others.*™ Electronic
and optical properties of these molecular switches are responsive to diverse environmental
stimuli which promotes them as indispensible choice for biophysical and biochemical
applications. * % ¥ Among others, the fluorescence switching is of special interest owing
to its high sensitivity and the easy detection of the signal. Fluorescence switching is governed
mainly by two mechanisms, (i) photo-induced electron transfer (PET)Y*® and (ii)
fluorescence resonance energy transfer (FRET).* 2 In ‘PET’ a donor molecule transfers
electron to the excited state acceptor and reduces the fluorescence, which is designated as
“turn off” fluorescence. If the electron donating abilities of the donor is reduced significantly,
the fluorescence “turns on”.**® Whereas, in ‘FRET” a donor and acceptor pair approaches
within Forster distance and the emission switches form high energy to low energy photons.?®”
23 Although extensively used but their applications in biology have some limitations. Note
that efficient ‘PET’ and ‘FRET’ requires covalent tagging of donor and acceptor in
macromolecules, which appears to be a tough challenge for chemists. Moreover, ‘PET’ or
‘FRET’ from weakly bound or freely roaming fluorophore is most likely to be diffusion
controlled, which may not serve the purpose properly.?* If a single fluorophore could execute
fluorescence switching, it would facilitate sample labeling, and eliminates the complications
of integrating two dyes into desired locations. Such kind of fluorescent dyes are scarcely
available, and have limited applications in biology. Therefore, it would be worthy to think
about a molecule which is biologically important, exhibits dual fluorescence and switches its
emission while assisted by some macromolecules, like natural biopolymers. After an

extensive search we discovered ellipticine, an important anticancer drug, exhibits dual
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fluorescence in few selective solvents, and, therefore, it can pave a way towards single probe
fluorescence switching.

5,11-dimethyl-6H-pyrido[4,3-b]carbazole or trivially known ellipticine (Scheme 5.1)
is a naturally occurring plant alkaloid, better known as anti carcinogen since 1960s.%> 2°
Ellipticine and its several other derivatives effectively intercalate in DNA and inhibit the
activity of DNA topoisomerase I, which ultimately restricts the process of DNA replication
and hence transcription of RNA.?> 2’ Although anticancer activity of ellipticine is well
known, its mechanism of action is not well explored. To understand whether DNA
intercalation of ellipticine is facilitated by topoisomerase 11, several studies have been done.?*

% In 1995, Thomson group have shown that the anticancer activity of ellipticine occurs

Ha
H4C ~n 3G ‘-‘:N,H
_HH
DT
N N
) CH,

Protonated

Tautomer

Scheme 5.1. Different forms of ellipticine in solution.

through DNA-ellipticine-topoisomerase Il ternary complex formation.”® Till date a few
scattered studies related to solvatochromic behavior of ellipticine have been reported in
literature.** In non-polar solvents ellipticine emission is detected around 410 nm, and it is
attributed mainly to the neutral form of ellipticine. With increasing solvent polarity, the
emission maximum shifts towards red edge (at 520 nm). Moreover, in water ellipticine emits
at 520 nm, which is believed to appear from protonated pyridine nitrogen (Scheme 5.1). On
the other hand in methanol and ethylene glycol it exhibits concomitant dual emission at ~430
nm and ~510 nm.*>* Miskolczy et al. assigned the red edge emission of ellipticine to excited
state protonation of pyridine moiety by solvent proton transfer.®? Fung et al. highlighted high
polarity and dipole moments (higher than 12.2 D) of the solvents along with a strong
hydrogen bonding ability as the origin of higher wavelength peak.®® Very recently, Banerjee
et al. reported solvent mediated excited state intramolecular proton transfer from the pyrrole

nitrogen to pyridine nitrogen as origin of fluorescence from protonated ellipticine.™
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Irrespective of the origin of the dual emission, the vast separation of fluorescence emission of
neutral (generally prevails in non-polar environment), and protonated ellipticine (exists in
polar-protic environment) indicates that it can be the ideal molecule for fluorescence
switching studies.

Protein-DNA interaction plays an important role in all aspect of genetic activity
within organism, such as regulation of gene expression, transcription, repair and packaging.®*
$"Therefore, it appears extremely important to get insight about the mechanism as well as
dynamics of this process. Literatures about DNA-protein interactions using fluorescence of

trivial hydrophobic dyes are available,***!

where quantum yield of the dye was monitored to
probe the interaction and in most cases the decreasing fluorescence makes the process
complicated. Therefore, it would be worth to think about a fluorescent probe, which will
shine brighter or shift its emission during binding with a macromolecule.

Herein, we report a non-specific protein (serum albumin)-DNA (calf thymus)
interaction monitored through a tuneable emission switch of ellipticine, with the help of
steady state, time resolved fluorescence spectroscopy and circular dichroism. Molecular
modelling using Autodock has been employed to get detailed insight about drug-protein
interaction. We have demonstrated that two different bio-macromolecules can shuffle the
emission position so effectively that ellipticine can even be promoted as a molecular sensor
for these biopolymers. Moreover, a direct morphological pattern of the protein-DNA self-
assembled aggregates have been reported through field emission scanning electron
microscopy (FE-SEM). This unique approach offers valuable physical insight about the

probable ternary complexation comprising of protein, ellipticine and DNA.

5.2. Results and Discussions

5.2.1 Ellipticine-Serum Protein Interaction

5.2.1a. Steady State Results

Ellipticine (Scheme 5.1) in phosphate buffer saline of physiological pH exhibits a single,
broad and unstructured emission at 525 nm (Figure 5.1) attributed to protonated ellipticine,
as the protonation pK, of quinoline nitrogen in water is 7.4.%® A dramatic modification of
ellipticine emission (Figure 5.1) has been observed with increasing concentration of serum
albumin (BSA & HSA). At very first addition of BSA (0.25 uM), a new peak starts appearing
at ~440 nm. With upraising BSA concentrations the intensity at 440 nm strongly rises, and
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finally gets saturated at higher protein additions (maximum 110 uM). It is already reported
that when ellipticine resides in hydrophobic environment, the apparent pK, of quinoline
nitrogen drops down to ~6 due to reduced polarity,”® and facilitates the transformation from
protonated to neutral form of ellipticine.?® *® Moreover, in low dielectric solvents, ellipticine
exhibits high energy emission peak mainly originated from neutral form.*>* Therefore, the
emission peak at 440 nm is ascribed to the neutral ellipticine molecules bound to serum
albumin (BSA/HSA). Relative comparison with previous results shows ellipticine exhibits a
peak at ~444 nm in methanol and ethanol having Er(30) value of 55.4 and 51.90,%
respectively. Hence, neutral ellipticine experiences a polarity value close to ~53.5 in Et (30)
scale inside the protein binding pocket. Ellipticine constituted by extended aromatic rings is
highly hydrophobic and the hydrophobic-hydrophobic interaction between protein and drug
drags the drug molecule inside protein pocket away from high polarity environment of water
(63.1 in Er (30) scale). With every addition of serum albumin (SA) more hydrophobic

1.0 10{(p) 3)

(a) (13)

0.8+ 0.8 1

FI. Intensity (a.u.)

aurondig

0.6 4 0.6

aupndig-vseg
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(13)
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Figure 5.1. (a) Fluorescence emission intensity of ellipticine with increasing BSA concentrations
where 1—13 represents 0, 0.25, 0.50, 1, 3, 6, 10, 20, 30, 50, 70, 90 and 110 uM BSA. Inset shows
the colour switch by BSA addition. (b) Deconvoluted emission intensity of ellipticine with variable BSA
concentrations, where 1—13 caries the same meaning of (a).

vicinity has been created around the drug molecules, which modulates the emission
behaviour of ellipticine, and plays a crucial role for the fluorescence switching from 525 nm
to 440 nm. Unlike 440 nm, emission at 525 nm does not shoot up drastically but an apparent
enhancement of fluorescence intensity is observed with increasing SA concentrations (Figure
5.1a). Deconvoluted spectra show prominent intensity rise at 525 nm along with a dominant
blue shift (Figure 5.1b), which infers that a fraction of protonated ellipticine molecules are
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also moving inside the binding pocket of serum protein. The reduced polarity at binding
pockets might be responsible for the blue shift of the protonated peak.

A quantitative estimation of drug-protein interaction is always important since the
interaction efficiency and influence of the drug on protein structure governs the therapeutic
importance of the drug. Ellipticine-BSA binding constant was elucidated using modified
43, 44

Scatchard plot
+ 0.138)x10°> M for 440 nm emission using modified Scatchard plot (Appendix 5.1). The

(described in Chapter 3) which offers association constant (K;) of (2.75

association constant along with high free energy change (AG® = -7.41 kcal.mol™ at 298 K)
implies that the binding interaction between neutral ellipticine and BSA is energetically
favored. The binding constant (2.50 +0.126) x 10° M measured at 525 nm and free energy
change (-7.30 kcal.mol™) for the complexation, clearly implies that the protonated ellipticine
also has strong binding affinity towards BSA. The K, and AG® values are found to be in good
accordance with literature reports for several other probe-protein interaction studies.***® On
basis of steady state emission results we anticipate that domain | characterized by net

49, 50

negative charge and can serve as a suitable binding site for protonated ellipticine (as it

contains one unit positive charge). Whereas domain [l or I, being dominantly

49, 50

hydrophobic is the most probable location for neutral ellipticine. To extend the
applicability of our work, we have also monitored interaction of ellipticine with human serum

albumin (HSA) under similar experimental conditions (Appendix 5.2).

5.2.1b. Steady State Anisotropy

Anisotropy measurement can offer a vivid perception about the bound and an unbound state
of the molecule.?* The difference of anisotropy between free and bound drug molecules can
be utilized extensively to evaluate the location of the probe in macro structures.” ' Figure
5.2 depicts the change of steady state anisotropy for both neutral and protonated ellipticine
with the increasing concentrations of protein. In both the cases, a steep rise followed by
saturation in anisotropy value is observed (Figure 5.2). The steep rise in the anisotropy
indicates increasing restriction of rotational motion of drug, and the attainment of plateau
implies the saturation in the binding interaction between the drug and protein. The
applicability of anisotropy measurements has been extended by determining the association
constant (K,) for drug-protein interaction (Appendix 5.nl1). The association constant (Kg)
(from the plot in inset of Figure 5.2) determined for neutral and protonated ellipticine are

1.27x10° M™ and 1.15x10° M™ respectively. These values are in close agreement with the
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results obtained from steady state emission measurements. Therefore, anisotropy data also
supports our steady state emission results where we have seen that both protonated and neural

ellipticine molecules strongly interact with protein.

—@— collection 2= 440 nm § é
@ collection 2= 525 nm
0.12
3 3
< ?
2 5 P e S
= T = B 1 1
5 008 ﬂéﬂé $ (BSAT" (uM)
E § 1 0.01 0.02 0.03 0.04 0.05
© 4.50
o §s e
17} i
= 0.04 3 ) P
g s
w §
000 T T T
0 20 40 60 80 100 120

BSA (uM)

Figure 5.2. Steady state anisotropy of ellipticine with increasing BSA concentration, inset shows the
binding curve generated from anisotropy data.

5.2.1c. Time Resolved Lifetime Measurements

The fluorescence lifetime data can significantly contribute in realizing the interaction
behavior between ellipticine and BSA.?* ** The typical time-resolved fluorescence decay
profiles are displayed in Figure 5.3 and the fitting parameters are summarized in Table 5.1.
The decay profile of free drug (PBS, pH7) monitored at 525 nm (Table 5.1) is found to
exhibit bi-exponential feature with the lifetime component of 2 ns (92%) and 5.38 ns (8%). In
aqueous buffer ellipticine mainly exists in protonated form,?®>% 32 hence, we believe the
dominant contribution (92%) of 2 ns component corresponds to the lifetime of protonated
ellipticine. The 5.38 ns component is unlikely to appear from neutral ellipticine, as neutral
form of the drug does not show any emission at 525 nm. However, tautomeric form (Scheme
5.1) of ellipticine can contribute towards the 525 nm emission intensity, though the quantum
yield is very low in water (Figure 5.1). Therefore, we anticipate that 5.38 ns component
reflects the lifetime of tautomeric form of ellipticine, which has minute population in water.
In presence of protein, the contribution from the protonated form of ellipticine (~2 ns)
decreases sharply, whereas a long component of ~16 ns to ~19 ns appears in place of 5.38 ns
component (Table 5.1). The newly appeared long component is believed to be an outcome of

protonated (or tautomeric) ellipticine bound to the protein binding pocket, and it corroborates
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well with the steady state results where we have observed that protonated ellipticine also
participates in BSA binding. At higher protein concentration a fast component of ~500 ps
appears in addition to other two components. We believe that due to the increased
crowdedness at higher protein concentration, the drug molecules cannot easily access the
binding pocket of protein. However, due to the Brownian motion as well as electrostatic
attraction drug molecules can easily repose on protein surface. The short lifetime might be
outcome of the strong electrostatic attraction between the protonated ellipticine and
negatively charged side chains of amino acid at the protein surface, by which electronic
structure of protonated ellipticine is getting perturbed.

30004 30004
Prompt (a) Prompt (b)
— Ellip + BSA 0.25 uM = Ellip in PBS
2500 ——Ellip + BSA 10 uM 2500 Ellip + BSA 0.25 uM
\ = Ellip + BSA 110 pM e Ellip + BSA 10 uM
2000 - 20004 = Ellip + BSA 110 uM
El B
© @©
& 1500+ =, 1500+
= €
3 >
8 10004 8 1000+
500 - 500 -
0 T T T 0
10 15 20 25 30
Time (ns) Time (ns)

Figure 5.3. Lifetime decay profile of ellipticine in PBS (A,=375 nm) and with increasing BSA
concentrations collected at (a) 440 nm and (b) 525 nm, respectively.

To get insight about the dynamics of neutral ellipticine generated in presence of
protein, we have also collected lifetime at 440 nm in presence of protein (Figure 5.3, Table
5.1). At 0.25 uM of protein concentration, a tri-exponential decay shows lifetime components
of 220 ps (90%), 2.67 ns (7%) and a long lifetime 17 ns (3%). It is reported that ellipticine in
non-polar solvents (like dioxane, cyclohexane, hexane etc.) exhibits very long lifetime,* and
in these non-polar media ellipticine is likely to exist exclusively in neutral form due to the
reduced pK, of protonation in non-polar environment.?®*® Hence, 17 ns lifetime is attributed
to neutral ellipticine inside the protein nano-cavity, where it experiences a relatively higher
hydrophobicity. A glance at Table 5.1 reveals that the contribution of this long component
increases with rising BSA concentration, which proves that a dominant fraction of neutral

ellipticine enters inside the protein binding pocket and it is in well agreement with the steady

IISER Pune [2lord |



An Anticancer Drug to Probe Non-Specific Protein-DNA Interactions | Chapter 5

state results where we have observed that the intensity of neutral ellipticine (Figure 5.1) is
progressively enhanced in presence of BSA. The appearance of ~2.5 ns component (which is
matching with the lifetime of protonated ellipticine) seems unusual as neutral ellipticine
molecules mostly contribute at 440 nm. Moreover, the contribution of this component
increases as protein concentration increases. It is already observed from deconvoluted

emission profiles that protonated form of ellipticine has significant intensity contribution

Table 5.1. Lifetime results of ellipticine in buffer and in presence of BSA. Drug molecules are excited
at 375 nm and decay profiles are collected at (a) 525 nm and (b) 440 nm.

Sample us) (s) 1(ns) Ri Ry Rz ta(ns)’ o
(a) Acollection = 525 Nm

Ellip in PBS (pH 7) 2 538 0.92 008 231 1.00
Ellip + BSA 3 uM 224 150 091 009 335 101
Ellip + BSA 10 uM 2.30 16.0 0.57 0.43 8.15 1.00

Ellip+BSA 50 yM 0464 3.09 170 025 042 0.33 7.01 0.96
Ellip+ BSA 110 yM 0510 289 16.7 0.32 0.29 0.39 7.50 0.99

(b) ZAcottection = 440 nm

Ellip+BSA 0.25uM 0.220 2.67 17.00 090 0.07 0.03 0.900 1.02
Ellip + BSA 3 uM 0273 280 17.82 058 0.24 0.18 3.98 1.03
Ellip + BSA 10 uM 0.501 331 1847 042 031 0.27 6.35 0.98
Ellip + BSA 50 uM 0.717 4.08 19.05 0.38 0.30 0.32 7.58 1.06
Ellip+ BSA 110 uM  0.661 4.53 1940 041 0.31 0.27 6.96 1.02

* ta= (X R+ (12xR)+ (3% Ry)

even at 440 nm, and its contribution increases sharply, as the protein concentration increases.
Hence, ~2.5 ns component appeared in the decay profile of 440 nm is attributed to the
protonated ellipticine molecules those are free or unbound. The existence of relatively shorter
lifetime (200-700 ps) in presence of protein environment is more interesting. At low BSA
concentration the 220 ps component has a very high contribution of ~90%, and with
increasing BSA concentration the component lifetime slightly increases but the contribution
decreases sharply. We anticipate that the fastest component (~200-700 ps) reflects the

dynamics of neutral ellipticine attached to the surface of protein by strong hydrogen bond
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with the side chains of amino acids. The reduced lifetime value can probably be attributed to
energy dissipation via the vibrations associated with the intermolecular hydrogen bonding

between N-H of the pyrrole ring and -OH/O/-NH,/-S/-SH group of amino acid side chains.*

5.2.1d. Time Resolved Anisotropy Measurements

We have also performed time resolved anisotropy measurement, which provides notion about
the rotational relaxation of the drug, when it binds to the protein.®* ° °* The typical
anisotropy decay profile of ellipticine in aqueous buffer as well as protein environment is
shown in Figure 5.4. The drug exhibits a single exponential decay in aqueous buffer with

rotational relaxation time of ~130 ps (Table 5.2a). As in aqueous buffer ellipticine exists

0.4 0.4
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— Ellip+BSA 110 uM (a) — Ellip+BSA 1 uM (b)
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Figure 5.4. Anisotropy decay profile of ellipticine at different BSA concentrations (shown in legends).
Ellipticine was excited (Aex) 375 nm and anisotropy was collected (Aem) at (a) 440 nm and (b) 525 nm.

mainly in protonated form, the anisotropy decay in water only provides idea about the
rotational relaxation of protonated ellipticine molecules. However, we believe that if neutral
ellipticine could exist in water, it would have shown similar relaxation time, as both forms
differ only with respect to single proton. In presence of protein environment, anisotropy
decay time for both neutral and protonated ellipticine slows down, implying protein induced
confinement for both of the forms (Figure 5.4). Interestingly at lower concentration of
protein (1 uM and 10 uM) a growth component is observed which leads to unusual ‘dip-rise’
feature in the anisotropy decay (Figure 5.4). This kind of not-so-common time-resolved

anisotropy arises due to the presence of multiple species, each characterized by its own
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lifetime and anisotropy decay.>**® However, at higher protein concentration, the ‘dip-rise’
feature is absent, and the decay exhibits some residual anisotropy, which does not decay
within our experimental time window. This is because at higher protein concentration, the
population of short lifetime component reduces down significantly compared to long
component population.

The detail fitting analysis of ‘dip-rise’ profile has been described here under. In case
of “dip-rise” nature of anisotropy decay, we have to consider time dependence of weighing
factor xi(t), where x;(t) depends on the a;, 7;, and the total intensity decay I(t) by the following

equation as suggested by Ludescher et al.>’

adexp (L)

6 ..5.1

x;(t) =
Where, a; is the percentage contribution of lifetime component z;, and I(t) is the total decay.

The final equation for dip-rise anisotropy appears to be;

r(t)
t t t t t t
[(Rrexp (—2)xfrexp (= 70} + {Roexp (— ) xfoexp (= 70} + {Rs exp (— ) frexp (— 7))

5.2
[Riexp (— %) + Ryexp (— T—tz) + Rzexp (— %)]

=ToX

where, ro known as residual anisotropy, 71, 7, 73 are the lifetime components of the
corresponding decays having a relative contribution of each component as R;, Ry, and R3
respectively. During ‘dip-rise’ anisotropy fit the lifetime components and its relative
contribution were kept fixed. The rotational decay time of i component has been represented
by ‘zi’, and its corresponding contribution has been designated as ‘fi’. All the “dip-rise”
results are shown in Table 5.2a.

The anisotropy decays of protonated ellipticine (collected at 525 nm) at higher protein
concentrations are devoid of any ‘dip-rise’ features, and hence fitted by trivial equation of
fitting for anisotropy data which is described in Chapter 3. It is found that anisotropy decays
of protonated ellipticine (monitored at 525 nm) in presence of 110 uM protein consists of
three components, with a rotational relaxation times of ~130 ps, ~2 ns, and ~47 ns (Table
5.2b). The fast rotational relaxation component corresponds to the unbound protonated

ellipticine. Slower component (2 ns) might reflect either the segmental motion of protein or
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surface bound protonated ellipticine, while the slowest component of ~47 ns is assigned to be
global tumbling motion of the protein. The anisotropy decay of neutral ellipticine monitored
at 440 nm in presence of 110 uM protein concentration also consists of three components
having similar rotational time constants as that of protonated one (Table 5.2b). However, the
percentage contribution of each component is slightly different. Here it is necessary to
mention that protonated ellipticine also contributes to the anisotropy decay profile monitored
at 440 nm, as it has some reasonable intensity at 440 nm. Therefore, the decay characteristics
at 440 nm may not reflect the true anisotropy decay of neutral ellipticine. However, it
provides conclusive evidence for the strong interaction between the neutral form of drug and

protein.

Table 5.2a. Fitting parameters of ‘dip-rise’ anisotropy decay features of ellipticine-BSA.

Sample 1 (ns) 2 (NS) 173 (NS) f f, fa ro

Ellip+BSA (1 uM) at 440 nm  0.075 132 37.34 092 136 0.31 0.40
Ellip + BSA (10 uM) at 440 nm  0.091 3 45 2.08 0.40 0.50 0.27
Ellip + BSA (1 uM) at 525 nm 0.08 1 48 2.0 0.13 0.15 0.30
Ellip + BSA (10 uM) at 525 nm 01 238 45 161 0.32 045 0.30

Table 5.2b. Anisotropy results of ellipticine in buffer and in presence of BSA (no dip-rise feature).

Sample 1 (NS) 12(nS) 1r3(NS) ai a as lo
Ellip in PBS 525 nm 0.13 - - 0.39 - - 0.39
Ellip + BSA (110 uM) at 440 nm 0.08 1.86 45 0.23 0.04 0.12 0.39
Ellip + BSA (110 uM) at 525 nm  0.13 2.0 47 0.8 0.06 0.15 0.39

5.2.1e. Molecular Modelling

Insight about the location of drug inside the protein binding pocket is always important in
order to judge the carriage and therapeutic efficiency of the drug. To evaluate the molecular
interaction and accurate binding locations of ellipticine, we have utilized molecular docking
study (protocol is described in chapter 3). As it is already evident from experimental results

that both the forms of the drug interact with serum protein, hence we have chosen both the
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forms of the drug for docking study. Before docking these two forms of ellipticine have been

energy minimized using Gaussian 98°°. The most probable binding site for protonated
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Figure 5.5. Docked conformation of ellipticine with BSA. (a) Protonated ellipticine bound to domain IB,
where inset shows the magnified view of binding site along with hydrogen bonding interaction. (b)
Neutral ellipticine bound to domain IlIA, where inset shows the magnified view of binding along with
surrounding amino acids.

ellipticine is found to be domain IB (Figure 5.5a). The domain 1 is surrounded by ASP107,
ASP108, SER109, PRO110, ARG144, HIS145, PRO146, TYR147, SER191, SER192,
ALA193, ARG196 and ARG458 amino acids.*® *® Hence, the protonated ellipticine feels a

ISER Pune |kl




An Anticancer Drug to Probe Non-Specific Protein-DNA Interactions | Chapter 5

strong electrostatic drag towards this domain, and offers a very high binding free energy
change ~ -9.03 kcal/mol. Protonated ellipticine forms a hydrogen bonding interaction with
HIS145 with reasonably high energy (-0.227 kcal/mol, and interaction distance 2.112 A),
which offers stability of the drug in this domain. On the other hand the docking study reveals
that neutral form is found to reside at domain I11A (Figure 5.5b), surrounded by the amino
acids GLU382, PRO383, LEU386, ILE387, ASN390, CYS391, PHE402, LEU406, ASG409,
LEU429, ALA432, GLY433, CYS437, MET445, THR448, GLU449, LEU452 and ARG484.
This finding also seems logical as domain I11 A is characterized as hydrophobic domain,*>
which is more likely to favour neutral instead charged structure of ellipticine. Moreover, in
case of neutral ellipticine no hydrogen bonding interaction between drug and above
mentioned amino acids is observed. Neutral ellipticine also shows a quite high binding free
energy change, -7.8 Kcal.mol™ and a binding constant (K) of 5.0 x10°> M™%, In summary, the
docking results validate well the experimental observations, where we have found enough

evidence for the binding of both the forms of ellipticine with serum albumin.

5.2.2. Ellipticine CT-DNA Interaction

Although the interaction behavior of ellipticine with DNA is well explored in the literature,?®
2% in order to compare with protein, we have probed the interaction characteristics between
ellipticine and CT-DNA mainly through fluorescence measurements. A dramatic
enhancement of the intensity at 525 nm peak (attributed to protonated ellipticine) is observed
with the hike in DNA concentration (Figure 5.6). The huge enhancement of emission is an

outcome of the intercalation of protonated ellipticine to DNA?: 8062

. Unlike protein
environment, ellipticine does not bind to DNA in its neutral form, because of apparent
increase of protonation pK, due to the enhanced proton activity at the anionic interface.?
Intensity at peak maximum has been utilized to calculate the binding constant of ellipticine
and DNA. The binding constant is estimated from Scatchard plot (detail description in
Chapter 3) determined to be K,=5.04x10° M™, which is very close to the value obtained
from chromatin bound ellipticine case.?® The higher binding affinity is also supported by
steady state anisotropy measurement, where it is observed that with gradual addition of DNA
anisotropy value of ellipticine rises up and gets saturated at ~70 uM DNA (Figure 5.6b).
Above 70 uM the anisotropy value reaches to a plateau region, which infers the saturation in

the binding interaction between the drug and DNA.
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Fluorescence decay profiles of the drug in absence and presence of CT-DNA are
shown in Figure 5.6¢ and the results are tabulated in Table 5.3. With the gradual addition of
DNA, the percentage contribution of short lifetime component (~2 ns) progressively
decreases, whereas a longer lifetime component of ~12 ns generates in the decay profile, and
ultimately reaches to 96% at maximum DNA concentration. The increased lifetime of
ellipticine in presence of DNA might be attributed to the enhanced stability of the drug by the

stacking interaction with DNA. The interaction between ellipticine and DNA is also probed
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Figure 5.6. (a) Fluorescence emission spectra of ellipticine in PBS and with increasing DNA
concentration ([DNA] = 1, 5, 10, 20, 30, 50, 70, 110 uM, respectively). Inset shows the Scatchard plot
constructed from emission intensities. (b) Steady state anisotropy change of ellipticine at various DNA
concentrations. (c) Lifetime decay profiles of ellipticine with various DNA concentrations. (d)
Anisotropy decay profiles of ellipticine with various DNA concentrations.
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from time-resolved anisotropy measurements (Figure 5.6d). Like protein, initial addition of
DNA leads to “‘dip-rise’ feature of anisotropy decay profile (Table 5.4a). However, at higher
DNA concentration the “‘dip-rise’ feature is totally vanished (Figure 5.6d, Table 5.4b). The
analysis of anisotropy decay profiles clearly implies that the rotational relaxation of the drug
is significantly retarded in presence of DNA (Table 5.4). A very slow rotational relaxation
time together with the existence of residual anisotropy reflects the intercalation is preferred
binding mode of the drug to DNA.

Table 5.3. Lifetime results of ellipticine in buffer and with CT-DNA where samples were excited (Aey)
at 3756 nm and emission decays were (A¢n) collected at 525 nm.

Sample us) ©s) Ri Ry ta(ns) g

Ellip in PBS (pH 7) 2 538 092 008 231 1.00
Ellip + DNA 5 uM 206 11.70 049 051 354 1.05
Ellip+DNA 10pM 205 1275 0.32 0.68  4.75 1.03
Ellip + DNASOyM  2.00 13.8 0.06 094  10.6 1.03
Ellip + DNA 110 uM  2.82 14.43 0.04 096  12.32 1.02

* o= (X RY+ (12X Ry)

Table 5.4a. Fitting parameters of ‘dip-rise’ anisotropy decay features of ellipticine-DNA system.

Sample Tr1 (nS) T2 (ns) Tr3 (ns) fl f2 f3 )

Ellip + DNA (5 uM) at 525nm 0.1 5 100 2.09 024 0.47 0.25
Ellip + DNA 30 uM)at525nm 0.1 80 100 145 174 044 027

Table 5.4b. Anisotropy results of ellipticine in buffer and in presence of DNA (no dip-rise feature).

Sample 11 (NS) T2 (NS) T3 (NS) ai a as ro

Ellip + DNA (S0 uM)at 525nm  0.09  6.82 100 0.24 0.03 0.13 0.40
Ellip + DNA (70 uM) at 525nm  0.09 582 110 0.17 0.05 0.14 0.36
Ellip+ DNA (110 uM) at 525nm  0.09  4.87 93 0.4 005 0.14 0.33

5.2.3. Serum Protein-Ellipticine-DNA Interaction

5.2.3a. Steady State Results

As mentioned earlier, serum protein (BSA)-bound ellipticine mainly emits blue fluorescence
at 440 nm, and is attributed to the neutral ellipticine molecules residing at domain Il1A

IISER Pune [kt



An Anticancer Drug to Probe Non-Specific Protein-DNA Interactions | Chapter 5

(Figure 5.1). With gradual addition of calf-thymus DNA (CT-DNA), the intensity of blue
emission (440 nm) decreases sharply and a new peak appears in the green region at ~512 nm
(Figure 5.7). A strong intensity decrease at 440 nm along with a freshly appearing green
emission at 512 nm infers DNA mediated withdrawal of neutral ellipticine molecules from
ellipticine-BSA complex. The increasing ellipticity of BSA in circular dichroism (CD)

(Appendix 5.3) spectra with raising DNA concentration suggests that secondary structure of
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Figure 5.7. (a) Fluorescence emission spectra of BSA (110 uM) bound ellipticine with increasing DNA
concentration (1—9 represents [DNA] = 0, 1, 6, 10, 30, 50, 70, 90 and 110 uM). Inset shows colour
transition due to ternary complexation. (b) Deconvoluted emission intensity of ellipticine-BSA with
variable DNA concentration, where 1—9 caries the same meaning as that of (a). Inset represents a
sample of deconvolution.

BSA is not perturbed; rather CT-DNA stabilizes the secondary structure of the protein. This
substantiates well with the previous reports about structural stabilization of HSA by CT-
DNA.% Henceforth, DNA assisted perturbation of the tertiary structure of BSA may be the
possible reason for the displacements of drug molecules from protein binding cavity. It is also
noticeable from Figure 5.7b that the intensity at 440 nm does not vanish completely even at
highest concentration of CT-DNA, indicating a small fraction of neutral ellipticine molecules
are still left inside the binding pocket of BSA. The DNA driven dissociation constant; Ky =
(2.70 +£0.2)x10° M™ calculated from the intensity decrement at 440 nm (Appendix 5.4) is
very close to that of ellipticine-BSA binding constant (K;=1.27x10° M™) which infers about
the possibility of DNA induced removal of drug molecules from protein pocket.

Although in BSA the main emitting specie is neutral ellipticine, the deconvoluted

emission spectra (Figure 5.7b) clearly indicates the presence of protonated ellipticine in
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BSA. The deconvoluted emission spectra (Figure 5.7b) show that BSA bound protonated
ellipticine peak appears at ~475 nm and gradually shifts to red region along with progressive
decrease of emission intensity. Moreover, a clear iso-emissive point observed at 507 nm in
presence of DNA. The red shift along with iso-emissive point is indicative towards the
existence of ternary complex comprising DNA, protein and protonated ellipticine. Using the
emission intensities at respective peak maximum, the binding constant for ternary
complexation is calculated to be (2.20+0.18)x10* M™, which infers the process is highly
energy favoured and spontaneous (AG°=-5.90 kcal.mol™). It is intriguing to observe that HSA
and salmon sperm DNA (Appendix 5.5) also offers similar trends in emission and changes in
binding free energies like BSA-DNA system, inferring the wide applicability of present work
for wild DNA and globular proteins. Previously, IR studies revealed that the interaction
between CT-DNA and HSA (a homologous protein of BSA) takes place via polypeptide
C=0, C-N and N-H groups.®® Moreover, IR studies showed that two major binding sites were
located at G-C bases and the backbone phosphate group of DNA.®® Considering the fact that
protonated ellipticine will be attracted by the phosphate backbone of DNA; we believe that
electrostatically formed tertiary complex might be favoured in our case. It is also noticeable
that at higher concentration of DNA (~110 uM), protonated ellipticine emits at ~512 nm
(Figure 5.7b) which is ~13 nm blue shifted from DNA-intercalated protonated ellipticine
emission at ~525 nm (Figure 5.6a). This suggests ellipticine does not intercalate, rather it is
involved in ternary complex formation with BSA and DNA. A more clear insight about the
formation of ternary complex is described through lifetime traces and time-resolved

anisotropy results described afterwards.

5.2.3b. Time Resolved Lifetime Results

We have monitored the fluorescence lifetime of protein bound ellipticine with raising
concentration of DNA to get insight into the protein-DNA interaction scenario. The typical
time-resolved decay profiles are depicted in Figure 5.8 and the results are summarized in
Table 5.5. The drug molecules show a multi-exponential decay profile, which is obvious for
the case of micro-heterogeneous environment comprising both protein and DNA. In such a
case, it appears to be difficult to assign individual decay components. Therefore, it is rational
to consider the average fluorescence lifetimes of the drug instead of emphasizing on
individual decay components. It is noticeable from the results shown in Table 5.5 that the

average lifetime of BSA-bound protonated ellipticine (~7 ns) progressively increases with the
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gradual addition of DNA, and this is certainly an outcome of the interaction between protein

bound drug and DNA. Steady state results have already provided a notion that protonated
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Figure 5.8. Lifetime decay profile of ellipticine-BSA (A=375 nm) with increasing DNA concentrations
(shown in legend) collected at (a) 440 nm and (b) 525 nm respectively.

form of drug molecule involves in ternary complex formation. We believe that the increase in

average lifetime of drug from 6-9 ns is an outcome of the same. Therefore, lifetime results

pave a way for assessing the existence of ternary complex comprising of protein, DNA and

Table 5.5. Lifetime results of ellipticine-BSA with increasing concentration of DNA. Ellipticine is
excited (Aey) at 375 nm and emission collected (Aem) at (&) 440 nm and (b) 525 nm.

Sample u(s) 1(ns) 13(ns) R: Ry Rz taw () o
(@) Acollection = 440 nm

Ellip-BSA + DNA 5 uM 0.461 4.15 21.16 0.36 0.26 0.36 8.97 1.01
Ellip-BSA + DNA 10 uM 0454 394 2140 0.38 0.26 0.35 8.77 1.03
Ellip-BSA + DNA 50 uM 0.221 330 20.72 046 0.25 0.29 691 1.10
Ellip-BSA + DNA 100 M 0.176  2.88 20.22 0.54 0.23 0.23 542 1.06
(b) ZAcottection = 525 nm

Ellip-BSA + DNA 5 uM 0530 3.00 16.34 0.32 0.28 0.41 7.73 1.02
Ellip-BSA+DNA 30 uM 0535 3.10 16.13 0.28 0.28 0.44 8.10 1.01
Ellip-BSA+DNA 50 uM  0.610 3.40 1560 0.29 0.24 0.47 8.40 1.02
Ellip-BSA + DNA 100 uM  0.535 3.13 15.00 0.23 0.23 0.54 8.96 1.01

* ta= (mxRY+ (1:xRy)+ (13x Ry)

IISER Pune [2ik:i



An Anticancer Drug to Probe Non-Specific Protein-DNA Interactions | Chapter 5

protonated ellipticine. The average fluorescence lifetime of protein bound neutral ellipticine
monitored at 440 nm (Table 5.5) progressively decreases with increasing DNA
concentration, indicating the expulsion of neutral ellipticine from its stronger binding sites to
the proximity of bulk water. Hence, lifetime results corroborate the steady state results, where
we have also noticed that the quantum yield of neutral ellipticine progressively decreases

with increase in DNA concentration.

5.2.3c. Time Resolved Anisotropy Results

We have further exploited fluorescence anisotropy technique to establish the interaction
behaviour of ellipticine in presence of both protein and DNA. Figure 5.9 depicts the typical
anisotropy decays of protonated ellipticine (monitored at 525 nm) containing 110 uM of
protein with increasing DNA concentration and the results are tabulated in Table 5.6.
Anisotropy decay of protonated ellipticine in 110 uM protein concentrations consists of three

components, which are ~130 ps and ~2 ns, along with a long component of 47 ns (Table 5.6).

0.40 0.40

—— Ellip-BSA 110 uM (a) | —— Elip-BSA (110 uM) (b)
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Figure 5.9. (a) Anisotropy decay profile of ellipticine-BSA (Ax=375 nm)at various DNA concentrations
(shown in legend) collected at (a) 440 nm and (b) 525 nm respectively.

The fast rotational relaxation component corresponds to the unbound ellipticine. Relatively
slower component (2 ns) might reflect either the segmental motion of the protein or the
surface bound protonated ellipticine, while the major contribution of the slowest component
of ~47 ns is assigned as global tumbling motion of the protein. With varying concentration of

DNA, the time constant for slower component increases indicating retarded global tumbling
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motion due to the interaction with DNA (Figure 5.9, Table 5.6). The slowing down of global
tumbling time-scale in presence of DNA actually supports the existence of ternary complex,
by which the net hydrodynamic radius of the BSA-DNA complex increases and rotational
relaxation becomes sluggish. Moreover, as the increment is not abruptly high, it is logical to
anticipate that only a segment of DNA is involved in the ternary complex formation. It is
already revealed from FTIR studies that CT-DNA interacts with serum albumin either
through G-C rich region or through the phosphate backbone interaction of DNA.% If the
whole DNA was involved in the ternary complex formation, then it would have shown highly
sluggish global tumbling motion along with a higher value of residual anisotropy.

Rotational relaxation data obtained from the time-resolved anisotropy data are
employed to calculate hydrodynamic radius of protein-bound ellipticine and ternary complex
consists of protein-drug-DNA (a detailed description of calculation method is given in
chapter 3). Note that, we have found ~22.5 percent increase of hydrodynamic radius from
BSA-ellipticine (r=35.6 A) to BSA-ellipticine-DNA system (r=43.3 A). Interestingly, the
change in hydrodynamic radius of BSA bound DNA (~8 A) is closely matching with the
width of DNA base pair (~9 A), which infers that BSA predominantly interacts with major
groove region of DNA. This corroborates well with the proposed concept of ternary
complexation as phosphates in DNA attract serum proteins to a great extent to bind to the

Table 5.6. Anisotropy data of ellipticine-BSA with increasing DNA concentration (no dip-rise feature).

Sample 11 (NS) T2 (nNS) T3 (NS) ai a as ro

Ellip-BSA + DNA 5 uM (440 nm) 012  1.83 50 021 0.05 0.13 0.39
Ellip-BSA + DNA50 uM (440 nm) 012 2.48 50 0.9 0.04 0.13 0.36
Ellip-BSA + DNA 110 uM (440 nm) 012  2.93 48 0.14 0.07 0.13 0.34
Ellip-BSA + DNA 5 uM (525 nm) 010  2.64 54 012 006 0.16 0.34
Ellip-BSA + DNA50 M (525nm) 010  3.08 60 0.2 008 0.14 0.34
Ellip-BSA + DNA 110 uM (525nm)  0.10  3.50 83 0.14 007 0.16 0.37

G-C rich major groove of CT-DNA.We can rule out the possibility of ternary complex
formation with neutral ellipticine as 440 nm peaks does not exhibit any red shift (Figure 5.7).
Moreover, the anisotropy decay feature of the neutral (1em=440 nm) ellipticine molecules
bound to protein binding pocket are not getting affected by the presence of CT-DNA (Figure

5.9), though the population of neutral ellipticine significantly decreases by the addition of
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DNA. Combining all these facts a formation of ternary complex can be speculated.

5.2.3d. Field Emission Scanning Electron Microscopy (FE-SEM) Images

To visualize the morphology of protein-DNA aggregates a mixture of serum protein (HSA)

{¢) DNA

2

t
() DT‘;}A k‘r\ _ ;__}
. } Ty

o

HSA + DNA

Figure 5.10. Field Emission Scanning Electron Microscopic (FE-SEM) images of (a) HSA 100 uM,
where the green circles show the protein nucleation centres, (b) zoomed view of HSA .(c) Salmon
sperm DNA 100 uM, (d) is the respective zoomed view of salmon sperm DNA. (e) Interaction of HSA
and salmon sperm DNA (1:1) mixture where the dotted cyan line shows the nucleation barrier
between protein and DNA,; (f) zoomed view of serum albumin and DNA system
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and salmon sperm DNA (concentration ratio 1:1) has been subjected to field emission
scanning electron microscopy (FE-SEM) (Figure 5.10). For relative comparison, we have
also recorded the FE-SEM images of HSA and salmon sperm DNA under identical
experimental conditions. A flowery distribution of aggregated HSA is visible with a
singlenucleation centre for each aggregate (marked by green circles). A closer look shows
each arm of the flowery structure is extended in a typical fashion on 2D plane and resembles
to “fern leaf” structure. As protein is solubilised in PBS, evaporation of water gives a rapid
aggregation, where hydrophobic interaction drives protein molecules together and forms this
kind of ‘fern leaf” structure. A more distinctive self-assembled structure has been retrieved
when equimolar DNA has been added to serum protein. Additional nucleation centre at the
tip of ‘fern leaf’ is found in presence of DNA, which extends randomly and results a
dendriticdistribution. These radially branched dendritic architectures are best described by
diffusion limited aggregation model (DLA)%, in which DNA nucleation at the tip of “fern
leaf” structure of protein is an outcome of diffusion limited process. The results have close
resemblance with the recently reported morphology of silk proteins of Bombyx mori and
Wako sericin.®> ® This kind of unidirectional dendritic growth of DNA as detected in SEM
images, together with the estimated hydrodynamic radius of the BSA-DNA system, infers
that DNA is involved in ternary complex formation with protein and ellipticine, which is
believed to be the key point of ellipticine anticancer activity. However, the possibility of
partial wrapping by DNA cannot be excluded. To best of our knowledge, this type of self-
assembled aggregates from two different bio-macromolecules is unique, and it might provide
a deep insight towards the development of novel hybrid biomaterials for therapeutic

applications.

5.3. Conclusion

In summary, the present work illustrates the interaction scenario of wild DNA and serum
protein probed by fluorescence switch of an anti cancer drug, ellipticine. In protein (Serum
Albumins) it dramatically shifts the equilibrium from protonated (~525 nm in water) to the
neutral (~440 nm) (Scheme 5.2) which reflects through a ~85 nm blue shift in emission. In
DNA, only protonated form of ellipticine intercalates due to strong electrostatic interaction
between the drug and negatively charged phosphate backbone of DNA, reflected by
tremendous hike in intensity at 525 nm. The very different fluorescence feature of ellipticine

with serum albumin and DNA, offers a notion about monitoring the protein-DNA interaction

IISER Pune |kii



An Anticancer Drug to Probe Non-Specific Protein-DNA Interactions | Chapter 5

with the help of fluorescence switch of this drug from green (in water) to blue (in presence of
protein) to sea green (in protein-DNA) (Scheme 5.2). We found DNA does not disturb but
stabilizes the secondary structure of protein through complexation comprising protein and

DNA. SEM images depict the formation of radially branched dendritic architecture for

HSA+ DNA

Scheme 5.2. Schematic representation of ellipticine colour switch used for detection of non-specific
protein-DNA interaction, where the SEM images are shown for protein, DNA and protein-DNA
complex.

protein-DNA interaction, driven by the above mentioned self assembled structure. This kind
of fluorescence switch of a biologically important drug molecule provides a new strategy to
monitor protein-DNA interaction. Moreover, in near future this approach can be effectively

used to probe different kind of bio-macromolecular interactions in vivo and in vitro.
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5.5. Appendix
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Appendix 5.1. Modified Scatchard plot of Ellipticine-BSA system, where legends carry the respective
meanings. A detailed method of modified Scatchard in described in Chapter 3.
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Appendix 5.2. (a) Fluorescence emission intensity of ellipticine with variable HSA ([HSA] = 0, 0.25,
0.50, 1, 3, 6, 10, 20, 30, 50, 70, 90 and 110 uM respectively (1—13)). Inset shows the color switch by
HSA addition. (b) Deconvoluted emission intensity of ellipticine with variable HSA concentrations,
where inset stand for a sample deconvolutioon.
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Appendix 5.3. Circular dichroism spectra of BSA and DNA interaction. BSA (10 uM) is titrated with
increasing DNA concentrations (legend carries the respective meaning).
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Appendix 5.4. Binding constants determined for BSA-ellipticine-DNA system considering emission
intensities at 440 nm and 520 nm using modified Scatchard plot.
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Appendix 5.5. Fluorescence spectra of HSA-bound ellipticine with increasing concentration salmon
sperm (SS DNA) DNA, where the inset shows deconvoluted emission spectra for the same.

Appendix 5.n1. Binding Constant Determination from Steady State Anisotropy Data

The applicability of anisotropy measurements has been extended by determining the
association constant for drug-protein interaction. Binding constant (K) is determined using
the following equations®

1 1

—=1+—-— ..nl.l
fs + K¢[Protein] "

in above equation ...n1.1 the term fg can be defined as;

_ (r-rr)
fg = PTC vy — ..nl.2
where, fg is fraction of drug molecules bound to protein, and rg, rg are the anisotropy of free
and bound drug, respectively. R is the correction factor (ratio of bound/free drug intensities
measured under same experimental conditions). The binding plot is constructed by 1/fg vs

1/[protein], and binding constant is evaluated from the slope.

End of Chapter 5
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6.1. Introduction

Water, the origin of life on earth is an indispensible solvent for all nature mediated reactions.
Due to the ubiquitous existence of water as reaction matrix, it’s celebrated as the universal
solvent and hence researchers are always interested about the dynamics and kinetic behaviour
of water in its liquid state. Water dynamics is known to have a direct correlation with
different biological phenomena, like protein folding-unfolding dynamics,*** DNA

A3 interaction

dynamics,™>?! protein-ligand,> * ?*** DNA-ligand®®*® and protein-DN
processes. As described in Chapter 1, the reorientation dynamics of water around a
fluorophore followed by photo-excitation is known as solvation dynamics. Dynamics of
water molecules around an excited molecule is a venerable concept and is applied to explore
the dynamics of water in a diverse kind of systems.'® ***° The solvation dynamics of water
over a hydrophobic surface is one of the topics of interest of the present chapter and we have
explored the behaviour of water molecules on the surface or carbon nanotubes. Not only
water, but the reorientation dynamics of different other solvents around an excited molecule
carries immense importance to explain the photophysical and photo-chemical behaviour of
the matrix itself. As for example, the dynamics of hydrogen bonded network is well
correlated to protein denaturation®’. Therefore, the other part of the present chapter deals with
the solvation dynamics of hydrogen bonded urea network confined inside reverse micellar

cavity. Hence this chapter is subdivided in two parts as follows;

6a. Solvation Dynamics of Coumarin 153 in SDS Dispersed Single Walled Carbon
Nanotubes (SWNTSs) and

6b. How Does the Urea Dynamics Differ from Water Dynamics Inside the Reverse Micelle?
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6a. Solvation Dynamics of Coumarin 153 in SDS
Dispersed Single Walled Carbon Nanotubes (SWNTs)

6a.1. Motivation

Confined water within restricted spaces deserves special attention because it behaves
differently compared to normal water. For example, water at the surface of protein is called
‘biological water’ and is different from bulk water. The knowledge about the physical
properties of confined water is rather limited. Many experimental and computational studies
have done to explore the physical properties of this confined water." % “** However, it
needs more systematic study and more confined environments. Discovery of carbon nanotube
(CNT) provides such restricted environments for water molecules. CNT provides quasi one
dimensional cavity with a diameter of few nanometers. CNTs are categorized as single-
walled nanotubes (SWNTSs) and multi-walled nanotubes (MWNTS). The detail description of
SWNTs and MWNTSs are provided in Chapter 1. It is seen that water molecules entering the
nano-tube lose an average two out of four hydrogen bonds.** Considering this loss of
hydrogen bonding and the weak attraction of water to the nano-tube C-atoms, hydration of
the nano-tube interior seem surprising. But experimental and simulation studies confirmed
the adsorption of water into the nano-tube.**® It has been observed that heat treated single
walled carbon nanotubes (SWNTSs) with an average diameter of 13.6 A can absorb water
molecules inside the SWNTs and that adsorbed water exhibits liquid-solid phase transition at
235 K.*° It has also been observed that ordered water inside SWNTs form pentagonal ice
nanotubes at 300 K and octagonal ice-nanotubes at 190 K**> (Scheme 6a.1). Simulations of
water encapsulated in CNT suggest a new ice phase not seen in bulk ice*” (Scheme 6a.1).
NMR study of the water adsorption isotherms in SWNTs suggests that hydrophilic-
hydrophobic transition inside surface of SWNT takes place upon cooling from 295 K to 281
K.*® Moreover, NMR study revealed that the correlation time of water orientation in SWNTSs
is on the order of 10 to 100 ns.*® This means dynamics of water reorientation inside the cavity
of CNT is hindered compared with bulk water.

Although numerous experimental and theoretical studies have focused on the physical
properties of water inside the cavity of CNT, a very few studies are reported about the water
adsorbed on the external walls of CNT. Molecular dynamics simulations of water on the

outer surface of a bundle of CNTs proposed two interesting surface phases of water.*® The
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first of them is characterized by the presence of water in one groove of the tube bundle
(Phase 1). For increasing density, a first-order phase transition occur leading to a second

phase of the system. This second phase is characterized by the presence of water molecules

Scheme 6a.1. lllustration of ice-nanotube structures given by Maniwa et al.** (a) The left is a
pentagonal ice-nanotube formed inside a (9,9) SWNT. The right shows n = 6, 7 and 8 ice-nanotubes.
The largest red and small blue spheres are oxygen and hydrogen atoms, respectively. The white
spheres in the left figure are carbon atoms of SWNT. Koga et al.*’ reported (b) Square; (c),
pentagonal; (d), hexagonal ice nanotubes in (14,14), (15,15) and (16,16) SWNTSs.

filling the whole outer surface of the nanotube bundle (Phase Il). Moreover, molecular
dynamics simulation study of water adsorbed in the external walls of a carbon nanotube
bundles has been reported, paying special attention to the hydrogen bond structure and
dynamic aspects such as diffusion and vibrations.”® Experimental study indicates that water
could wet the outer surface of CNT, since its surface tension of 72 mN/m is well below the
upper limit for the surface tension of the liquid (~180 mN/m) beyond which wetting of multi-
shell nanotubes is no longer favorable.”* The first is covalent functionalization of SWNTs.
However, such covalent approaches have been shown to disrupt the m-networks of the
SWNT, leading to possible losses in their mechanical and electrical properties. The second
strategy is the use of polymers or surfactants in a water to assist in the dispersion of
SWNTSs.> Both get adsorbed onto nanotube surface, rendering them soluble in aqueous and

organic solvents. Nonetheless, dispersion of nanotubes in polymer matrices may not be a
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proper choice for electronic device applications, as polymer itself can participate in electrical
events.>® Dispersion using surfactants diminishes such anomalies, as they can be removed
easily by washing.>®> To date, a wide variety of surfactants have been investigated for
dispersion of carbon nanotubes, such as sodium dodecyl benzenesulfonate (SDBS),>
dodecyltrimethylammonium bromide (DTAB),>* hexadecyltrimethylammonium bromide
(CTAB),> octyl phenol ethoxylate (Triton X-100),% and sodium dodecyl sulfate (SDS),>"
Among them SDS is commonly used to disperse SWNTs, however, the dispersion
mechanism is a debatable issue. Richard et al. shown the TEM images of CNT (both SWNT
and MWNT) dispersed in 1% SDS* which clearly indicate to a SDS formed supramolecular
structures made of rolled-up half-cylinders on the nanotube surface® (Scheme 6a.2). On the
other hand, small angle neutron scattering (SANS) study suggests that structure less random
adsorption with no preferential arrangement of the head and tail of surfactants is responsible
for the stabilization of the dispersions™ (Scheme 6a.2). Adsorption studies of sodium
dodecylbenzenesulfonate (NaDDBS) on SWNT revealed that at high NaDDBS concentration

(above CMC), each nanotube is covered by a monolayer of surfactant.*®

Carbon
nanotube

T polar head
lipidic chain

A8 . ot} |
S e il an M. S o S o W o W o W o S o S W
e eaeses03030283020300

Ny U 0 W B WV o W - W 2 T s W s O

Scheme 6a.2. lllustration of surfactant dispersed carbon nanotube given by (a) Richard et al.>” and
(b) Yurekli et al.>®

The buoyant density of SWNTs in aqueous solution will subtly depend on
electrostatically adsorbed hydration layer. To gain insight into the hydration layer adsorbed
on SWNT, it is necessary to study dynamic properties of those adsorbed water molecules. In

this chapter, we report dynamics of water molecules absorbed on the surface of SWNTs

IISER Pune [ZEER


http://www.sciencemag.org/search?author1=Cyrille+Richard&sortspec=date&submit=Submit
http://pubs.acs.org/action/doSearch?action=search&author=Yurekli%2C+K&qsSearchArea=author

Solvation Dynamics in Heterogeneous and Confined Media | Chapter 6

dispersed in 1% SDS solution. We have taken two different types of SWNTs, namely,
semiconducting and metallic. To probe the water dynamics, we have monitored the time

resolved fluorescence spectra of Coumarin 153 (Scheme 6a.3) in SWNTs. The neutral probe

Scheme 6a.3. Structure of Coumarin 153 (C-153).

Coumarin 153 (C-153) offers outstanding sensitivity to environmental polarity®® and C-153 is
used as a nearly ideal solvation probe for solvation dynamics measurements®. Another
reason for choosing C-153 is that solvation dynamics data using C-153 are available in pure
solvents, organized assembly and it will be helpful for us to compare our solvation data with

that of pure solvents and of other organized environments.

6a.2. Results and Discussions

The emission maximum of C-153 in water appears at ~558 nm. The emission maxima of C-
153 in SWNTSs appeared at ~543 nm (Figure 6a.1a). In this context, it should be mentioned
that at our excitation wavelength (Aex=402 nm), both the SWNTs give fluorescence with an
emission maxima situated around 478 nm (Figure 6a.1b). The spikes appear around 467 nm
due to Raman scattering from water. Now, when we add C-153 in the SWNTSs solutions,
fluorescence intensity of C-153 becomes almost 100 times more than that of SWNTSs using
the same excitation and emission slit (Figure 6a.1b). Moreover, the peak of C-153 is now
appearing at ~543 nm and at this wavelength both the SWNTSs have almost negligibly small
fluorescence (inset in Figure 6a.1b). Hence, the fluorescence spectral profiles of C-153 in
presence of SWNTs are almost unaffected by the fluorescence of SWNTs. The blue shift of
emission maxima of C-153 in presence of SWNTs compared to water clearly indicates that
C-153 molecules are sensing hydrophobic environment in SWNTs. Now, one obvious
question may arise that, whether the hydrophobic environment experienced by C-153 is due
to the surface of SWNT or it is an effect of the Stern layer of SDS micelle. Because SWNTs
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are dispersed in 1% SDS, corresponds to SDS concentration of ~34 mM, which is quite
higher than the CMC (8 mM) of SDS. So, it is expected that SDS can form micelle at this
concentration. In order to clarify the origin of the observed blue shift, emission spectra of C-

153 in 1% SDS micellar solution is separately recorded. We have observed that emission
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Figure 6a.l. (a) Steady state emission spectra of C-153 in water, 1% SDS and SDS dispersed
SWNT. All Legends carry respective meaning. (b) Steady state emission spectra of SWNTs and C-
153 containing SWNTSs. Red, blue, black and green lines indicate Met-SWNT, SC-SWNT, (SC-SWNT
+ C-153) and (Met-SWNT + C-153) respectively. Inset is shown for the better clarification of emission
spectra of SWNTSs.

maximum of C-153 in 1% SDS is at ~547 nm, which is 4 nm red shifted than that of C-153 in
SWNTSs. This indicates that C-153 is experiencing slightly more hydrophobic environment in
SWNTs compared to SDS micelles. As SWNTs are micro-heterogeneous, one should also
consider the microenvironment around the C-153. Heterogeneous distribution of the probe
could be verified by the excitation wavelength dependence on the steady state fluorescence
spectra of the fluorescence probe. We have found that emission spectra of C-153 in SWNTSs
depend on the excitation wavelength (Figure 6a.2a). However, this dependence is not at all
observed in 1% SDS, which is consistent with the previously reported results by Shirota et
al.® This means that all the coumarin molecules are not in the similar microenvironment in
SWNTSs; whereas in SDS micelle, coumarin molecules experience similar microenvironment.
In next section, we will further discuss the microenvironment of the probe in SWNTSs.
Although the emission spectra gives a notion about the polarity of the micro-

heterogeneous environment sensed by C-153, but it cannot predict the proper location of the
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probe. The location of the probe in this micro-heterogeneous environment can be accurately
predicted by time resolved fluorescence anisotropy measurements. The time resolved
fluorescence anisotropy (r(t)) is measured using the method described in Chapter 3.

Anisotropy decays are shown in Figure 6a.2b and the results are tabulated in Table 6a.1.

04
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0.84 0.3 1% SDS + Semiconducting SWNT
’ | Decay fit
=
2 06
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= =2
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Figure 6a.2. (a) Steady state emission spectra of C-153 in metallic SWNT at different excitation
wavelengths. Solid lines for 385 nm excitation and dot line for 480 nm excitation. (b) Decay of
fluorescence anisotropy of C-153 in 1% SDS micelle (black lines), in metallic SWNT (red lines) and in
semiconducting SWNT (blue lines). The solid grey lines denote the best fit.

It is clear from the results that rotational relaxation of the probe in 1% SDS micelle as well as
in SWNTs occurs at a much slower rate compared to pure water. Moreover, the average
rotational relaxation times of C-153 in both the SWNT are in nanosecond time scale, whereas
the same occurs in sub-nanosecond time scale in 1% SDS micelle. Hence, C-153 is sensing
more rigid micro-environment in SWNT compared to SDS micelle. In order to understand the
origin of this hindered rotation, it is necessary to know the adsorption mechanism of SDS on
SWNT. We have already mentioned that there are mainly two different adsorption
mechanisms of SDS on SWNT surface. TEM studies suggest that half-cylindrical SDS
micelles wrap around the CNT surface®’, whereas SANS study infers that structureless
random adsorption of SDS monomer with no particular arrangement of the head and tail of
the surfactants>®. Moreover, SANS study confirmed the existence of free SDS micelle even in

presence of SWNT.*® We explain our results using both the above mentioned observations.
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We have observed bi-exponential feature of anisotropy decay in which the fast component of

rotational relaxation time (238 ps) of C-153 in SWNTs is very close to the relaxation

Table 6a.1. Rotational relaxation parameters of C-153 in 1% SDS, Semiconducting (SC) and Metallic
(Met) SWNTSs.

Sample Name ro ar tr(NS) a
C-153 in water 0.40 0.40 0.100 - - -
C-153in1% SDS 0.40 0.06 1.970 0.34 0.295 0.546
C-153in SC 0.36 0.21 2220 0.15 0.238 1.394
C-153 in Met 036 0.16 2127 0.20 0.238 1.078

r T2r(ns) <t># (ns)

N

#<t,> = 1y, x [Agd ( @y Q)] + Torx [A2d (A1t 1))

component observed in SDS micelle (Table 6a.1). Therefore, we ascribe this fast component
to the rotational relaxation of C-153 molecules residing to the Stern layer of either free SDS
micelle in SWNT solution (according to SANS study®®) or SDS half-cylindrical micelle
(according to TEM study®’) adsorbed on SWNT surface (Scheme 6a.4). Moreover, both the
studies confirm that SDS is adsorbed on the CNT surface either in the form of monomer or in
the form of half-cylindrical micelle. Therefore, the slower component of rotational relaxation
(~2 ns) of C-153 in both the SWNTs suggests that probe molecules are located on SWNT
surface, where the rotational movement of the probe molecule is more restricted compared to
the SDS micelle due to the restriction imposed by SWNT surface as well as surrounding SDS
monomers or half-cylindrical micelles adsorbed on SWNT (Scheme 6a.4). We have observed
that the fluorescence decays of C-153 in SWNTSs as well as 1% SDS depend on the emission
wavelength (Figure 6a.3). At the short edge of the emission spectra faster decay is observed
whereas at the long edge the decay profile consists of a clear rise followed by decay. In this
context, it should be mentioned that we have used a 495 nm long pass filter before the
emission chamber (mentioned in the Experimental Section) to avoid the interference of
SWNT’s fluorescence during the lifetime measurements of C-153. Moreover, collecting
wavelengths for C-153 were varied from 505 nm to 615 nm, where SWNTSs have negligibly
small fluorescence.

We have observed a dynamic Stokes’ shift in the emission spectra. The time-resolved
emission spectra (TRES) (Figure 6a.4a) have been constructed following the procedure

given by Fleming and Maroncelli®® mentioned in detail in the Chapter 3. The decay of
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solvent correlation function (C(t), described in Chapter 3) was fitted to a bi-exponential
function (Figure 6a.4b). The average solvation time of C-153 in SC-SWNT and Met-SWNT
are ~595 ps and ~540 ps, respectively (Table 6a.2). Here it is necessary to mention that the
solvation time of pure water is ~310 fs using Coumarin 480 as a probe, similar in structure to
C-153.% Thus, the water dynamics is significantly retarded at the SWNTSs surface. Now, one
obvious argument may arise here that the observed solvation dynamics may reflect the
solvation in SDS micelle, as both of the SWNTs are dispersed in 1% SDS, which higher than

(a) (b)
1000 1000
3 a8
L)
P 100 S 100
= =]
3 o
Q
10 —— Prompt 10 —— Prompt
—— SC-SWNT-505nm —— Met-SWNT-505 nm
—— SC-SWNT-535 nm —— Met-SWNT-535 nm
—— SC-SWNT-615 nm —— Met-SWNT-615 nm
1 , — — —_ ; — 1 i q — : — I [
6 8 10 12 14 16 18 20 6 8 0 12 14 16 18 20
Time (ns) Time (ns)

Figure 6a.3. Wavelength dependent decay profiles of C-153 in SDS dispersed (a) semiconducting
and (b) metallic SWNT. All the collection wavelengths are mentioned in the inset.

the CMC. To verify that we have also measured solvation dynamics of C-153 in 1% SDS and
we found that the average solvation time in SDS is ~155 ps (Table 6a.2). The dynamics that
we observed in SWNTSs are significantly slower than that observed in 1% SDS micelle. It
infers that that the observed solvation dynamics in SWNTs does not reflect the solvation
dynamics in SDS micelles alone, instead it may correspond to new dynamics of water.
Moreover, we have observed a bimodal solvation dynamics: one is fast component with time
constant of 350-445 ps, another is slow component with a time constant of 740-860 ps. It has
been observed that the relaxation of water molecules present in the Stern layer of micelle
takes place in the range of 180-550 ps time-scale.®® Hence, the observed ~350-445 ps
dynamics reflects the dynamics of water molecules at the Stern layer of either half-cylindrical
SDS micelles adsorbed on the SWNT surface® or free SDS micelles in the SWNT solution.”®
This is consistent with our rotational relaxation results, where we have found that few C-153

molecules may reside at the Stern layer of either free SDS micelles in SWNT solution or SDS
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half-cylindrical micelles adsorbed on SWNT. The prediction of second component (which is
almost 738 ps in case of Met and 860 ps in case of SC), is not straight forward. However, this
component is absent in case of 1% SDS micelle. Hence, it does not correspond to water
dynamics at the Stern layer of SDS micelle. Recently, Rezus and Bakker reported the
existence of the immobilized water molecules in the hydration layer of hydrophobes with the
help of femtosecond mid-infrared spectroscopy and a slow orientational dynamics of water
with a time constant >10 ps was observed.®® Moreover, it is reported that hydrophobic surface

can modify the water dynamics significantly because it can induce a structure in the
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Figure 6a.4. (a) Time-resolved emission spectra of C-153 in metallic SWNT at O ps (e), 200 ps (A),
500 ps ( V), 1000 ps (m) and 3000 ps (+).(b) Decay of solvent correlation function (C(t)) of C-153 in
1% SDS micelle and SWNTs. The points denote the actual values of C(t), and the solid lines denote
the best fit.

surrounding water layer.”” Xu and Berne showed that hydrogen bonds among water
molecules become stronger in the solvation shell of nonpolar groups.® Therefore, we initially
anticipated the second slow component observed in SWNTs is appearing due to the
hydrophobic effect of SWNT surface and corresponds to the water molecules adsorbed at
SWNT surface. However, the water dynamics is predicted to be slower near hydrophilic
surface compared to hydrophobic surface due to the possibility of hydrogen bond formation
with hydrophilic surface.®” Moreover, it is reported that the residence time of water in a
hydrophobic surface is ~150 ps.®® Hence, the observed 740-860 ps dynamics cannot be solely
due to the water molecules adsorbed at the hydrophobic surface of SWNTs. Moreover, our
rotational relaxation results suggest that C-153 molecules are located on SWNT surface

(Scheme 6a.2), where the probe molecule can sense the hydrophobic effect of SWNT and
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hydrophilic effect of surrounding head groups of SDS monomers® or half-cylindrical SDS

micelles.>” Therefore, we believe that hydrophobic water molecules at the surface of SWNT

Table 6a.2. The fitting parameters of solvent correlation function (C(t)) of C-153 in 1% SDS,
Semiconducting (SC) and Metallic (Met) SWNTSs.

Sample Av? (cm™) a; 11 (ps) 2 T2(ps) <ta>"(ps)

C-153in 1% SDS 400 0.063 450 0.937 135 155

C-153in SC 565 0.36 860 0.64 445 594

C-153 in Met 474  0.48 738 0.52 353 538
A A0=(90s0)

b <Tav>: (T]_X 8.1) + (TZX a2)

and hydrophilic water molecules of nearby head groups of SDS contribute jointly to the
observed slow solvation dynamics. This is justified as water dynamics at the protein surface
takes place in nano-second time scale, where both hydrophobic and hydrophilic effects exist
simultaneously.**™*

In the present study, using the TCSPC setup, we are missing the fast component of the
solvation dynamics, which is below 40 ps, due to limited time resolution of our set-up. We

have applied method proposed by Fee and Maroncelli® (Appendix 6.n1) to calculate

)
(c) 5» & @‘ SDS Monomer

O C153

Scheme 6a.4. Schematic representation for the probable arrangements of the SDS molecules on the
surface of SWNT as well as locations of C-153 on SWNT surface. (a) arrangement of half-cylinder
SDS micelles parallel to the tube axis®’; (b) arrangement of half-cylinder SDS micelles perpendicular
to the tube axis®’; (c) random arrangement of SDS monomers on SWNT>®,
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that missing part of solvation dynamics and we have found that the missing component is
almost 66% and 67% of the total dynamics for SC and Met, respectively. Vajda et al. pointed
out that the contribution of the slow relaxation is expected to be <10%.”* However, the
missing components observed in many other organized assemblies are more than 20%."% "
According to Fee and Maroncelli, if the absorption spectrum of probe in nonpolar solvent is

not structureless, the reliability of the missing component is questionable.”

6a.3. Conclusion

In this work, we have observed that C-153 molecule exhibits time dependent Stokes’ shift in
SDS dispersed single walled carbon nanotubes (SWNTs). The location of the probe is
predicted from the excitation wavelength dependence emission spectra and time resolved
anisotropy study and thesestudies indicate that most of the C-153 molecules reside at the
surface of SWNTSs. We have also observed retardation of solvation time of C-153 in SWNTs
compared to pure water as well as SDS micelle. Moreover, we have observed biexponential
decay of solvent correlation function in which the time span for the fast component ranges
from 350 ps to 445 ps, whereas time span for the slow component ranges from 740 ps to 860
ps. It has been reported that the relaxation of water molecules present in the stern layer
(Scheme 6a.4) of micelle takes place in the range of 180-550 ps time-scale.®® Hence, the
observed ~350-445 ps dynamics may reflect the dynamics of water molecules in the Stern
layer of either SDS free micelles in SWNT solution® or SDS half cylindrical micelles, which
wrap around the SWNT surface®’. The observed 740-860 ps dynamics cannot be solely due to
the water molecules adsorbed at the hydrophobic surface of SWNTs, as it is shown that
residence time of hydrophobic water molecules is ~150 ps.%® Therefore, the slow component
may arise due to combined effect of water molecules adsorbed on hydrophobic surface of
SWNT and water molecules surrounding the head groups of either SDS monomer on SWNT
or SDS half cylindrical micelles adsorbed on SWNT (Scheme 6a.4).
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6b. How Does the Urea Dynamics Differ from Water
Dynamics Inside the Reverse Micelle?

6b.1. Motivation

For preceding few decades aqueous urea solution has been pervasively used as protein
denaturant, which emerged burgeoning interest in the past and still is an attractive topic for
enduring research. However, the mechanism of protein denaturation by urea is still a
debatable topic. Two distinct mechanisms are offered regarding urea induced denaturation of
protein.”*® In one case, it is considered that urea wanes the hydrophobic interaction and in
other, it is proposed that urea weakens the intramolecular proteinous hydrogen bonds while
directly binds to proteins.”*® Now an important question arises, at what extent the hydrogen-
bond network of water is perturbed by the addition of urea in water? To understand the
properties of urea-water system, a great deal of research has been carried out by using a
variety of experimental and theoretical techniques. However, no common consensus has been
reached among these studies. Some work suggests that urea breaks water structure and is
termed as a ‘structure breaker’ or ‘chaotrope’.®® 8 Others find urea to enhance the water
structure and it is termed as “structure maker’ or ‘kosmotrope’.®> ® However, a number of
recent studies also suggest a combination of both the effects result the denaturation.” "
Dielectric relaxations, NMR and optical Kerr effect (OKE) techniques have been used
to get dynamical information of water in urea-water solution.**** Although dielectric
relaxation and OKE techniques offer dynamical information in picosecond time scale, these
techniques monitor the dynamics of both urea and water in the solution, and make it difficult
to strike out urea response from the observed dynamics.®® * NMR study could selectively
probe the water dynamics. However, it cannot distinguish water in the urea solvation shell
from the bulk.”* Very recently, infrared pump-probe spectroscopy has been employed to
study the effect of urea on the structure and dynamics of water and it was found that even at
high concentrations of urea (8M), the orientation dynamics of most of the water molecules
are same as in pure liquid water.”? This infers that urea has negligible effect on the hydrogen
bond dynamics of the water molecules.® However, a small fraction of the water molecules
displays orientational dynamics, which is more than six times slower than bulk water.? It was
suggested that these water molecules are tightly associated with urea, forming a specific urea-

water complex.®? The short time dynamics of the water-urea mixture is also studied by
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molecular dynamics (MD) simulation and the results indicate that the addition of urea leads
to an overall isotropy and stiffening of the short time dynamics of both the species.® Both the
experimental and simulation studies showed that diffusion of urea decreases with the increase
in urea concentration in water.**® Moreover, increasing urea concentration retards water
diffusion. * ® Most of these studies have been focused to probe the dynamics of water in
urea-water mixtures, so that it could predict whether water is strongly or loosely hydrogen
bonded in presence of urea.®** There are few reports where the dynamics of urea has been
monitored as a function of urea concentration in water. % Experimentally it is very difficult
to monitor the dynamics of urea alone as urea has to be dissolved in water and in that case the
observed dynamics will embrace the combinatorial effect of both water as well as urea.
Recently, the solubilization property of urea in dry AOT reverse micelle (RM) has been
investigated with the help of small angle neutron scattering (SANS) (Scheme 6b.1a) and FT-
IR studies, and it is confirmed that urea is encapsulated in the micellar core as molecular
clusters.”” % These studies pave a way to elucidate urea dynamics without intervention of

water inside the reverse micelle.

(b)

Scheme 6b.1. (a) Schematic presentation of urea-AOT reverse micelle proposed by Caponetti®® et al.
from SANS study. (b) Chemical structure of Coumarin-343 (C-343)

In this work, we have investigated urea dynamics inside the RM as a function of urea
concentration with the help of time-resolved stokes shift and we believe that this is the first
experimental attempt to unravel the dynamics of urea without intermediation of water. For
comparison, water dynamics inside the RM has also been explored at various concentrations
of water. Furthermore, we have studied urea-water mixture at various concentrations of urea

inside the RM to estimate the effect urea on overall dynamics. Here, Coumarin-343 (Scheme
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6b.1b) has been chosen as a solvation probe because it’s extensive use in solvation dynamics
studies.”® % 1% Moreover, due to low solubility of Coumarin 343 (C-343) in hydrocarbon
solvents it prefers to reside at the RM interface or interior avoiding problems of partitioning
between organic bulk solvents and RM, and makes it possible to interpret the observed results
without any ambiguity. We anticipate that our results furnish a comprehensive picture of urea

dynamics, which will be helpful in understanding the dynamic behavior of molecular clusters.

6b.2. Results and Discussions

6b.2a. Steady State Absorption Spectra

The steady state absorption spectra of C-343 in urea/water containing RMs are shown in
Figure 6b.1 and results are summarized in Table 6b.1. In this context, it is pertinent to
mention that C-343 has very low solubility in n-heptane and because of low solubility it
forms aggregates in non-polar solvents like n-heptane.'®* The observed peak at ~402 nm is
ascribed to the monomer, whereas ~428 nm peak reflects the aggregated state of C-343 in n-
heptane (Figure 6b.1).*" The solubility of C-343 increases in presence of 0.38 M AOT and it
displays absorption maximum at 402 nm, which confirms that C-343 exists as monomer in
presence of AOT. As the monomer peak doesn’t show any bathochromic shift in going from
pure n-heptane to 0.38 M AOT, hence, it intimates that the ground state of monomer is less
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Figure 6b.1. Absorption spectra of C-343 (a) in n-heptane, and different concentrations of urea in
AOT RM, (b) at different concentrations of water in AOT RM, (c) at wp, = 10 and two different
concentrations of urea in RM at wy = 10.

sensitive to polarity. On addition of urea to the 0.38 M AOT solution, a slight red shift is

perceived (Table 6b.1, Figure 6b.1). However, the concentration of urea cannot go beyond
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0.3 M due to the limited solubility of urea in the RM.*" % The red shift of absorption spectra

with the addition of urea infers that the dye is experiencing slightly more polar milieu in

presence of urea in the reverse micellar core. For water RM, we extended our measurement

until water concentration of ~3.8 M, corresponding to wy = 10. The absorption spectral

features of C-343 in n-heptane/AOT/water system are almost similar to that of literature

reports.” It is noticeable that the absorption maximum of C-343 at wg = 10 is blue shifted

compared to bulk water (Table 6b.1). This indicates that the environment sampled by the dye
inside the RM differ from that of bulk water.

Table 6b.1. Absorption and steady state emission maxima of C-343 in (a) dry AOT RM, Urea

containing AOT RM and water containing AOT RM, and (b) pure solvents.

(a) Sample Wo  Aaps (Max) / nm Aem (Max) / nm
AOT RM 0 402 443
RM + Urea 0.0458 M 0.12 403 454
RM + Urea 0.2128 M 0.56 405 460
RM + Urea 0.30 M 0.79 406 461
RM + Water 0.0458 M 0.12 403 443
RM + Water 0.2128 M 0.56 403 446
RM + Water 0.30 M 0.79 404 448
RM + Water 0.76 M 2.0 408 460
RM + Water 1.89 M 5.0 409 478
RM + Water 2.85 M 75 411 483
RM + Water 3.80 M 10.0 412 484
RM + Water 5.70 M 15.0 413 486
Water RM + Urea 3M 10.0 414 484
Water RM + Urea 5M 10.0 414 484

(b) Solvents

Aabs (Max) / nm

Xem (Max) / nm

n-heptane
Water
MeOH
EtOH
MeCN

428
432
435
435
436

436
490
488
488
462

To verify the combined effect of urea and water towards the absorption spectra, we

have collected the same for C-343 in RM at wp = 10 containing various concentrations of urea
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dissolved in water. The results are shown in Figure 6b.1c and tabulated in Table 6b.1. The
results clearly infer that absorption spectra of the dye display small red shift in presence of
urea in water RM compared to water RM. Recently, it has been reported that urea increases
bulk dielectric constant of the medium.'®* Hence, we ascribe the observed shift to the urea

induced increase in the local dielectric constant inside the reverse micelle.

6b.2b. Steady State Emission Spectra

The emission maximum of C-343 is monitored to characterize the environment experienced
by the dye inside the RM, as the emission spectrum of the dye largely depends on the polarity
of its surroundings.’®* The spectral features of C-343 in urea or (and) water containing RM
are shown in Figure 6b.2 and results are summarized in Table 6b.1. The emission maximum
of C-343 in n-heptane appears at 436 nm. However, in presence of 0.38 M AOT the spectrum
displays a peak at ~443 nm. On successive addition of urea, the emission peak is gradually
red shifted and there is almost ~17 nm bathochromic shift while switching from dry to 0.3 M
urea containing RM (Figure 6b.2(a) and Table 6b.1). The spectral shift indicates that the

> 1.0 (a) — n-Heptane > 1.0 (b) W, =0
5 —w,=0 = —— RM with 0.0458 M H,0
c RM with 0.0458 M urea 2 RM with 0.2128 M H,0
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Figure 6b.2. Steady state fluorescence emission spectra of C-343 (a) in n-heptane, and different
concentrations of urea in AOT RM, (b) at different concentrations of water in AOT RM. All legends
carry respective meaning.

fluorescent dye is sensing more polar environment with the gradual addition of urea in the
RM. Interestingly, when the shift of emission spectra is compared to water RM, it suggests
that the dye is more sensitive to urea compared to water, e.g., the emission maximum of C-

343 in 0.3 M urea containing RM is located at 461 nm, whereas the same in 0.3 M water
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containing RM s situated at ~448 nm (Figure 6b.2b and Table 6b.1). Comparison with the
emission peak of C-343 in various solvents suggests that the polarity of 0.3 M urea
containing RM is close to acetonitrile (Table 6b.1b). The immense shift in emission spectra
in presence of urea offers a clear hint about the presence of ‘urea pool’ inside the RM even at
very low concentration of urea (0.3 M). However, this is not the case for water RM, where
‘water pool’ starts forming after wo = 2, corresponds to water concentration of 0.76 M.
Moreover, C-343 exhibits an emission peak at 460 nm in 0.76 M water concentration (wo = 2)
inside RM. Although n-heptane/AOT/water system is well studied, in order to compare the
results with urea RMs, we have extended our study up to wp = 10. The emission
characteristics of C-343 in n-heptane/AOT/water system are almost similar to that of

literature report,'**

and as expected the emission peak is gradually red shifted with respect to
water concentration of the RM (Figure 6b.2b). However, even at wy = 10, the peak
maximum does not resemble to that of bulk water. This infers that at this wy the dye molecule
senses water environment, which is quite different from bulk water.

We have also monitored the emission spectra of C-343 in AOT RM at wy = 10 with
increasing urea concentration in water (Appendix 6b.1) to verify the combined effect of urea
and water towards the emission spectra of C-343. However, we have noticed that the
emission spectrum is almost unchanged with respect to urea concentration in water (Table
6b.1a). This suggests that in the excited state dye senses almost similar polarity of urea-water

mixture as that of water alone inside the RM.

6b.2c. Time-resolved Studies

6b.2c.1. Time Resolved Anisotropy

Although steady state measurements provide a qualitative idea about the location of C-343
inside AOT-RM, to ascertain the location of the probe we have employed time resolved
fluorescence anisotropy study. The time-resolved anisotropy measurements provide
information about the local viscosity as well as the rigidity of the milieu sensed by the dye
and provide a notion about the location of the probe in the RM. The anisotropy decays are
shown in Figure 6b.3 and the results are tabulated in Table 6b.2. The anisotropy decay of
the dye in water can be well fitted by a single exponential decay function with time constant
of ~130 ps (Figure 6b.3). In contrast, the rotational time constants of the dye in the RM are

few orders larger in magnitude compared to bulk water. These results clearly suggest that the
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dye molecules are experiencing a rigid milieu inside the RM than bulk water, irrespective of
the nature/composition of loading solvents or molecules. Moreover, the anisotropy decay
profiles of C-343 in water containing RM are non-exponential in nature, which is consistent
with literature reports.® The anisotropy results conspicuously indicate that the dye molecule
is sensing more hindered environment in urea containing RM compared to water containing
RM (Table 6b.2), even though the concentration of urea inside the RM is reasonably lower
than water. Recently, SANS studies of urea containing AOT RM revealed that urea is
encapsulated as small sized ellipsoidal hydrogen-bonded clusters within the hydrophilic
micellar core of the AOT RM.% This is reflected in our anisotropy decay profile of the dye in

urea containing RM, where we have noticed that the rotational motion of the dye is not at all

0.4 — (@) —— Wy=0 04 (b —— bulk water
‘ —— RM with 0.0458 M urea \ — Wy=0
RM with 0.2128 M urea | —— RM with 0.3 M water

—— RM with 0.3 M urea

Time (ns)

Figure 6b.3. Fluorescence anisotropy decay profile of C-343 (a) different concentrations of urea in
RM, (b) at different concentrations of water in AOT RM and bulk water. All legends carry respective
meaning.

completed within our observation time scale even after the urea concentration of >0.0458 M
(Figure 6b.3a), and this may be ascribed to the rigidity of the urea cluster around the dye
molecule. Moreover, the anisotropy decay profiles clearly reveal that the environment of
AOT-RM in presence of urea is more hindered than that of dry AOT-RM. But this is not true
for water RMs, where it has been observed that rotational motion of the probe becomes faster
as the water content of the RM increases (Figure 6b.3b, Table 6b.2). This demonstrates that
urea encapsulation to RM increases the rigidity of the environment inside the RM.

At wp = 0, the dye molecules exclusively located at the micellar interface near the
AOT head groups, as ‘water pool’ does not exist at wo = 0. This is confirmed by the

anisotropy decay profile of the dye, where the rotational motion of dye takes place in 1.9 ns
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time scale. Previously, the rotational relaxation time for dry AOT RM has been shown via
electron spin resonance (ESR) to be ~1.2 ns.!® Thus, the rotational relaxation of dye in nano-
second time scale implies that the dye molecules interact strongly with the reverse micellar
interface. In case of urea RM, dye molecules are located at the micellar interface at very low
urea concentration (<0.2128 M), as the anisotropy decay profile is very close to that of dry
AOT RM (Figure 6b.3a). After the urea concentration of > 0.2128 M in RM, most of the dye

molecules move from micellar interface to the core of AOT RM as urea starts forming chain

Table 6b.2. Anisotropy decay characteristics of C-343 in dry AOT RM, Urea containing AOT RM,
water containing AOT RM and urea-water mixture containing RM.

dir Tar dor Tor dar T3r
Sample Woo T ey ) %) (s (%) (9)
AOT RM 0 0.40 10 0.100 90 1.97 - -

RM + Urea 0.0458 M 012 039 12 0.090 88 2.64 - -
RM + Urea 0.2128 M 056 038 13 0.060 24 1.60 63 8.4

RM + Urea 0.30 M 079 037 14 0.065 23 1.76 63 9.2
RM + Water 0.30 M 0.79 040 13 0.090 87 2.17 - -
RM + Water 3.80 M 100 038 47 0.260 53 1.54 - -
Water RM + Urea 3M 100 039 49 0.390 51 2.12 - -
Water RM + Urea 5M 100 037 35 0.220 65 1.68 - -

like aggregates (or molecular clusters) at the reverse micellar core.”” % For water-RM, C-343
molecules might have distribution in between micellar interface as well as “water pool’ after
Wo = 2. Multiple time constants for the anisotropy decays support our conjecture.
Additionally, the magnitude of the picosecond component increases and the relative
contribution of nanosecond component decreases as Wy increases. This observation infers that
the dye molecules are experiencing a decreasingly restrictive milieu with increasing RM size.
Interestingly, even at wy = 10, the dye molecules do not sample a bulk like environment. To
check the effect of urea towards the rigidity of water structure, we have collected the
anisotropy decay profiles of C-343 in AOT RM at a particular wy with varying urea
concentration in water (Appendix 6b.2). We have observed that urea has almost negligible
effect on the rotational motion of C-343 (Appendix 6b.2). This means that rigidity of the
surrounding environment of C-343 in water is not changing in the presence of urea. This is

consistent with the observations that there are no major disruptions of the hydrogen bond
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network of water in presence of urea.®” ** The slight change in anisotropy decay might arise
due to increased viscosity inside the RM by the addition of urea.

Although the dye molecules have negligible solubility in n-heptane, we cannot rule
out the possibility of residing very few dye molecules in n-heptane. To get a quantitative idea
of the dye partition between the n-heptane/water system, we have estimated the partition
coefficient of the dye using UV-visible absorption spectroscopy. The partition coefficient for
the n-heptane/ water system is 0.06 (x0.01). This suggests that the solubility of C-343 in n-
heptane is much less. The 60-100 ps component might reflect the rotational relaxation of the
dye molecules those are situated in n-heptane (Table 6b.2). Interestingly, this 100 ps

component exists in dry, urea and low-water containing RM. However, this dynamics is no
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Figure 6b.4. Wavelength dependent decay profiles of C-343 in (&) RM + urea 0.30 M and (b) RM +
water 0.30 M. All the collection wavelengths are mentioned in the inset.

longer observed in water or urea-water RM after a certain water concentration. This
observation is tempting us to anticipate that the incorporation of water or urea-water mixture
favors the transfer of more dye molecules from n-heptane to the reverse micellar core. One
possible reason may be the size of the RM, which increases with the addition of polar solvent.
Larger size of RM accommodates a higher number of dye molecules, and hence the dye
molecules cannot be found in n-heptane at higher concentration of water or urea-water
mixture of the RM.

6b.2c.2. Dynamic Fluorescence Stokes Shift

To probe the alteration of the dynamical properties of urea inside the reverse micelle, we

IISER Pune [2kpl



Solvation Dynamics in Heterogeneous and Confined Media | Chapter 6

have examined pico-second resolved solvation dynamics of the dye (C-343) in AOT RM. For
the purpose of comparison, the dynamic properties of water as well as urea-water mixture
inside the RM have also been investigated using the same dye molecule. The fluorescence
transients of C-343 in urea containing RM at different wavelengths ranging from 415 nm to
585 nm (10 nm successive intervals from 415 nm to 445 nm and consecutive 20 nm interval
from 465 nm to 585 nm) have been collected and it was found that the red end side of the
transient displays prominent growth (Figure 6b.4), indicating the dye molecule is gradually
solvated with time. The fluorescence decays of C-343 at different wavelengths of other RMs,
for example, water and urea-water containing RMs have a similar type of features. In this
context, it is relevant to mention that the decays at the short and long wavelengths of C-343
are identical in the pure solvents, e.g., in n-heptane, water as well as in the urea-water
mixture. The time-resolved emission spectra (TRES) have been constructed from the
fluorescence decays at different wavelengths adopting the procedure given by Fleming and
Maroncelli®® (described in Chapter 3). Representative TRES of C-343 in RM is shown in
Figure 6b.5.
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Figure 6b.5. Time-resolved emission spectra (TRES) of C-343 (a) in 0.3 M urea containing RM, (b) at
Wo =10, and (c) at 5 M urea containing RM at wy = 10.

The decay properties of solvent correlation function (C(t)) are shown in Figure 6b.6
and the results are tabulated in Table 6b.3. Interestingly, the decay of C(t) starts from a value
lesser than unity. This is because the ultrafast dynamics in these systems cannot be captured
by our TCSPC set-up (<40 ps). Here, it should be mentioned that although the decays are not
starting from unity, but in order to make comparison we have provided average solvation

time based on the percentage of the dynamics detected by our set-up (Table 6b.3). In
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heterogeneous environment like RM, the interpretation of solvation dynamics results depends

on the location of the probe, as the dye might have a distribution between non-polar solvent
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Figure 6b.6. Decay of solvent correlation function (C(t)) of C-343 (a) in dry AOT and different urea
containing RM, (b) in dry AOT and different water containing RM, (c) at wy = 10 and two different
concentrations of urea in RM at wy = 10.

and reverse micellar core. Moreover, even inside the RM, the dye might have a distribution
between the interface and central ‘water pool’ of the RM. Most importantly, the distribution
of the probe depends on the nature of the probe. If the dye is neutral in nature, then it will be
partitioning between non-polar solvent and reverse micellar core. On the other hand if the dye
is ionic in nature, then it prefers to stay inside the RM. As our monitoring dye (C-343) is

6'%°), hence, almost all the dye molecules prefer

anionic in nature (as the pK, of C-343 is ~4.
to reside at the core of the RM. Moreover, our steady state (absorption and fluorescence) as
well as time resolved fluorescence anisotropy results also suggest that almost all of the dye

molecules stay inside the RM. However, as we already discussed (in time-resolved anisotropy
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section) that almost 10% of the dye molecules remain in the bulk n-heptane in case of dry,
urea and low water containing RM due to the smaller sizes of these RMs. It is conspicuous

from Table 6b.3 that the solvation dynamics of the dye is very slow for dry AOT RM and it

Table 6b.3. Decay characteristics of solvent correlation function (C(t)) of C-343 in AOT-RM, urea
containing AOT-RM and water containing AOT-RM.

Sample Wo a1 (%) t(ns) a (%) t2(ns) az (%) t3(ns) <ta> (NS)
RM 0 20 020 98.0 14.12 - - 13.84
RM + Urea 0.0458 M  0.12 1.0 020 99.0 14.55 - - 14.40
RM + Urea 0.2128 M  0.56 20 060 98.0 17.16 - - 16.83
RM + Urea 0.30 M 0.79 40 111 96.0 17.52 - - 16.86
RM + Water 0.2128  0.56 1.0 040 99.0 13.80 - - 13.67
RM + Water 0.30 M 0.79 18 040 982 13.75 - - 13.51
RM + Water 0.76 M 2.0 22 128 780 9.32 - - 7.55
RM + Water 1.89 M 5.0 22 012 63.0 1.00 15 1152 2.38
RM + Water 3.80M  10.0 51 0.16 400 0.74 09 12.16 1.47
Water RM + Urea 3M 10.0 45 019 400 0.82 15 12.00 2.21
Water RM + Urea 5M  10.0 42 020 38.0 0.9 20 13.70 3.16

occurs in ~14 ns time scale. The slow solvation time in dry RM might arise due to solvation
by Na* ions, as it is already transpired that ionic solvation crops up slowly.*®® " The long
lifetime of ~14.1 ns corresponds to ionic solvation. The fast component of ~200 ps is
attributed to the presence of a trace amount of water in AOT, which is very difficult to
remove. In literature, the solvation dynamics results in pure AOT RM is scarce. Only result
that we are able to find out is the results published by Sarkar et al. using Coumarin 152 as a
solvation probe.’®® The solvation time that they reported in dry AOT RM using C-152 is
~12.22 ns. However, we have observed a solvation time of ~14 ns in dry AOT RM. The
relative difference in solvation time in our case and Sarkar et al. may turn up due to the use of
a different type of solvation probe.

The results in Table 6b.3 demonstrate that the solvation time of C-343 is escalating
with the increase in urea concentration inside the AOT RM, e.g., the average time of
solvation for C-343 in dry AOT RM is ~14 ns, whereas the same in 0.3 M urea containing
RM is ~17 ns. However, the solvation time in RM containing 0.3 M water is very close to
that of dry AOT RM (Figure 6b.6a, Table 6b.3). This is reasonable as the ‘water pool’ of
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RM doesn’t exists at this water concentration and all the water molecules are likely to be
located at the interface of AOT RM.'® It was already perceived that hydrodynamic radius of

the water RM at wy, <2 is minuscule,109

which suggests that this water concentration (0.3 M)
has a trifling effect on the size and shape of the RM. On the other hand, 0.3 M urea has
colossal influence on the size of AOT RM. SANS study indicates that the radius of quite
spherical urea-AOT aggregate increases with urea, and falls within the range of 15-25 A %" %
which is equivalent to the variation of ‘water pool’ size of RM from wg = 1 to wo = 6.2
Moreover, SANS study infers that urea molecules are molecularly dispersed among the AOT
hydrophilic head groups at lower concentration (<0.2128 M); and at higher concentration
they form molecular clusters surrounded by appropriately oriented AOT molecules.”” *®*These
urea clusters are very rigid as they are strongly hydrogen bonded, and hence, their
movements are extremely restricted. Therefore, the observed slow component (17 ns) in urea
RM is attributed to the slow dynamics of urea clusters. The fast component (0.60-1.11 ns),
with a negligible contribution of ~2-4% might be attributed to the dynamics of waters and
(or) urea molecules at the interfacial region of the RM. It would be interesting if we could be
able to monitor the urea dynamics at higher concentration of urea, but due to the limited
solubility of urea in AOT RM, we are unable to detect urea dynamics at higher urea
concentrations (>0.3 M). It is noteworthy to mention here that formamide (FA), has a close
structural resemblance to urea, also displays hindered solvation dynamics inside the reverse
micellar core, and the dynamics becomes faster as the FA concentration increases.” *** The
solvation dynamics of FA inside the reverse micellar core decreases from 9.45 to 6.2 ns with
the increase in FA concentration, '* whereas the same for urea increases from ~14.4 to ~17
ns as the concentration of urea inside the RM increases. The different solvation dynamics
features between urea and FA arises due to different kinds of interactions inside the RM. The
concentration dependence of FA dynamics inside the RM is attributed to the complex
hydrogen bonding interactions between FA and AOT or FA and FA in the polar solvent pool
of the RM.™* For urea RMs, concentration dependence of solvation dynamics inside the RM
is ascribed to the formation of molecular cluster at higher urea concentration (>0.2128 M).
The solvation dynamics of water inside AOT RM is non-exponential in nature after
wo > 2 (Table 6b.3, Figure 6b.6). The non-exponential feature of solvation dynamics
signifies the existence of different kinds of water molecules inside the reverse micellar core.
Here, it is relevant to mention that FT-IR and ultrafast infrared studies revealed the existence

of three diverse types of water molecules in the AOT RM and they are termed as ‘bound
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water’, ‘trapped water’ and “free water’.*'* 12 ‘Free water’ forms water cluster after a certain
concentration and this is designated as ‘water pool’ of the RM. Considering the FT-IR results,
we anticipate that tri-exponential feature of solvation dynamics reflects the dynamics of three
distinct kinds of water inside the reverse micelle. The fast component of solvation dynamics
(120-160 ps) might reflect the dynamics of water cluster in the ‘water pool” of the RM (Table
6b.3). This infers that the dynamics of water cluster is quite faster than urea cluster as the
water clusters inside the reverse micellar core are not rigid like urea cluster. The slower
component of ~1.00 ns might be attributed to the ‘trapped’ water molecules in between
neighboring surfactant head groups and the slowest component (~11.5-12.2 ns) might be
ascribed to the dynamics of ‘bound’ water molecules those are strongly hydrogen bonded to
the wall of the RM through the Na* ions.** Surprisingly, at wo = 2, the solvation dynamics
consists of only two components having solvation time of 1.28 ns and ~9 ns (Table 6b.3). In
analogy to our prophecies about solvation dynamics components at higher wp, we believe that
1.28 ns and ~9 ns components are featured by the ‘trapped’ and ‘bound’ water molecules,
respectively. This insinuates the solvation dynamics of C-343 at wy = 2 is devoid of the ‘free
water’ dynamics, which allude to the non-existence of ‘water pool’ at wo = 2. This conjecture
is supported by literature, where it has been reported that at this wg essentially all the water
molecules are associated with sulfonate head groups of AOT.**? Unless noted otherwise, the
dynamics of ‘water pool’ water is almost 100 times slower than that of bulk water as the
relaxation dynamics of bulk water around C-343 takes place in <1 ps time scale.” It is
believed that chemical exchange between interfacial water (‘trapped’” and ‘bound’ water) and
the ‘water pool’ water would result in apparently sluggish solvation time of ‘water pool’
water than that of bulk water.®’

Here, it is worth mentioning that most of the previous studies have detected only two
kinds of water dynamics inside the AOT RM. % 13 However, in this study we have perceived
three different dynamics corresponds to three different types of water molecules inside the
reverse micellar core. Riter et al. also reported the dynamics of three different kinds of water
molecules based on the ultrafast components of C-343 in AOT RM.* Although we have
missed such ultrafast components in our study due to our limited instrument resolution (IRF ~
80 ps), still the dynamics of all the three kinds of water molecules inside the reverse micellar
core are efficiently perceived. The use of highly water soluble solvation probe like C-343
might be the apparent reason for effective detection of three distinct kinds of water dynamics

inside the RM. In the case of C-343 in RM, the majority of the dye molecules reside at the
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interface of the micelle. However, a fraction of dye molecules also dwell in between the
interface and water pool, and there is a finite probability that during the excited state lifetime
dye molecules may diffuse toward the water pool of the RM. Therefore, C-343 molecules can
probe the dynamics of three different kinds of water molecules present inside the RM. The
biexponential feature of solvation dynamics reported by other groups results from the use of

108, 113 Hence, the

neutral solvation probe, the solubility of which in water is very low.
probability of finding this neutral solvation probe in ‘water pool’ of the RM is very less;
instead they are more probable to subsist at the interface of the RM. Although it is reported
that nanosecond component of solvation dynamics corresponds to “free water’ in the ‘water
pool” of the RM*® ™3 \we believe that nanosecond component does not reflect the dynamics
of ‘free water’ of the RM, rather it displays the dynamics of the ‘trapped water’ inside the
reverse micellar core. This can be vindicated from the fact that “free water’ in the water pool
of the RM generally comprises a dynamics of 120-160 ps (Table 6b.3). These observations
lead us to reckon that heterogeneity of water environment could be detected by the solvation
dynamics technique with the help of proper choice of solvation probe.

We have also monitored the dynamics of urea-water mixtures inside the AOT RM
with increasing urea concentration to get insight about the effect of urea on the overall
solvation dynamics feature. The characteristics of solvation dynamics feature is shown in
Figure 6b.6 and the results are tabulated in Table 6b.3. It is unequivocal from the results that
solvation dynamics is slowing down with increasing urea concentration in water RM. Small
angle x-ray scattering (SAXS) study indicates that urea cannot modify the RM structure with
respect to its shape and size.*** Hence, the observed slow solvation dynamics is not arising
due to the size of the RM. The dielectric spectroscopic study of urea-water liquid structure
proposed that there are two types of hydrated water molecules in urea solution, which are
strongly and weakly associated to the urea molecule.'* Moreover, polarization-resolved
pump-probe spectroscopy elucidated the effect of urea on the structure and dynamics of
water.%? It was found that a small fraction of the water molecules are strongly associated with
urea and those water molecules flaunts an orientational dynamics that are more than six times
slower than in bulk water.” Therefore, the observed slow dynamics in presence of urea might
be attributed to the dynamics of those strongly associated water molecules with urea. This is
also reflected in our solvation dynamics results, where it is seen that the time constant as well
as amplitude of the slow component is increasing in going from water RM to urea-water

containing RM. However, we cannot rule out the possibility that the observed slow dynamics
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might reflect the dynamics of few urea molecules those are strongly hydrogen bonded with

surroundings urea and (or) water molecules.

Table 6b.4. Calculated time-zero fluorescence maxima, observed time-zero fluorescence maxima and
missing components.

Sample voria) (€M) Vons (€M™)  AVPea (cm™)  Avees (cm™) % MC?
RM 23864 22508 1903 547 71
RM + Urea 0.0458 M 23830 22054 2539 763 69
RM + Urea 0.2128 M 23781 21637 3221 1077 67
RM + Urea 0.30 M 23732 21591 3213 1072 66
RM + Water 0.0458 M 23802 22517 1798 513 71
RM + Water 0.2128 M 23743 22462 2117 836 61
RM + Water 0.30 M 23681 22404 2295 1018 56
Wp=2 23428 22161 2850 1583 45
Wo=5 23230 21850 2813 1433 49
Wy =10 23158 21638 2844 1324 53
Wp=10+Urea3 M 23082 21509 2820 1247 56
Wo=10+ Urea5 M 23063 21427 2840 1204 58

® Avey determined using Fee-Maroncelli method"®
® AVea = Vo (cal) - Ve
€ AVobs = Vo (obs) = Voo
4 MC: Missing Component

We have already mentioned that in our experimental set-up we miss ultrafast
components of solvation dynamics due to limited instrumental resolution, and we have
estimated the missing component with the help of the procedure developed by Fee and
Maroncelli” (Appendix 6.n1). It is noticeable that dry, urea and lower water content RMs
have larger percentage of missing component than higher concentration of water as well as
urea-water containing RMs (Table 6b.4). This is probably due to the fact that in these
systems a small percentage of dye molecules (~10%) reside outside the reverse micellar core,
and they are also excited along with the dye molecules staying inside the reverse micellar
core. The solvation dynamics of the dye molecules, those are residing outside the reverse
micellar core, might be taking place in several pico-second time scale. Therefore, the overall
solvation component detected in these systems is significantly lower than other water and
urea-water containing RMs. The missing component trend in case of water RMs shows a
good agreement with the previous report.™™® According to Fee and Maroncelli, if the

absorption spectrum of the dye in nonpolar solvent is not structure-less, the reliability of the
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missing component is questionable.”® The absorption spectrum of the dye in non-polar
solvent in our case is structured, and, hence, the calculated missing component may not be

precise.

6b.3. Conclusion

In this work, we have observed that C-343 in 0.3 M urea containing RM exhibits a huge
bathochromic shift in emission spectra compared to 0.3 M water containing RM. Comparing
the peak maximum of C-343 in pure solvents, it is found that 0.3 M urea in the RM conceives
a polarity which is closer to acetonitrile. The dynamics of urea in the RM has been also

monitored using time resolved Stokes shift method. It has been observed that after a certain

=@ AoTUnit  (O) Coumarin-343 -.g}- Urea @ Water

Scheme 6b.2. lllustration of urea loaded RM containing Coumarin 343.

concentration, urea exhibits highly retarded dynamics compared to dry as well as water RM,
and this is ascribed to the highly hydrogen bonded network of urea molecules inside the RM.
Time resolved anisotropy study also supports the existence of highly networked urea cluster
inside the reverse micellar core (Scheme 6b.2). Moreover, to get an idea about the
perturbation of urea on the overall solvation dynamics feature, we have also probed the
dynamics of urea-water mixtures inside the AOT RM with increasing urea concentration. It

has been observed that with the increase in urea concentration, the overall dynamics becomes
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slower and it might be attributed to the presence of few water or urea molecules those are

strongly associated with surroundings urea and (or) water by hydrogen bonds.
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Appendix 6a.1. Wavelength dependent Decay profiles of C-153 in 1% SDS. The wavelengths are

mentioned in the inset.
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Appendix 6b.1. Steady state fluorescence emission spectra of C-343 at wy = 10 and two different

concentrations of urea in RM at wy = 10.
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Appendix 6b.2. Fluorescence anisotropy decay profile of C-343 at wy = 10, two different
concentrations of urea in RM at wy = 10 and bulk water.
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Appendix 6.n1. Percentage missing componant calculation

The percentage missing component (MC) for solvation dynamics is calculated by the

following formula;

_ [vcal(o) B V(O)]
M @ ()] woal

where, the calculated time zero frequency can be estimated using the following relation from

absorption and fluorescence spectra;

vy (t = 0) = vy(abs) — [vyp(abs) — vy, (emi) ..6.a2

Where, the subscripts ‘p” and ‘np’ refer to the polar and nonpolar spectrum, whereas ‘abs’

and ‘emi’ stands for absorption and emission spectrum respectively.

End of Chapter 6
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“If I have seen so far, it is only
. because I have stood on the
shoulder of giants.”

L 9Ir Issac Newton

THE END




	Cover till preface
	preface glosary content
	ch cover 1
	Chapter 1
	ch cover 2
	Chapter 2
	When it relates to biological application the most common application for serum proteins are maintaining the osmotic pressure of blood and transport of thyroid hormones. Moreover, it is responsible for the transport of a diverse kind of hormones, fatt...

	ch cover 3
	Chapter 3
	ch cover 4
	Chapter 4
	ch cover 5
	Chapter 5
	ch cover 6
	Chapter 6
	Publication list_Abhigyan Sengupta
	end page

