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Proteins are the molecular workhorses of life, orchestrating the intricate symphony
of biological functions that sustain all living systems. From facilitating movement
and metabolism to enabling signal transduction and immune defence, proteins lie at
the core of cellular machinery. Structurally, proteins are composed of amino acid
residues linked via peptide bonds, and under physiological conditions they fold into
specific three-dimensional (3D) structures. This structural specificity underlies their
functional diversity and arises from the distinct number, sequence, and arrangement

of amino acids within each protein.

Proteins are, however, only marginally stable under physiological conditions. Minor
changes in environmental parameters such as pH, salt concentration, ionic strength,
temperature, or the presence of solutes can perturb their conformation and
compromise their function. Nature, in response to such fluctuations, has evolved a
remarkable defence strategy. Cells accumulate small organic molecules under stress,
not only to regulate cell volume by maintaining the osmotic balance and butalso to
preserve the functional integrity of biomacromolecules. These molecules, known as

osmolytes, include sugars, polyols, amino acids, methylamines, etc.
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Osmolytes are recognized not only for their role in maintaining cellular homeostasis
but also for their ability to stabilize macromolecules like proteins under stress. This
protective role has been harnessed in biotechnology and pharmaceutical industries,
where osmolytes help maintain protein stability during storage and transport.
Therefore, a comprehensive understanding of protein—osmolyte interactions is vital,

given their biological relevance and industrial utility.

Over the years, considerable efforts have been devoted in elucidating the
mechanisms of protein—osmolyte interactions. Two dominant theories have
emerged, namely the preferential interaction theory and the water structure
modulation theory. The preferential interaction theory considers protein—
osmolyte—water interactions and suggests that osmolytes excluded from the protein
surfacetend to stabilize the protein, while those that preferentially accumulate at the
surface promote destabilization. This concept mimics the phenomenon of surface
tension; however, direct measurement of surface tension at the protein—solvent
interface remains technically challenging, limiting its broader application. On the
other hand, the water structure modulation theory posits that osmolytes that enhance
water structure contribute to protein stabilization, whereas those that disrupt water
structure led to destabilization. While conceptually useful, this theory only accounts
for osmolyte—water interactions and lacks the complexity needed to explain protein-
specific effects, such as differential stabilization of various proteins by the same

osmolyte, concentration-dependent reversal of stabilization, and so on.

To address these limitations and to better explain protein-dependent responses to
osmolytes, in this thesis, I have proposed a new hypothesis, the Associated Water
Stabilization Mechanism (AWSM). This hypothesis integrates the roles of
protein—osmolyte—water interactions and focuses particularly on the behaviour of
water molecules forming the hydration layer, also referred to as biological water or
associated water, that directly interacts with the protein surface. This interfacial
water behaves differently from bulk water and plays a crucial role in maintaining

protein structure and dynamics. This thesis investigates how osmolytes influence
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both bulk and associated water dynamics, and how modulation of the associated
water layer alters protein’s interior interactions, ultimately impacting the protein’s
thermal stability. Furthermore, this framework has been employed to account for
protein-specific effects that existing theories fail to fully explain, offering a more

unified understanding of protein—osmolyte interactions at the molecular level.

1. Osmolyte induced protein stabilization: modulation of associated water

dynamics might be a key factor
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The mechanism of protein stabilization by osmolytes remains one of the most
important and long-standing puzzles. The traditional explanation of osmolyte-
induced stability through the preferential exclusion of osmolytes from the protein
surface has been seriously challenged by observations such as the concentration-
dependent reversal of osmolyte-induced stabilization/destabilization. The more
modern explanation of protein stabilization/destabilization by osmolytes considers
an indirect effect due to osmolyte-induced distortion of the water structure. It
provides a general mechanism, but there are numerous examples of protein-specific
effects, i.e., a particular osmolyte might stabilize one protein, but destabilize the
other, which cannot be rationalized through such an explanation. Herein, we

hypothesized that osmolyte-induced modulation of associated water might be a
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critical factor in controlling protein stability in such a medium. Taking different
osmolytes and papain as a protein, we proved that our proposal could explain protein
stability in osmolyte media. Stabilizing osmolytes rigidify associated water
structures around the protein, whereas destabilizing osmolytes make them flexible.
The strong correlation between the stability and the associated water dynamics, and
the fact that such dynamics are very much protein-specific, establishes the
importance of considering the modulation of associated water structures in
explaining the osmolyte-induced stabilization/destabilization of proteins. More
interestingly, we took another protein, bromelain, for which a traditionally
stabilizing osmolyte, sucrose, acts as a stabilizer at higher concentrations but as a
destabilizer at lower concentrations. Our proposal successfully explains such
protein-specific observations, which are probably inexplicable by any known

mechanisms. We believe this report will trigger much research in this area.

2. Interplay between Protein Fluctuation and Associated Water Dynamics on

the Osmolyte induced Protein Stabilization
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The mechanism behind osmolyte-induced protein stabilization remains elusive

despite extensive research. Amongst various hypotheses, the associated water
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modulation hypothesis has proven to be the most effective in explaining osmolyte-
induced stabilization effects. In my previous work, it has been demonstrated that
osmolytes that slow down associated water dynamics enhance protein thermal
stability, whereas those that accelerate it promote destabilization. However, the
molecular basis of this correlation remains unclear. Using fluorescence correlation
spectroscopy, we observe that osmolyte-induced changes in the associated water
dynamics directly affect the internal flexibility of the protein, which is assessed
through conformational fluctuation dynamics, serving as a tool to measure the
protein's internal flexibility. The osmolytes that induce retardation in the associated
water dynamics make the interior of the protein more rigid, as reflected by the
slowed conformational fluctuation dynamics of the protein, leading to enhanced
thermal stabilization. The destabilizers induce effects that are exactly opposite to
stabilizers. These findings provide new insights into the interplay of associated water
dynamics, protein flexibility, and stability, contributing to a deeper understanding of

osmolyte induced protein stabilization.

3. Mechanistic insights deciphering the distinct response of proteins towards

osmolyte: An AWSM perspective
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While earlier studies established the critical role of associated water dynamics in
protein stabilization and proposed a mechanistic link through internal
conformational rigidity, they did not account for the varying degrees of stabilization
observed across different proteins under identical osmolyte conditions. This chapter
addresses that gap. In this study, we examine how sorbitol modulates the thermal
stability of two model proteins, bromelain and papain, through changes in hydration
dynamics and internal flexibility. We propose the Associated Water Stabilization
Mechanism (AWSM) to describe how osmolyte-enhanced water—water and water—
residue interactions near the protein surface promote stabilization of the protein’s
interior by dampening conformational mobility. While both proteins conform to this
model, papain exhibits greater stabilization than bromelain. This enhanced effect can
be understood within the AW SM framework by analysing changes relative to buffer
conditions rather than comparing absolute parameters. The greater retardation of
associated water dynamics in papain leads to stronger internal stabilization and
superior thermal resilience. These results reinforce the importance of hydration-layer
dynamics in protein stabilization and establish AWSM as a useful framework for

interpreting protein-specific responses to osmolytes.

4. Dropping the Guard: How Denaturants Undermine Osmolyte-Mediated

Protection
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Deciphering how stabilizing osmolytes and destabilizing agents modulate protein
stability is essential for understanding protein folding and function under cellular
stress. In this study, we explore the mechanism by which a chemical denaturant
counteracts the stabilizing effect of an osmolyte on the protease papain. Under the
lens of our proposed Associated Water Stabilization Mechanism (AWSM), we
demonstrate that sorbitol enhances protein thermal stability by strengthening water—
water and water—protein surface interactions, which in turn promote cohesive
bonding among core amino acid residues. Conversely, guanidinium hydrochloride
(GnHCl) disrupts these hydration networks and weakens residue-residue
interactions, leading to destabilization. When both osmolyte (sorbitol) and
denaturant (GnHCI) are present together, GnHCI diminishes the efficacy of sorbitol
by reducing its ability to enhance the local water structure, thereby attenuating the
strengthening of the protein’s interior and counteracting the stabilizing effect of
sorbitol on the thermal stability of papain. Our findings indicate that the
counteracting influence of GnHCl on sorbitol-induced stabilization can be
understood within the AWSM framework. Apart from a weak direct interaction
between sorbitol and GnHCI, their opposing impacts on hydration dynamics also
contribute to the counteraction effect. This study highlights AWSM as a promising
conceptual tool for understanding protein-osmolyte interactions and offers

molecular-level insight into how chemical

XXi



This page left blank intentionally

XXil



Table of Content

Chapter — 1: Introduction 1-32

1.1. Proteins in Focus: A Concise Overview 1-5
1.1.1 Protein: Function and Conformation 2-3
1.1.2 Thermodynamics of Protein 3-4
1.1.3 Protein under Environmental Stress 4-5

1.2 Osmolyte: Natural Remedy against Environmental Stress  5-6

1.3 Protein-Osmolyte Interaction: Current Understanding 6-32
1.3.1 Preferential interaction Mechanism 7-10
1.3.2 Limitations of the preferential interaction theory 10-13
1.3.3 Water Structure Modulation Theory 13-14

1.3.4 Limitations of the water structure modulation theory 14-15

14 Associated water (Hydration Layer/ Biological water) 15-17
1.5 Limitations in the current understanding 17-20
1.6 Aim of the thesis 20-21
1.7 References 22-32
Chapter — 2: Experimental 33-104
2.1. Steady-State Absorption, Emission and Excitation Spectra 35
2.2. Circular Dichroism Spectroscopy 35-36
2.3. Time-Resolved Fluorescence Measurement using
Time-Correlated Single Photon Counting (TCSPC) 36-40
2.3.1. Brief Theory of TCSPC 36-37
2.3.2. Schematic Representation of the TCSPC Setup 37-38

podlll



2.4.

2.5.
2.6.

2.7.

2.3.3. TCSPC data analysis
Time-Resolved Fluorescence Measurement using
Fluorescence Up-conversion Spectroscopy
2.4.1. Basic principle of fluorescence up-conversion
2.4.2. Schematic Representation and a Brief Explanation
of the Fluorescence Up-conversion Setup
2.4.3. Data analysis of fluorescence up-conversion
Basics of Time Resolved Emission Spectra (TRES)
Transient Absorption Spectroscopy
2.6.1. Fundamentals of TA
2.6.2. Insights from TA
2.6.3. Instrumentation of TA setup
2.6.4. TA data analysis
Fluorescence Correlation Spectroscopy (FCS)
2.7.1. A short theory of FCS
2.7.2. Mathematical Foundation: Fluctuations and
Correlation
2.7.2.1. Fluctuations
2.7.2.2. Idea of Correlation and Correlation Function
2.7.3. Fitting function of the fluorescence autocorrelation
Function
2.7.4. Structural Information Extraction employing FCS
2.7.5. Accounting for Medium-induced Refractive Index
and Viscosity Alterations
2.7.6. FCS Setup
2.7.6.1. Specification of the components of FCS setup
2.7.6.2. Calibration of the Instrument
2.7.6.3. Alignment of the Detector

2.7.6.4. Achieving the minimal Detection Volume
2.7.6.5. Measurement of the dimension of the
observation volume

2.7.6.6. Checking the effect of power

XXiv

38-40

40-46
41

42-44
44-46
46-50
50-62
51-53
54-56
57-61
61-62
62-
63

63-70
63-64
64-70

70-76
76-77

77-78
78-89
83-84
84
84-85
85-87

87-88
88-89



2.8. Bulk Viscosity 89
2.9. Protein Tagging 89-91
2.10. Some Control Experiments Related to Tagging 91-93

2.10.1. Confirmation, Site-selectivity, and Perturbation

Related to Tagging of Fluorophores to

papain and bromelain 91-93
2.11. Materials Used 93
2.12. Sample Preparation 94
2.13. References 94-104

Chapter — 3: Osmolyte induced protein stabilization: modulation

of associated water dynamics might be a key factor 105-137

3.1.

3.2.

Introduction 107-111
3.1.1. Osmolytes are essential for keeping protein active and
stable in living cells 107
3.1.2. Various theories to explain osmolytes induced
protein stability and their drawbacks 107-109
3.1.3. Our hypothesis: Protein-specific effect involving
associated water 109-111
Results and Discussion 111-125
3.2.1. Thermal stability of papain in buffer and
with various osmolytes 111-113
3.2.2. Associated water dynamics around papain in
buffer and other osmolyte solutions 113-116
3.2.3. Protein conformation change does not play key
role in the modulation of associated water 116-117
3.2.4. Correlating the thermodynamic stability with
associated water dynamics of protein 117-120
3.2.5. Further discussion in the context of previous
literature 120-121

3.2.6. Concentration-dependent reversal and protein-specific

XXV



effect of osmolyte-induced stability: Our proposal can

explain it successfully, which previous theories cannot 121-125
3.3. Conclusion 125-126
3.4. References 126-137

Chapter — 4: Interplay between Protein Fluctuation and Associated

Water Dynamics on the Osmolyte induced Protein Stabilization

139-173
4.1. Introduction 141-144
4.2. Results and Discussion 144-164
4.3. Conclusion 164-165
4.4. References 165-173

Chapter— 5: Mechanistic insights deciphering the distinct response

of proteins towards osmolyte: An AWSM perspective 175-213

5.1. Introduction 177-179
5.2. Results and Discussion 179-204
5.2.1. Thermal stability of bromelain and papain in the
presence of Sorbitol 179-183

5.2.2. Bulk water dynamics in controlling protein stability 183-185

5.2.3. Associated water dynamics modulation in the

presence of sorbitol 185-193
5.2.4. Microsecond conformational fluctuation dynamics
measurement 193-204
5.3. Conclusion 204-205

5.4. References 205-213

XXVi



Chapter— 6: Dropping the Guard: How Denaturants Undermine

Osmolyte-Mediated Protection 215-241
6.1. Introduction 217-218
6.2. Results and Discussion 218-232
6.3. Conclusion 232-233
6.4. References 233-241
Chapter— 7: Conclusions and Future outlooks 243-251
8.1. Summary of Chapter 3 244-246
8.2. Summary of Chapter 4 246-247
8.3. Summary of Chapter 5 247-249
8.4. Summary of Chapter 6 249-251

List of Publications 253-254

XXVii



This page left blank intentionally

XXViii



Chapter 1

Introduction
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Protein, Osmolyte and their Interaction
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1.1  Proteins in Focus: A Concise Overview

Origin of life on planet is a mystery and is not understood completely yet. Still a
significant progress has been made to understand the involvement of molecular
machineries in processing and regulating the molecular events to sustain life. As per
the current understanding cell is considered, that basic biological entity wherein
different compartments with or without defined boundaries provides space for
specific functions and reactions '. One such compartment is the nucleus where the
chromosomes carrying the genetic information are processed to produce small
molecular machines commonly known as protein in the cytoplasm 2. These protein
molecules are popular in biological sciences for their importance in the proper
functioning of the body to sustain life. These molecules are known to perform
different roles inside a body as enzymes, hormones, antibodies, as energy source, in
balancing fluid and electrolyte, involved in acid-base balance, in transport, in wound
healing, tissues regeneration and nerve function **. These important functions of
protein throughout the body in different cells makes them the subject of utmost

importance in life science.

1.1.1 Protein: Function and Conformation

Protein is an array of 20 natural amino acids joined by peptide bonds °> where the
information on the sequence/arrangement of amino acids within the array is hidden
in the deoxyribonucleic acid (DNA) which are carried by chromosomes 6. Different
segments in this single chain of amino acid residues transforms into different three-
dimensional (3D) structures namely alpha-helix, beta-sheet, beta-turn, random-coil
which are known by secondary structures of protein 7%, These secondary structures
of protein when combined is known as the three-dimensional structure of protein
and in general, this 3D structure of the protein is considered as the functional form
of protein ”. In some cases, the multimeric forms are the only functional form and
are known by the name quaternary structure '%!'!, Proteins with different number and
arrangement of amino acid residues in the sequence adopts different conformation

12-15

and perform different function as is illustrated in Scheme 1. The protein drew
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its functional specificity from its 3D structure which varies from protein to protein
9
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Scheme 1: Schematic representation of the hierarchy in the structure of protein and
different types of function that proteins perform.

1.1.2 Thermodynamics of Protein

The stability of the protein is generally described by the equilibrium shown in

scheme 2.

Native Denatured
(Folded) (Unfolded)

Scheme 2: Schematic representation of the protein unfolding equilibrium.

Where the native state is considered as the functionally active form and the denatured
state is considered as the functionally inactive form '®~18, The free energy change
(AGynforaing) Of denaturation associated with this equilibrium is just ~ 5-20
kcal/mol '"-19-22 and thus the folded states are considered stable than the unfolded

states. To understand how much stable this equilibrium is we took a hydrogen bond
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among water molecules as a reference. The free energy change (AGy_pona)
associated with this hydrogen bond is typically ~ 5 kcal/mol which is considered
very weak interaction as hydrogen bond is a physical bond 3. On comparing the

AGynfoiaing for protein stability associated to the equilibrium with that of the

AGy_pona associated with the hydrogen bond formation among the water molecules
it can be deduced that the protein equilibrium is only one to four times stronger than
that of the water-water hydrogenbond ?*. This is the reason the protein equilibrium
1s always considered weakly stable, and the folded state is thus said to be marginally

stable than that of unfolded state 2°.

1.1.3 Protein under Environmental Stress

As we have seen in the last section that the protein equilibrium is marginally stable.
Thus, any perturbation in the environmental conditions like variation in the
conditions of temperature, pressure, pH, salt concentration etc. might disturb the
equilibrium by favouring the unfolded conformation along with other non-native
conformations of the protein and thus make the protein functionally inactive or
inefficient 2. This inactive form may have corresponding repercussions on the
functioning of the cell and the body. Generally, the energy landscape associated with
the folding of the protein is given by protein funnel diagram ?’. In the energy
landscape of protein folding, a polypeptide chain explores many conformational
states at higher free energy levels. As folding progresses and free energy decreases,
the number of accessible conformations narrows, guiding the protein toward its
thermodynamically stable native state. However, under certain cellular or
environmental stresses, proteins can become kinetically trapped in intermediate
states that lose native interactions. These misfolded conformations may adopt
alternative folding pathways, sometimes leading to aggregated states that provide
thermodynamic stabilization. Such non-native aggregates are often associated with
cytotoxicity and are implicated in protein misfolding diseases, including
Alzheimer's, Parkinson's, and prion-related disorders 28. The Scheme 3 represents

some of the proteins and the disease associated with their misfolding.
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Scheme 3: Schematic representation of (a) possible outcomes of stress on protein, (b)
diseases associated with protein misfolding and aggregation.

1.2  Osmolyte: Natural Remedy against Environmental Stress

Nature is conscious and quite smart as it by itself searches for the optimum solution
to treat the problem, whatever the environmental conditions are, and evolution that
we use to read and talk about is one of the outcomes of several smart and ideal
adjustments of nature over time within various forms of life on earth. The cellular
membrane act as a semipermeable membrane which allows the movement of water
molecules in and out of the cell 2%*°. Cell volume changes continuously whenever
the extracellular or the intracellular environment encounter perturbation in terms of
temperature, pH, ion concentration etc *'. The cell function depends on its volume
and thus to function properly against such perturbed environment it regulates its
volume by employing the phenomenon of osmosis. Here, in this process the cell uses
the ions and small organic solutes for volume regulation by allowing the movement
of water molecules in and out of the cell through osmosis 2. It has been observed in
some type of organism that even in the situation of high variations in the osmotic
pressure the concentration of potassium ions [K*] inside the cell changes a little 323,
It has also been observed that initially to balance the osmotic pressure variation the
ions come into action later the small organic solutes take the charge to counteract

the osmotic pressure imbalance in a long run. That’s the reason these small organic
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solutes are selectively termed as osmolyte 32343 The cell employed the osmolyte
either by synthesising itself inside the cell or by incorporating through proper
channel across the cell membrane 4. Intracellular space is occupied by the
biomacromolecules which includes protein as well and it has been observed that
these osmolyte molecules apart from regulating the cell volume also interact with
these protein molecules to provide stabilization against the natural environmental
stresses *+3°. These osmolyte molecules are the small organic solutes from different
classes of compounds which includes sugars, polyols, amino acids, methyl amines

and their derivatives 343637

(Scheme 4). As these osmolyte molecules interact
favourably with the protein, these also find their application in the biopharmaceutical
industries and thus makes it important to understand the mechanism of interaction

among the two.

Sugar Polyol
Osmolyte

Amino Methyl

Acid amine

Scheme 4: Schematic representation of the types of osmolytes present in nature.

1.3 Protein-Osmolyte Interaction: Current Understanding
Lot of efforts has been made in the past to understand the mechanism of interaction
of osmolyte with protein to impart extra stabilization against the changed
environmental conditions. Still the mechanism of interaction is not fully understood
so far, although a significant progress has been achieved in this direction and we can

say, we are not blind in explaining these interactions.
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As per the present understanding these interactions are defined by employing
two different theories, first is the “Preferential Interaction Mechanism” which is
also known as “direct mechanism” and the other is “Water Structure Modulation

Mechanism” and this also termed as “indirect mechanism”.

1.3.1 Preferential interaction Mechanism

Preferential interaction mechanism was first proposed by Timasheff’s group
where the emphasis is given on the interaction among protein-water-osmolyte
molecules 3. This theory is purely based on the surface tension phenomenon. It has
been shown experimentally that on the addition of the solute to the protein-water
system, the added solute distributes at the surface of the protein (near to the protein)
differently than that at the bulk 3% (away from protein). The concentration of the
added solute could be more at the surface of the protein with respect to the bulk and
vice-versa, depending on the nature of the solute’®*42, The type of distribution
describes the effect of the added osmolyte on the stability of the protein. This theory
uses a parameter by the name “preferential interaction coefficient” designated by
“I, 37 which describes the concentration of added solute at the surface of the protein
relative to the bulk where the subscript 1,2,3 represent water, protein, added solute

respectively 3° as shown in Scheme 5.

Protein-Water
Interfacial Layer

Bulk ®

@ = Water 2 = Protein 3 = Solute
Scheme 5: Schematic representation of the types of water (associated water and bulk
water) around protein molecule.
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Before going into the conclusion of the theory it is requisite to understand the
background ofthe theory. Here the researcher experimentally *° evaluated the excess
free energy at the surface of the protein on the addition of unit amount of the solute

Gre)
om,

: (aﬂ) and [ 3 are related by the relation,

TPm, ‘0M3/Tpm,

(GL) x — Iy (1.3.1)

Om3/ 1 pm,

Where p, m represents the chemical potential at the surface of the protein and mass
of the solute respectively. It has been observed that the osmolyte molecules for

which, the parameter (aﬂ) gives positive values the preferential interaction

oms/ 1 pm,
coefficient (I3 3) took negative values which means the osmolyte that increases the
surface energy of protein will be concentrated less on the surface of the protein
relative to the bulk and vice-versa as pictorially represented in scheme 6. Proteins
are experimentally found to be thermally stabilized where preferential interaction

coefficient took negative values.
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Scheme 6: Schematic representation of the distribution of (a) stabilizing and (b)
destabilizing osmolytes around the protein described by preferential interaction
mechanism.

The explanation for the correlation between negative values of preferential
interaction coefficient and stabilization of protein was provided. For a protein the
transformation from folded to the unfolded state could be represented ** as shown in
Scheme 7. For an osmolyte, the addition of which increases the free energy of the
protein (folded state) is assumed to increase the free energy of the protein further on
extension (unfolding) of the protein. Thus, the total free energy for the process of

denaturation of protein as shown in Scheme 7 will be positive.

State T State IT

Scheme 7: Schematic representation of the unfolding equilibrium of protein (taken
from reference *).

The overall situation of protein denaturation in aqueous osmolyte solution could be
observed thermodynamically as given in the Scheme 8 for better understanding *.
Through this scheme the direct transfer of protein from water to the aqueous
osmolyte solution could be seen through two different processes obeying the Hess’s
law of constant heat summation which states the overall energy associated with the
process depends on the initial and final state of the system irrespective of the path
followed in going from the initial state to achieve the final state. The compact
(circular) state represents the native state of the protein, and the extended (distorted)
state represents the unfolded state of the protein. AG; and AG, represents the free
energy change involved in the process of denaturation (unfolding) of protein within
the water and aqueous osmolyte solution respectively. AG; and AG, represents the

free energy change associated with the transfer of native and denatured state from
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water to the aqueous solution of osmolyte respectively. So, for the whole process

represented in scheme 8 the overall free energy change will be 0 i.e.,

AG, +AG, — AG; — AG, =0 (1.3.2)
Thus,
AG; +AG, = AG; + AG, (1.3.3)

As protein denaturation is an unfavourable process, AG; > 0 and for an osmolyte
that increases the free energy of the protein in folded state (AG5; > 0), the free energy
change for the protein in transferring the unfolded state from water to the aqueous

osmolyte solution will be more unfavourable (AG, >> 0) and thus,

AG, > AG, (1.3.4)

And the equations 1.3.3 and 1.3.4 combinedly says that,

AG, > AG, (1.3.5)

which establishes that the osmolyte that increases the chemical potential at the
surface of the protein and thus distributes itself around the protein in a fashion where
the concentration of the added osmolyte is less at the surface of the protein relative
to the bulk defined by the negative value of the preferential interaction coefficient
stabilizes the protein and vice-versa. The justification for this stabilization is given
by saying that the added osmolyte which increases the chemical potential at the
surface of the protein increases the surface tension at the protein-water interface and
thus the protein tries to keep itself in a state or conformation which shares less
surface area with the water 1.e., the folded state. Thus, the protein in the presence of

such osmolyte gets stabilized. The added osmolyte which decreases the chemical
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potential at the surface of the protein reduces the surface tension at the protein-water
interface and protein tries to attain a conformation with larger surface area i.e.,

unfoldedstate. Thus, the protein in the presence of such osmolytes gets destabilized.

in Water in Water

AGy ] 4G,

O -

in Sugor in Sugar
Solution Solution

Scheme 8: Schematic representation of the phenomenon of unfolding of protein in
osmolyte solution (taken from reference +).

Although Timasheff had satisfactorily presented the theory but fail to give a
molecular insight over why osmolyte molecules distributes differently in the near
vicinity of the protein relative to the bulk and why distribution depends on the type
of osmolyte.

Later in 1995, Bolen’s group came up with a reasonable insight over what happens
at the molecular level that makes the osmolyte to distribute differently in the near
vicinity and away from the protein surface and how this distribution varies
depending on the type of osmolyte *+*°. It has been observed that stabilizing and
destabilizing osmolytes, both interact favourably with the protein and the difference
has been created by the kind of interaction between the osmolyte and the protein
surface specifically the protein backbone 4. It has been proved experimentally that
stabilizing osmolytes do have repulsive interaction with the protein backbone and
thus these osmolyte distributes in a fashion where the concentration of osmolyte

molecules is less at the surface relative to the bulk and vice-versa.

1.3.2 Limitations of the preferential interaction theory
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At first glance, the theory seems to be perfect in defining the interaction between the
osmolyte and the protein, but this theory fails to explain some common observations.
Theory is based on purely surface tension phenomenon and technically it’s
impossible to directly measure the surface tension at the protein surface as the
protein is very small in size. Researchers have used the air-water or water-oil
interface as the most approximate model to mimic the protein-water interface to
measure the surface tension =8, They have observed that the osmolyte, glycerol
thermally stabilizes the protein which is justified by the increase in the melting
temperature (T,,,) value of the protein and also signifies by AT,,, > 0, where AT,,, is
defined as the extent of thermal stability in osmolyte solution compared to water

only system and is given as

ATm = (Tm)osmolyte - (Tm)water

where, T,,, is an experimentally observed quantity and is defined as the temperature
at which the folded and unfolded state are equally populated in the sample. Higher
the T, value greater is the thermally stability of the protein. According to the theory
the observed thermal stability of protein in the presence of osmolyte must be the
consequence of increased surface tension at the protein surface but at the air-water
interface it has been observed that with increase in glycerol concentration there is a
continuous decrease in surface tension*® as shown in Figure 1.1 which is against the
proposal of the theory. Similarly, there were several other observations that can’t be

explained by this theory.
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Figure 1.1: Modulation of the (a) extent of thermal stability of lysozyme and (b) surface
tension with varying concentration of glycerol (taken from reference *).

1.3.3 Water Structure Modulation Theory
To explain the stabilizing effect of glycerol on thermal stability of protein,
researchers explored the modulation in the properties of water on the addition of
osmolyte. Self-diffusion (2,) coefficient is one such property of water that has been
explored to observe the modulations in the dynamics and structure of water 4.
TMAO is a well-known protein stabilizer and with the increasing concentration of
TMAO the thermal stability of protein enhances continuously. Researchers have
found that on the addition of TMAO to water the self-diffusion coefficient of water
molecules decreases continuously (Figure 1.2) confirmed by the relative self-
diffusion coefficient (22,) of water molecules *’. Where Zand 9, represents the
self-diffusion coefficient of water molecules in neat water and in the presence of
osmolyte. Value of relative self-diffusion coefficient of water molecules less than
and greater than one represents slower and faster diffusion of water molecules in the
presence of additive respectively #74°. Similar retardation in self-diffusion
coefficient of water molecules in the presence of glycerol has also been observed a

shown in Figure 1.2.
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Figure 1.2: Modulation of the relative diffusion coefficient of water molecules in
glycerol and TMAO (taken from reference *7).

This retardation in self-diffusion coefficient of water has been linked with the
thermal stabilization of protein by saying that the osmolyte stabilizes the protein by
its structure making property of water. Similarly, the destabilizers are observed to
show the water structure breaking property and by breaking the water structure these
destabilizes the protein. Recently Hishida et al., probed the water dynamics around
the osmolyte molecules by employing terahertz (THz) spectroscopy °°. They
successfully found a relation between the water dynamics and thermal stability of
the protein, RNase A °°. They have observed that the higher the retardation in the
water dynamics around the osmolyte molecules, greater the thermal stabilization of
the protein. In case of denaturants, they have observed the acceleration in the
collective rotation dynamics of the water molecules. Whereas with other techniques

researchers have observed opposite results. Rezus et al., employed polarization-

resolved mid-infrared pump-probe spectroscopy to study the effect of urea on the
structure and dynamics of water. They have observed that the orientational water
dynamics in the presence of urea almost remains same as that in neat water °'.

Depending on the techniques the observations vary.

1.3.4 Limitations of the water structure modulation theory
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Water structure modulation theory probes the water structure or dynamics directly
to describe the effect of adding solute on the properties of water. This theory helps
in understanding that osmolytes exert their effects on protein stability primarily
through interactions mediated by water molecules, at least to a significant extent if
not entirely. While this theory explicitly focuses on how added solutes affect water,
it overlooks the protein’s influence on water properties and its response to solute-

induced changes °~%°

. This lack of perspective of protein in the theory prevents it
from explaining the protein specific effects (described in chapters 3, 5 and 6 in detail)
which includes, distinct response of protein towards same osmolyte, concentration
dependent reversal of protein stabilization, protein dependent stabilization and
destabilization in same osmolyte system®® and so on.

However, despite its inability in describing the protein-osmolyte interactions
completely, it successfully provides insights on the general effects of osmolyte
mediated throughmodulation in water structure. To understand the protein-osmolyte

interactions thoroughly the theory needs to be improved and must incorporate the

perspective of proteins as well.

1.4 Associated water (Hydration Layer/ Biological water)
Water has always been found crucial for the existence of life. The folding of protein
in a specific 3D structure has also been attributed to the involvement of water ¢!. The
water molecules attached to the protein surface are not free as these were in bulk .
The release of such water molecules in going from unfolded to folded conformation
increases the entropy ofthe overall folding process and makes it thermodynamically

favourable °!.
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When a protein molecule comes into contact with water, it induces the formation of
a structured layer composed of water molecules surrounding its surface. This layer,
often referred to as the hydration shell or associated water, arises due to specific

interactions between the polar, charged, and hydrophobic residues of the protein and

63-65

the surrounding water molecules as shown in Scheme 9.

Protein

Associated water molecules/Layer
(Hydration/Biological Layer)

Scheme 9: Schematic representation of the associated water molecules/Layer around
the protein surface.

The characteristics of this water layer is different than that of the bulk water. This
water layer has already been shown to impact various aspects of protein among
which the most important is the function of the protein. Hans Frauenfelder have
shown experimentally that the binding of carbon monoxide (CO) molecule with
myoglobin (Mb) is influenced by two types of motions of protein %7, Former is the
overall large-scale dynamics of protein which brings the CO molecule in the near
vicinity ofthe active site and the latter is the small-scale fast dynamics of the protein
around the active site controlled by the fluctuations in the hydration layer of the
protein ®7-%° Later, Zhong has shown experimentally that the relaxation dynamics of
water and protein are strongly coupled, and the fluctuations are predominantly

70,71

governed by hydration water molecules on the picosecond timescale . These are

some crucial findings and there are plenty of other observationsas well that supports

the idea of water enslaved motions of protein 6463-72-78,
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The stability of the protein is also a crucial factor for its proper functioning. The bulk
water is also observed to play an important role in defining the stability of protein in
osmolyte system up to some extent. The lack of protein participation in the water
structure modulation mechanism limits the ability of this model to fully explain
protein—osmolyte interactions. Since it is well established that protein motions are
influenced by the hydration layer, probing this layer in the presence of osmolytes
could provide crucial insights into protein—osmolyte interactions as well. This forms
the foundation of the present thesis, wherein the hydration layer, referred to as
‘associated water’ throughout, has been systematically investigated. The focus lies
on understanding how osmolytes modulate the dynamics of this associated water.
Particular attention is given to the protein interior, exploring how osmolyte-induced
changes in associated water dynamics influence the core of the protein. This
approachaims to reveal, at a molecular level, how such interactions ultimately affect
the thermal stability of proteins in the presence of osmolytes. This theory has been
referred as “Associated Water Stabilization Mechanism” and abbreviated as
“AWSM”. To the bestof our knowledge, this work represents the first comprehensive
investigation that offers molecular-level insights that encompass not only water
dynamics but also the protein itself, advancing our understanding of their coupled

dynamics in defining the protein-osmolyte interactions.

1.5 Limitations in the current understanding
As discussed, understanding protein—osmolyte interactions is crucial not only for
elucidating biologically relevant mechanisms but also for advancing various
industrial applications. The subject has remained a longstanding focus of research,
with numerous studies dedicated to resolving the complexities involved. Yet, our
understanding remains far from complete. The traditional theories generally fail to
explain some of the key observations and that must be addressed to understand the

mechanism completely.

1. The Necessity of a Unified Mechanism
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The understanding of the protein-osmolyte interaction generally lacks a unified
mechanism. Osmolytes are classified as stabilizing or destabilizing based on their
effect on the thermal stability of proteins, those that enhance stability are termed as
stabilizing osmolytes, while those that reduce it are considered destabilizing.
Stabilizing osmolytes are generally believed to induce their effect on protein
indirectly through water whereas the destabilizing osmolytes impartits destabilizing
effect by directly interacting with the protein. Nevertheless, the fact that both
stabilizing and destabilizing osmolytes influence water structure supports the notion

of a common mechanistic framework.

2. Protein dependent response of osmolyte
It has been observed that the action of the osmolyte depends on the protein as well.
The bromelain is observed to get destabilized whereas papain gets stabilized in the
presence of sucrose which is not understandable by any of the traditional theories ™.
There are plenty of other examples where the protein is observed to get destabilized
even in the presence of the stabilizing osmolyte and denaturants are observed to
stabilize the protein in small concentrations which could not be explained by water

structure modulation mechanism.

3. Absence of molecular insights of the interior of the protein
However, the water structure modulation hypothesis explains protein—osmolyte
interactions based on the changes in water structure or dynamics induced by the
presence of solutes. Yet, it lacks molecular-level insight into how these perturbations
in water properties translate into changes in the thermal stability of proteins. This
limitation represents a major drawback of the hypothesis, rendering it incomplete in

fully describing protein—osmolyte interactions.

4. Concentration dependent reversal of stabilization
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The stabilizing osmolytes strengthens the water structure which keeps on getting
strengthened with increasing concentration and as per the water structure modulation
hypothesis, the protein will also be get stabilized more with increasing concentration
of osmolyte. Butit has been observed that with some proteins the stability increases
continuously with increase in concentration of osmolyte whereas with other proteins
the stability first decreases and then increases. With some cases it has also been
observed that the stability first increases and then deceases with higher
concentration. Such observations are impossible to explain with water structure

modulation hypothesis.

. Distinct response of proteins towards same osmolyte

It has been observed that osmolytes can stabilize proteins; however, the extent of
stabilization often varies depending on the specific protein. The traditional water
structure modulation hypothesis claims that osmolytes influence water structure or
dynamics in a manner that is independent of the protein. According to this view, the
perturbation in water properties is determined solely by the nature and concentration
ofthe osmolyte. Consequently, the theory predicts auniform stabilizing effect across
different proteins, regardless of their individual identity or characteristics. This is a
general observation that appears to fall beyond the explanatory scope of the water

structure modulation hypothesis.

. Counteraction effect of osmolytes by destabilizers

It has been observed that destabilizing osmolytes (denaturants) can counteract or
diminish the stabilizing effect of protective osmolytes on proteins 3982, This
counteraction was initially attributed solely to direct interactions between the two
types of osmolytes; however, this explanation has been challenged, as such
interactions have been found to be weak and insufficientto account for the observed
effects. Traditional theories also fall shortin explaining these complex interactions.
Considering the existing gaps in our current understanding of protein—osmolyte

interactions, it becomes essential to seek for a comprehensive framework, one that
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not only accounts for the phenomena explained by traditional theories but also

addresses their inherent limitations.

1.6 Aim of the thesis

As previously noted, traditional theories fall short in describing protein-osmolyte
interactions, either due to the technical limitations of the preferential interaction
mechanism in probing surface tension at the protein-water interface, or because of
the explicitly osmolyte-centric perspective adopted by the water structure
modulation hypothesis. It is very well known that the osmolytes specially the
stabilizing one imparts their effect on protein by staying away from the protein
surface proved successfully by the preferential interaction mechanism. Water is the
only component in the system that interact with both, the protein and the osmolyte,
and thus the water structure modulation theory described the protein-osmolyte
interaction in terms of the modulation in the properties of water where the water act
as a mediator. Still the theory fails to explain the general protein-osmolyte
interactions. Water obviously acts as a mediator here but to understand the
interactions it must be the water that is influenced by both, the protein and the
osmolyte.

Zewail, Bagchi, and Bhattacharyya proved independently that the surface of the
protein is associated with a thin layer of water molecules, which is distinct in
properties than that of the bulk. Later Frauenfelder observed the importance of this
layer in describing the function of the protein. Zhong experimentally proved the
notion of water enslaved motions of protein where the faster dynamics ofthe proteins
are controlled by the dynamics of the water molecules in the hydration layer. These
observations proved that the hydration layer is critical to the functioning of the
protein and thus probing the hydration layer in the presence of osmolyte might help
in understanding the protein osmolyte interaction in a better way as the water
molecules in this hydration layer are in direct contact with the protein. The
modulation in the water properties will be influenced by osmolyte and protein both.

This approach may also offer molecular-level insights into how modulation of the
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hydration layer (associated water) influences the thermal stability of proteins. Since
protein dynamics are governed by the associated water, monitoring these dynamics
can provide clues about how the protein interior responds to the presence of
osmolytes. This approach can also help in understanding the observations that are
not otherwise possible with traditional hypothesis.

The primary aim of this thesis is to develop a comprehensive understanding of
protein-osmolyte interactions by focusing on the critical role of the hydration layer
also known as associated water surrounding the protein surface. While traditional
theories, such as the preferential interaction mechanism and the water structure
modulation hypothesis, provide partial insights, they fall short in offering a unified
molecular-level explanation. This work seeks to bridge that gap by investigating how
osmolyte-induced perturbations in the hydration layer influence protein dynamics
and thermal stability. By probing the dynamics of the associated water, which is
jointly influenced by both the protein and the osmolyte, this thesis aims to unravel a
more complete picture of the underlying mechanisms governing protein-osmolyte

interactions, particularly those aspects that cannot be explained by existing models.
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2.1 Steady-State Absorption and Emission Spectra:

All steady-state absorption measurements were carried out using a Shimadzu UV-
2450 UV—Vis spectrophotometer (Japan). Emission spectra were acquired on a
Fluoromax-4 spectrofluorometer (Horiba Jobin Yvon). The recorded emission
intensities were corrected for the wavelength-dependentresponse of the detector and
monochromator using the relation S1C/R1, where S1 represents the raw emission
signal, C is the correction factor for the system response, and R1 corresponds to the
lamp profile. Sample concentrations were optimized to maintain absorbance values
below 0.2, thereby reducing potential inner filter effects and self-quenching. Control
(blank) spectra were recorded and subtracted where necessary. For temperature-
dependent measurements, a Peltier-based temperature controller (TCC-100,
Shimadzu, Japan), offering+0.5 °Caccuracy, was employed in conjunction with the

spectrophotometer and spectrofluorometer.

2.2. Circular Dichroism Spectroscopy

Circular dichroism (CD) spectra were recorded using a J-815
spectropolarimeter (Jasco, Japan) fitted with a quartz cuvette of 0.2 cm pathlength.
A corresponding blank—containing all components except the protein—was used
for baseline correction by subtracting it from the sample spectra. Each final spectrum

represents an average of three accumulations to enhance signal reliability.

The principle of CD is based on the differential absorption of left- and right-
circularly polarized light by chiral molecules, resulting in a characteristic CD
signal'®. This technique is particularly well-suited for investigating the secondary
and tertiary structures of biomolecules, as distinct structural motifs—such as a-
helices, B-sheets, and random coils—produce unique spectral signatures'.
Specifically, a-helical structures show strongnegative bands around 208 nm and 222
nm'% "2 while B-sheets are typically identified by a negative band at approximately

218 nm and a positive band near 195 nm'3.'4. Several computational approaches are
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available to interpret CD spectra and estimate secondary structure content. In this
thesis, the freely available CDNN software was used for deconvoluting the CD data
and quantifying the relative amounts of different secondary structures®.
Additionally, the temperature-dependent change in ellipticity at 222 nm was tracked
to monitor variations in a-helical content, which served as a key indicator in the

subsequent thermodynamic analyses.

2.3. Time-resolved fluorescence Measurement using Time-Correlated Single

Photon Counting (TCSPC)

Time-resolved fluorescence techniques are employed to measure the average time a
molecule spends in its excited state, known as the fluorescence lifetime. Various
experimental approaches are available for determining this parameter, including
time-correlated single-photon counting (TCSPC), fluorescence up-conversion, and
streak cameramethods. In this study, fluorescence lifetimes were primarily obtained
using a TCSPC setup with an instrument response function (IRF) of approximately
75 picoseconds. Additionally, in one part of the work, femtosecond-resolved
fluorescence up-conversion spectroscopy was employed, offering an IRF of ~300

femtoseconds for capturing ultrafast dynamics.
2.3.1. Brief Theory of TCSPC

Time-Correlated Single Photon Counting (TCSPC) is among the commonly
employed techniques for time-resolved fluorescence analysis, and its theoretical and
practical aspects are well documented in several specialized texts!¢-!8, In TCSPC,
the time delay (7) between the excitation pulse and the detection of the first emitted
photon is measured. The probability of detecting a photon at a specific time point ¢

directly corresponds to the fluorescence intensity at that moment.

Dueto the inherently stochastic nature of fluorescence, photon emission occurs from

various relaxation pathways following excitation to the Franck—Condon region,
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resulting in a temporally distributed photon emission pattern referred to as the
fluorescence decay. By collecting a large number of such single-photon detection
events across many excitation cycles, a statistical decay curve is generated. This
decay curve is subsequently analysed to estimate the average lifetime that a

fluorophore spends in its electronically excited state.

2.3.2. Schematic Representation of the TCSPC Setup

A schematic overview of the Time-Correlated Single-Photon Counting (TCSPC)
setup is provided in Scheme 2.3. This technique enables precise measurement of
photon arrival times following excitation of the sample by a pulsed light source.
Upon each excitation event, a trigger signal is generated and processed through a
series of electronic modules. The constant fraction discriminator (CFD) first
determines the exact timing of the excitation pulse, which then initiates the time-to-
amplitude converter (TAC) by starting a linear voltage ramp on a capacitor.
Meanwhile, fluorescence photons emitted from the sample are detected, and the
arrival signal is also routed through the CFD, which stops the TAC ramp, capturing

the time interval between excitation and emission.

The emitted photons are wavelength-selected using a monochromator (MC) and
subsequently detected by a multichannel plate photomultiplier tube (MCP PMT),
capable of registering single-photon events. One of the challenges in TCSPC is the
timing uncertainty introduced by variations in signal amplitude and source jitter,
which collectively broaden the instrument response function (IRF). To minimize
this, the CFD separates the input signal into two parts one delayed and the other
inverted and then recombines them. This configuration stabilizes the zero-crossing

point and makes the timing signal largely independent of amplitude fluctuations'®.

To maintain the single photon counting regime, experimental conditions are adjusted
so that, on average, one photon is detected for every 100 excitation pulses. The

output voltage from the TAC proportional to the delay between excitation and
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emissionis amplified and digitized by an analog-to-digital converter (ADC), with
each digital value representing a single photon detection event. These events are
categorized into time bins by a multichannel analyzer (MCA) according to their
arrival times. The system used in this study accommodates up to 4096 channels,
yielding a temporal resolution of 4.88 picoseconds per channel over a 20-

nanosecond TAC range.

To determine fluorescence lifetimes with high precision, a decay histogram is
constructed by plotting photon counts as a function of time delay. This decay curve
reflects the time-resolved emission profile of the fluorophore. For accurate lifetime
extraction, the emission polarizer is positioned at the magic angle (54.9°) relative to
the excitation polarizer, ensuring elimination of rotational diffusion artifacts. All
TCSPC measurements presented in this thesis were conducted using a commercial

system (LifeSpec II, Edinburgh Instruments, U.K.).

LASER i >
; J\
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Polarizer W > —— TAC —»—| Amplifier j
l ADC
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Polarizer Single photon L ]
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Scheme 2.3. A schematic representation of the TCSPC instrument. Abbreviations:
CFD: Constant Fraction Discriminator, S: Sample holder, TAC: Time to Amplitude
Converter, MC: Monochromator, ADC: Analogue to digital converter.

2.3.3. TCSPC data analysis

The time-resolved fluorescence decay profile obtained through TCSPC can be

quantitatively analyzed using suitable mathematical models to extract the
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fluorescence lifetime of a sample. Prior to this analysis, it is essential to account for
contributions fromthe excitation laser pulse and the finite temporal resolution of the
detection system. Although decay analysis typically assumes that the excitation

pulse is a delta function, real-world laser pulses have a measurable duration.

To correct for these instrumental effects, the instrument response function (IRF) is
recorded using a scatterer—commonly colloidal silica (Ludox) or diluted milk—
which serves as a reference with effectively zero fluorescence lifetime. This IRF is
then used during deconvolution to correct the raw fluorescence decay signal. The
deconvolution approach treats the finite-width excitation pulse as a sequence of
weighted delta functions. Accordingly, the observed fluorescence intensity at any
time point ¢ is modeled as the sum of the system's responses to each of these delta

components, a process mathematically described in detail elsewhere'®!8,

N = [ L(ENIE—t)dt’ (2.1)

where, I(t —t') represents the fluorescence intensity of the sample at time t,
resulting from an excitation pulse of amplitude L(t") at time t’. This relationship,
referred to as the convolution integral, serves as the foundation for extracting the
most suitable decay function from the experimental data. While fitting a single-
exponential decay is relatively simple and often sufficient, the use of multi-
exponential models introduces additional complexity. Therefore, higher-order
exponential fits should be employed only when lower-order models fail to

adequately capture the characteristics of the measured decay profile.

The deconvolution process employs an iterative least-squares reconvolution

methodm,l 7,19

. Once both the instrument response function (IRF) and the
experimental fluorescence decay curve have been acquired, a theoretical decay
model is convolved with the IRF to generate a simulated decay profile. This
reconvoluted curve is then compared to the measured data, and the difference
between the two is quantified using the ¥ (chi-squared) statistic, which serves as a

measure of the goodness of fit.
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where, F(t) and Fp(t;) represent the experimental and projected fluorescence
intensities at two differenttimes, z is the number of data points and g;, is the standard
deviation of each data point. Since TCSPC follows Poisson statistics, the standard

deviation is given by

1
o, = [N(t)]? (2.3)
Where, N is taken as the number of channels used for measurement.

The reconvolution process and y° calculations continue iteratively until successive
iterations yield negligible improvement. Once the fitting process converges, a

reduced chi-square value (},-) is computed as:

=t ==L (2.4)

where v is the degree of freedom, which is the difference between the numberof data
points (n) and the floating parameters (f). The software, FAST (provided by the
instrument manufacturer), has been used in this thesis to analyze and extract the time

components of the fluorescence transients measured by TCSPC.

2.4. Time-resolved fluorescence Measurement using Fluorescence Up-

conversion Spectroscopy:

Femtosecond fluorescence up-conversion is a highly sensitive technique used to
probe ultrafast photophysical and photochemical events. It enables the exploration
of excited-state molecular dynamics with temporal resolution on the sub-picosecond
scale, making it particularly valuable for investigating key processes such as energy

transfer, charge separation, and relaxation pathways.
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2.4.1. Basic principle of fluorescence up-conversion

The fundamental working principle of femtosecond fluorescence up-conversion is
based on the nonlinear optical phenomenon known as sum-frequency generation®>
22 In this technique, the sample is excited using the second harmonic output of a
mode-locked Ti:Sapphire femtosecond laser operating at frequency w;2°23. The
moment the excitation pulse interacts with the sample is designated as time zero,
initiating fluorescence emission at frequency w,. This emitted light is then used in

the sum-frequency mixing process for time-resolved detection.

A second pulse, derived from the fundamental laser output and known as the gate
pulse, is introduced with a controlled temporal delay, arriving at the sample at time
t = 7. This delayed gate pulse is combined with the fluorescence emission from the
sample, and the two pulses interact within a nonlinear optical medium typically a
beta barium borate (BBO) crystal. Through this interaction, sum-frequency
generation occurs, producing an up-converted signal at frequency ws, corresponding

to a higher-energy photon that can be detected and analysed.
w; + W, = wy (2.5)

Thearrival time of the gate pulse at the nonlinear crystal is precisely controlled using
a mechanical delay stage. Since fluorescence intensity varies over time according to
the excited-state lifetime, the intensity of the emitted fluorescence and thus the
intensity of the resulting sum-frequency signal is directly influenced by this temporal
behavior. Mathematically, the intensity of the sum frequency light (Ig,,,) is
proportional to both the intensity of the fluorescence (I;) and of the gate pulse

(Ig ate) aSZZ’

Teum % [0 Iy () e (t — T)dt (2.6)

The sum frequency lightis only generated when both the fluorescence and the gate

pulse are present in the crystal.
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2.4.2. Schematic Representation and a Brief Explanation of the Fluorescence

Up-conversion Setup

A standard femtosecond fluorescence up-conversion setup consists of a femtosecond
laser source, a mechanical delay stage for adjusting the time delay between the
excitation and gate pulses, a nonlinear crystal for sum-frequency generation, and a
detection unit—typically comprising a monochromator coupled with either a

photomultiplier tube or a CCD camera (see scheme 2.4).

MAITAI HP
800nm, 100fs
80MHz

Delay stage

.\1\ ;
o ‘ 0,

Scheme 2.4. A schematic representation of the fluorescence up-conversion
instrument. Abbreviations: L1, L», L3, L4, Ls, Le, L7: Lens, BBO: B-barium borate
crystal, DM: Dichroic mirror/ Dichroic beamsplitter, M1, M, M3, M4, Ms: Mirror,
RR: roto reflector used to control delay, Fi, F», F3: Filter to cut light of certain
wavelength, ND: neutral density filter, P: Berek polarizer to adjust excitation light’s
polarization, S: Sample, PMT: Photomultiplier tube, w, : fundamental (excitation)
light, w,: emitted light from the sample, w4: Sum frequency light.

The experimental setup is initiated using a mode-locked Ti:Sapphire laser (Mai-Tai
HP, Spectra Physics, USA), which produces ultrafast pulses at a fundamental
frequency (m1). Operating atan 80 MHz repetition rate with a pulse duration of 100
femtoseconds, this laser provides the high temporal resolution necessary for

capturing rapid fluorescence dynamics. The fundamental beam (w:) is focused
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through a lens (L1) onto a 0.2 mm thick B-barium borate (BBO) crystal, where
second harmonic generation occurs, producing light at frequency 2w:. This

frequency-doubled beam serves as the excitation source for the sample.

The 2. beam is directed through alens (L2) and then reflected by a dichroic mirror
(DM), which splits it into two components: the excitation and gate beams. The
excitation beam is further processed through a cut-off filter (F1) to eliminate residual
fundamental light, aneutral density (ND) filter to control beam intensity, and a Berek
compensator (P) to adjust the beam's polarization. This refined excitation light is
then directed toward the rotating sample cell using a mirror (M;) and focused via

lens (L3).

Upon absorbing the excitation pulse (2m1), the sample transitions to an excited state
and subsequently emits fluorescence at a longer wavelength (®2). This fluorescence
is collected by lens (L4) and passed through a second cut-off filter (F>) to remove
any remaining excitation light, ensuring only the emission signal is transmitted to

the detection system.

The gate pulse (m:) is routed separately using mirrors (M2 and M3) toward a retro-
reflector (RR) mounted on a computer-controlled mechanical delay stage. This
configuration enables precise temporal control of the gate pulse, allowing it to
overlap with the fluorescence emission at defined time intervals. Both the emitted
fluorescence (m2) and the delayed gate pulse (®1) are then focused onto a second B-
barium borate (BBO) crystal using lens Ls, where they undergo sum-frequency
mixing—a nonlinear optical process that produces a new signal at frequency s (e

+ m2).

To isolate the up-converted signal (ws), the output beam is passed through lens Lg, a
cut-off filter (F3), and an iris (not shown in the schematic) to remove any residual
components from the excitation and gate beams. The purified sum-frequency light
is then focused into a monochromator via lens L7, which spectrally selects the

desired wavelength. The selected signal is subsequently directed to a photomultiplier
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tube (PMT) connected to a photon-counting module for detection. Control of the
monochromator, delay stage, and data acquisition is integrated and managed using

LUMEX software (CDP Corp).

2.4.3. Data analysis of fluorescence up-conversion

Accurate determination of fluorescence lifetimes requires prior characterization of
the instrumentresponse function (IRF), which reflects the temporal resolution of the
experimental setup. The IRF accounts for pulse broadening and timing distortions

introduced by various optical and electronic components in the system.

The instrument response function (IRF) was determined using the Raman scattering
signal of water, which appears at a spectral shift of approximately 3300 cm™" from
the excitation wavelength?~2°. For this measurement, the sample cell was replaced
with a cuvette containing pure water, and the system was configured to detect the
IRF at a specific wavelength. Since Raman scattering occurs instantaneously, with
no intrinsic delay, it serves as a suitable zero-time reference. By monitoring the sum-
frequency signal generated from the interaction of the Raman-scattered lightand the
gate pulse, the combined temporal profile of the excitation and detection pulses was

captured.

The resulting IRF was accurately modeled by a Gaussian function, characterized by
a full-width at half-maximum (FWHM) of approximately 250 femtoseconds.
Mathematically, the IRF is expressed as:

—(e-w?
G(x) = ﬁﬁe /202 (2.7)

Where, o represents the width parameter of the Gaussian function, u is the x-axis

position (mean) of the function. The FWHM of this Gaussian function can be

calculated as, H = 20V2 In2 ~ 2.3548 o.
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The excitation pulse is assumed to occur at zero time, so for data analysis, the

function is simplified by setting u = 0.

In femtosecond fluorescence up-conversion spectroscopy, the experimentally
recorded fluorescence decay does not directly reflect the intrinsic molecular
relaxation dynamics. Instead, it is convoluted with the instrument response function
(IRF), which has a finite temporal width. This convolution significantly influences
the measured signal, especially when dealing with ultrafast processes on the sub-
picosecond timescale. Therefore, to accurately determine fluorescence lifetimes, it

is essential to apply deconvolution methods.

In this study, the experimental decay profiles were analysed by fitting a convolution
of the IRF with a sum of exponential decay functions. This approach allows for
precise extraction of decay parameters. The methodology can be readily extended to
accommodate multi-exponential decays, enabling characterization of complex

relaxation pathways.
The convolution function is,

I(t) = G(x)* S(x) (2.8)

Where, S(x) = exp (— f), T is the lifetime.

1(t) = %fowexp (—f) exp (— (t—x)z/zaz) dx (2.9)
1 o <x2 +t? +ZaT—x—2tx>
~ () = ﬁfo exp | — — dx (2.10)

Let’s assume,

(%)) @2.11)

Z:
o2
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G'Zx
. <x2 +t2+zT—2tx) =72 4 % [t - 0_2] (2.12)

2T

202
Using equations 2.11 and 2.12 in equation 2.10, we get,

I(t) = \/iﬁexp (6—2—5) fm(t_ﬁ) exp(—z2?)dz (2.13)

212 T
vz

The error function can be introduced as,

_ 2 (X _,2
erf(x) = ﬁfo exp(—z?)dz (2.14)
Also, as error function is an odd function, erf(—x) = —erf(x) can be written.

By introducing this error function in equation 2.13, we get,

I(t) = \/iﬁexp (g — %) (1 —erf (T;:;)) (2.15)

The above equation has been employed in this work to fit fluorescence transients
recorded via femtosecond fluorescence up-conversion. While the presented form
describes a mono-exponential decay, the actual data fitting was performed using a
multi-exponential model to account for complex relaxation dynamics. Given that
convolutionis a linear operation, its distributive and additive properties were utilized
to extend the fitting model. Specifically, Equation 2.15 was reformulated as a
summation of multiple exponential decay components, each convolved with the
same Gaussian instrument response function and weighted by corresponding
amplitude coefficients. All transient fittings were carried out using the IGOR Pro

software (WaveMetrics, Inc.).

2.5. Basics of Time-Resolved Emission Spectra (TRES)

Time-Resolved Emission Spectra (TRES) can be reconstructed indirectly by
collecting fluorescence decay profiles at different emission wavelengths'®!?. This

approachrelies on the principle that photoexcitation induces a significant alteration
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in the dipole moment of the fluorescent probe !°. In response, solvent molecules
dynamically reorganize to stabilize the excited-state dipole. This solvent relaxation
process manifests experimentally as a gradual red shift in the emission maximum
over time—a phenomenon referred to as the time-dependent Stokes shift—which
continues until equilibrium is achieved between the solute and its environment (refer

to Scheme 2.5) 1926,

To construct Time-Resolved Emission Spectra (TRES), fluorescence decay
measurements are collected at various wavelengths spanning the steady-state
emission range. These wavelength-resolved decay curves are then processed using
the analytical techniques previously outlined. Atany given time ¢ and wavelength 4,
the intensity of the TRES can be mathematically described as the product of two
separate functions one dependent on time and the other on wavelength reflecting the

assumption of temporal and spectral separability.
I(A4,t) = A(D)B(t) (2.16)

The steady-state fluorescence spectrum (I5g) is obtained by integrating I(A,t) over

time and can be written as,

Iss = [, 1(2,t)dt (2.17)
Substituting Equation 2.16 into Equation 2.17:

Iss = [ A)B(D)dt (2.18)
Since A(M) is independent of time, it can be taken out of the integral:

Iss = AQD) [” B(t)dt (2.19)

Here, B(t) represents the fluorescence decay, which is typically modeled as a sum of

exponentials. Therefore,
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B(t) = );a;exp (— Til) (2.20)

Where the pre-exponential factors satisfy the condition, )}; a;(1) = 1

we obtain,
Iss = A(D) X a7 (2.21)
_ _Iss
A(A) = San, (2.22)
Therefore,
I t
10,8) = 55T exp (—T—i) (2.23)

The above equation characterizes how fluorescence intensity is distributed over
various wavelengths at a specific time point. A commonly adopted method for
analyzing the temporal behavior of TRES involves tracking the evolution of the
emission maximum over time—an effect known as the time-dependent Stokes shift.
This spectral shift, denoted as v(t), is typically modeled using a lognormal function,
which captures the asymmetric broadening and red-shifting behavior of the emission

profile during solvent relaxation.

1n[1+2b(v_Vp)]
g(v) = goexp [— In(2) (%)21 (2.24)
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fora>1,g(v) =0 (2.25)

Emission

Wavelength

Scheme 2.5. The scheme illustrates the concept of solvation dynamics (upper panel)
alongside the progression of time-resolved fluorescence Stokes shift (lower panel).
Following optical excitation to the Franck—Condon (FC) state, and vibrational
relaxation, the surrounding solvent begins to reorganize to accommodate the altered
electronic distribution of the excited molecule because of the dipole moment
difference between the ground (u;) and excited (ug) state. This relaxation with a
more favorable solvent arrangement towards the excited state dipole leads to a
decrease in the overall energy of the system. As a result, the emitted fluorescence
undergoes a red shift over time, each corresponding to emission at different stages
of solvent reorganization. The lower panel of the graph shows how the emission
maximum shifts toward longer wavelengths (from t: to ts), reflecting the time-
dependent nature of the Stokes shift as solvation proceeds toward equilibrium.

2b(v-vy)

for ¢ <1, where a = A

(2.26)
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To facilitate comparison, the peak frequency shift v(t) is often converted into a

solvent response (normalized) function C (t) as,

C(t) = L) (2.16)

- v(0)—v(o0)

The function C(t) is typically modeled using either a single exponential or a sum of

exponentials to determine the average solvation time ((z,)).

2.6. Transient Absorption Spectroscopy (TA)

In this thesis, transientabsorption (TA) spectroscopy has been employed to a limited
extent. It was specifically used to probe the solvation dynamics of the buffer and
various concentrations of hydrated deep eutectic solvents (DES) in the absence of
protein. The relaxation times observed in these systems fall within the 1-30
picosecond range, which lies beyond the temporal resolution of Time-Correlated
Single Photon Counting (TCSPC). Although femtosecond fluorescence up-
conversion is, in principle, capable of capturing such fast dynamics, the TA setup
used in this study provides a superior time resolution of approximately 70—80
femtoseconds—markedly faster than the ~300 fs instrument response of the
available up-conversionsystem. Moreover, TA data processing is more streamlined,
and solvation dynamics can be more readily extracted via the stimulated emission
signals, which directly yield time-resolved emission spectra (TRES) without
requiring the intricate deconvolution procedures necessary in fluorescence up-

conversion.?’
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2.6.1. Fundamentals of TA

Transientabsorption (TA)spectroscopy is a well-established pump—probe technique
that facilitates the investigation of excited-state dynamics with femtosecond
temporal resolution 283, In this approach, an ultrafast excitation pulse—typically
lasting tens of femtoseconds—initiates a non-equilibrium population in the sample.
The resulting transient states are then monitored by a time-delayed probe pulse,
which interrogates the system's evolution as a function of delay time 26-3°, When the
excitation pulse duration is sufficiently short (e.g., ~50 fs), it becomes feasible to
resolve early-stage processes in the excited-state manifold, capturing fundamental

events that unfold on ultrafast timescales.

In the transientabsorption experiments conducted for this study, the pump pulse was
centered at 400 nm and was used to selectively excite a portion of the molecular
population to the electronically excited state. A broadband white-light continuum,
covering the 450—750 nm range in the visible spectrum, served as the probe. This
probe beam intersected the same region of the sample at variable time delays, which
were precisely controlled using a computer-operated mechanical delay stage. To
avoid the introduction of nonlinear optical artifacts or multiphoton excitation, the
intensity of the probe beam was deliberately kept low throughout all measurements

(see Scheme 2.6).

£y, "%

RR
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Scheme 2.6. Simplified illustration of the transient absorption spectroscopy setup.

At each selected delay time, detection is carried out spectrally across the full range
of the probe beam, and this procedure is repeated for successive delays to generate
a complete time-resolved dataset. Since transient absorption is an absorption-based
technique, the underlying principles can be described using the Lambert-Beer law,
which governs how the probe intensity is attenuated as it passes through the sample

following photoexcitation.

I(A,t) = I,(2) x 10~ DN (2.17)

Where, I,(1) is the initial probe intensity at a given wavelength and 1(4,t) is the
transmitted intensity at a time delay t. Note that the time zero corresponds to the
point where the pump and probe pulses arrive at the sample simultaneously. (1) is
the molar extinction coefficient at the wavelength A, N(t) denotes the time-
dependent population of the absorbing state, and [ is the optical path length of the

sample.

From Equation 2.17, the absorbance A(4,t) at any wavelength and time can be
expressed as,

AL L) = log% = (V)N (2.18)

However, in transient absorption (TA) spectroscopy, the primary observable is the
change in absorbance that occurs upon photoexcitation, reflecting the difference
between the excited and ground (unexcited) states of the sample. This quantity,

known as differential absorbance, is expressed as:
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AALE) = A(LE) — A(D) (2.19)

@ @A) o IA)
AA(At) = log 7 log o log er (2.20)

Equation 2.20 indicates that the measurable parameter is the change in probe

intensity with and without the excitation by the pump. Hence, it simplifies to,

robe
AA(A L) = log;:?rw (2.21)

pump

In equation 2.21, the quantity IP"°P¢ represents the intensity measured when the

pump is blocked (usually using a mechanical chopper). Ig;f:; is the intensity when

both pump and probe interact with the sample.

As the excited-state population N(t) evolves over time through various relaxation
processes, the differential absorbance AA(A, t) also changes accordingly. This time-
dependent behavior of AA encodes the underlying excited-state dynamics of the

system initiated by photoexcitation.

As an absorption-based technique, transient absorption spectroscopy is capable of
monitoring both radiative and non-radiative relaxation pathways, depending on the
spectral signatures under investigation 2%°. This capability makes it a highly
versatile method for exploring a broad spectrum of ultrafast photophysical and

photochemical processes.
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2.6.2. Insights from TA

Transient absorption (TA) spectroscopy enables the observation of multiple distinct
photophysical processes, four of which are frequently detected in typical

measurements. These processes are illustrated in Scheme 2.7 and are outlined below.

ESA PA

AA (mOD)
o
o

GSB SE

Wavelength (nm)

Scheme 2.7. Representative contributions of various transient signals observed in
TA spectra.

Ground state bleaching (GSB): - Upon excitation by the pump pulse, a fraction of
the molecular population is promoted from the ground electronic state to an excited
state, resulting in a temporary depletion of the ground-state population. This
reduction leads to diminished absorption of the probe light at wavelengths associated

with ground-state transitions. Because the sample absorbs less probe light compared

probe

to its unexcited state (i.e., IP7°P¢ < I

), the corresponding change in absorbance
(AA) becomes negative. This negative signal, referred to as ground-state bleaching

(GSB), gradually diminishes as the excited molecules return to the ground state

through radiative or non-radiative relaxation pathways.
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Stimulated Emission (SE):- Excited-state molecules can return to the ground state
through the emission of photons. While spontaneous emission occurs without
external influence, stimulated emission (SE) is triggered when the probe pulse
contains photons with energies matching the electronic transition from the excited
to the ground state. In such cases, the incident photons induce emission of additional
photons that are coherent, traveling in the same direction and phase as the probe.

This process enhances the transmitted probe intensity atthose wavelengths, resulting

in a negative AA signal, much like ground-state bleaching IP7°P¢ < 15;‘;?; . The
spectral profile of SE typically resembles the molecule's fluorescence spectrum and
is red-shifted relative to the GSB band. The intensity of the SE signal decays over
time as the excited-state population diminishes. To ensure accurate measurement of
this feature without disturbing the system, the probe intensity is carefully maintained
at a sufficiently low level to prevent significant perturbation of the excited-state

dynamics.

Excited-state absorption (ESA): - Following excitation by the pump pulse, a portion
of the molecular population occupies an excited electronic state. From this state, the
molecules can further absorb photons from the probe pulse, promoting them to
higher-lying excited states—a process known as excited-state absorption (ESA).
Since this additional absorption occurs only in the presence of prior excitation, the

probe intensity transmitted through the sample decreases relative to the unexcited

condition /P7°P¢ > Ig;ff; , resulting in a positive AA signal. The spectral features
and temporal evolution of ESA bands provide valuable information about the
structure and dynamics of higher excited states. This ability to probe non-emissive
states and transitions is a major advantage of transient absorption spectroscopy,

offering insights that are often inaccessible through fluorescence-based techniques.

After excitation by the pump, some molecules reside in an excited state, from which

they may absorb additional photons from the probe pulse to reach higher electronic
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states. This process leads to excited-state absorption. As the probe photons are

absorbed only when the pump creates an excited state, the transmitted probe

intensity decreases in the presence of pump excitation, and [P7°?¢ > I%ff: in this
case. This will result in a positive AA signal. The appearance and evolution of ESA
bands provide insights into higher-lying excited-state structures and their dynamics.
Finding this information is one of the strengths of transient absorption which was

typically inaccessible through fluorescence methods.

Product absorption (PA): - Upon photoexcitation, molecules may undergo a range
of secondary processessuch as electron or proton transfer, structural reorganization,
or photochemical reactions, leading to the generation of new transient species. These
photoinduced intermediates often exhibit distinct absorption features and can
interact with the probe pulse. Because these species are absent in the ground-state

population, their absorption results in a reduced probe transmission in the excited-

probe

state condition compared to the unexcited sample [P"°P¢ > Lyymp »

yielding a
positive photoinduced absorption (PA) signal. The appearance and evolution of
these features provide critical insights into the kinetics and mechanistic pathways of

ultrafast photochemical and photophysical transformations.

The strength of transient absorption (TA) spectroscopy lies in its ability to
simultaneously monitor multiple photophysical and photochemical processes within
a single experimental framework, making it an invaluable tool in both physics and
chemistry. However, several practical limitations must be acknowledged. These
include the finite spectral range of the probe pulse, which may not cover all relevant
transitions, and the temporal resolution constrained by the instrument response
function. Additionally, the complexity of TA spectra often containing overlapping
signals from various processes can pose challenges in disentangling individual

contributions, potentially limiting the resolution of distinct dynamic events.
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2.6.3. Instrumentation of TA setup

All transient absorption measurements presented in this work were performed using
a commercially available femtosecond broadband TA system (Femto-Frame-II, IB
Photonics, Bulgaria). The detailed optical layout is shown in Scheme 2.8. The
system is driven by a Ti:Sapphire regenerative amplifier (Spitfire Pro XP, Spectra-
Physics, USA), which generates pulses centered at 800 nm with a temporal width of
approximately 80 femtoseconds and operates at a repetition rate of 1 kHz. The
amplifier is optically pumped by a 20 W Q-switched Nd:YLF laser (Empower,
Spectra-Physics) and seeded by a femtosecond oscillator (MaiTai SP, Spectra-
Physics). The pulse duration was independently verified using a commercial

autocorrelator.

The 800 nm output beam from the amplifier is divided into two components using a
beamsplitter (BS1). One arm is directed for pump generation, while the other is used
to create the probe. The pump pulse is generated using a JANOS tripler module (IB
Photonics), in which the incoming 800 nm beam first passes through a -barium
borate (BBO) crystal to produce the second harmonic at 400 nm. This 400 nm light,
along with the residual fundamental, is passed through a half-wave plate and then
into a second BBO crystal, where third harmonic generation (266 nm) takes place.
The resulting 800,400, and 266 nm beams are separated using dichroic mirrors, and
depending on the experimental requirement, either the 400 nm or 266 nm outputis

selected for excitation using mirrors Mg and M.

The other portion of the 800 nm light, following reflection from mirror Ms, is
directed through mirrors Mg1—Mgs3 to a retroreflector (RR) mounted on a computer-
controlled mechanical translation stage, enabling variable time delays up to 2
nanoseconds between pump and probe pulses. A small fraction of this beam is
diverted by beamsplitter BS, onto a photodiode (PD), which synchronizes with a
mechanical chopper for pump modulation. The main portion of the 800 nm probe
beam is then attenuated using a neutral density filter (ND), spatially shaped using

an iris, and tightly focused by lens L4 onto a 0.3 mm sapphire crystal to generate a
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white-light continuum (WLC) spanning ~450—750 nm. The generation of WLC is
highly sensitive to beam quality and energy, which are carefully adjusted using the
ND filter and iris. The resulting continuum is collected with a parabolic mirror
(MBgs), filtered through two notch filters (N1 and N») to remove residual 800 nm light,
and redirected via mirrors Mgs and Mp7. The probe is then focused onto the sample

by another parabolic mirror (Mgio).

Simultaneously, the pump beam passes through a mechanical chopper for
modulation and a half-wave plate to control polarization, minimizing anisotropic
contributions. Its intensity is adjusted using a rotating neutral density filter (ND»),
and the beam is directed onto the same sample location as the probe using lens L3
and mirror Mg12. The typical excitation spot diameter at the sample ranges from 100—
200 um. The chopper alternately blocks and unblocks the pump beam to enable
measurement of both pump-on and pump-off conditions, which are essential for

calculating the differential absorbance (AA).

After interacting with the sample, the transmitted probe light is collected and focused
onto a 200 um fiber optic using mirror Mgi1. An additional neutral density filter
(ND3) ensures thatthe lightentering the detector remains within the optimal intensity
range. Spectral detection is achieved using a CCD-based spectrograph, which
disperses the probe light using a set of diffraction gratings. Due to a small angular
separation between the pump and probe beams at the sample, only the probereaches

the detector.

Time-zero calibration was performed using a Coumarin 152 solution in ethanol by
monitoring therising edge of its known transient signal and adjusting the delay stage
accordingly. The full setup is operated through a LabVIEW-based control interface.
Throughout all measurements, the pump power was carefully maintained at 1015
uW to avoid sample photodegradation. To confirm sample integrity, steady -state

absorption spectra were recorded before and after each TA experiment.



Chapter 2 Page 59

The outputbeam at 800 nm is divided into two parts using a beamsplitter (BS1). One
portion is directed to generate the pump pulse, while the other is used to produce the
probe. Pump generationis carried out within a JANOS tripler module provided by
the same manufacturer. The incoming 800 nm light first passes through a BBO
crystal to generate the second harmonic at 400 nm. This 400 nm light, along with
the residual 800 nm, passes through a half-wave plate and enters a second BBO
crystal where third harmonic generation (266 nm) occurs. The three harmonics (800,
400, 266 nm) are then separated using dichroic mirrors, and depending on the
requirement, either 400 nm or 266 nm is selected for sample excitation using mirrors
Mg and M7. The other arm of the fundamental 800 nm light, after reflection off mirror
M:s, is routed through a series of mirrors (Mg1—Mags3) into a retroreflector (RR)
mounted on a mechanical translation stage. This stage allows for delay generation
of up to 2 nanoseconds between the pump and probe pulses. A small fraction of this
beam is deflected by BS, to fall onto a photodiode (PD), which regulates the
mechanical chopper controlling pump modulation. The remaining portion of the 800
nm beam is attenuated via a neutral density filter (ND), shaped with an iris, and
then focused by lens L4 onto a 0.3 mm sapphire crystal to produce a white light
continuum(WLC), covering~450—750 nm. The characteristics of the WLC strongly
depend on the incident beam profile and energy, which are tuned using the ND filter
and iris. This continuum is collected using a parabolic mirror (Mgs), passed through
two notch filters (N1, N2) to remove residual 800 nm light, and redirected via mirrors
Mg and Mgy. It is then focused onto the sample using another parabolic mirror
(Mg10). Meanwhile, the pump pulse, after passing through a chopper for modulation,
has its polarization adjusted with a half-wave plate to minimize anisotropic
interference. The intensity is regulated by a rotating neutral density filter (ND2),and
the beam is focused onto the same location as the probe using lens L3 and mirror
Mgi2. The typical excitation spot diameter at the sample position ranges from 100—
200 um. The chopper periodically blocks the pump to enable acquisition of both
pump-on and pump-off conditions, essential for calculating differential absorbance.

The probe light, after transmission through the sample, is focused onto a 200 um
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fiber optic cable using mirror Mpy1. A final neutral density filter (ND3) ensures the
intensity reaching the detector is within operational limits. Detection is performed
using a CCD-based spectrograph, where the dispersed probe beam is analyzed using
a set of diffraction gratings. Due to a slight angular difference between the pump and
probe beams at the sample, only the probe reaches the detection system. Time-zero
calibration is carried out using a reference material (Coumarin 152 in ethanol) by
monitoring the rise of the known signal and tuning the delay stage accordingly. The
entire instrument is operated via software developed on the LabVIEW platform.
Throughout the experiments, pump power was maintained around 10—15 pW to
prevent photodegradation. To verify sample integrity, steady-state absorption

spectra were recorded before and after each measurement session.
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Scheme 2.8. Detailed optical schematic of the femtosecond transient absorption
spectrometer.

2.6.4. TA data analysis

In this thesis, the use of transient absorption (TA) spectroscopy has been exclusively
focused on investigating solvation dynamics 2’. The analysis was confined to the
spectral window 0£450—-550nm, where the differential absorbance spectra of C-343
in both buffer and osmolyte environments are dominated by stimulated emission
(SE) signals. The selection of C-343 as a solvation probe was driven primarily by its
good solubility in both buffer and hydrated osmolyte solutions, ensuring

compatibility across all sample conditions examined.

In contrast to fluorescence lifetime techniques such as TCSPC and femtosecond
fluorescence up-conversion where time-resolved emission spectra must be
reconstructed from wavelength-dependent decay traces transient absorption (TA)
spectroscopy provides the advantage of directly capturing time-resolved emission
information through the evolution of the stimulated emission (SE) signal. This is
particularly effective when the SE band is well-resolved and minimally affected by
overlapping features such as excited-state absorption (ESA) or photoinduced
absorption (PA). To accurately determine the SE peak position at each time delay,
the corresponding AA spectra were individually fitted with a log-normal function,
confined to the SE-dominated region. Tracking the temporal shift in these SE
maxima allowed for the construction of the solvent response function, as described
by Equation 2.16. The extracted solvent response curves were then analyzed using

multiexponential fitting to determine the characteristic solvation times.

Dueto the challenges associated with signal overlap—particularly interference from
other transient features obscuring the stimulated emission (SE) band—and the
limited accessibility of suitable instrumentation, the use of transient absorption (TA)

spectroscopy for solvation dynamics studies has remained relatively restricted 27-3
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35, One of the earliest demonstrations of this approach was reported by Poizat et al.
in 2002 3. Since then, only a modest number of studies have employed TA for
probing solvation dynamics. Notably, recent work by Xia et al. ** has shown strong
agreement between solvation times obtained via TA and those reported by
Maroncelli and colleagues using conventional time-resolved emission spectroscopy
(TRES) 37. These results highlight that, despite its limited adoption, TA when
carefully executed and free from significant spectral interference can serve as a

powerful and complementary method for investigating solvation dynamics.

2.7. Fluorescence Correlation Spectroscopy (FCS)

This thesis incorporates single-molecule fluorescence measurements to uncover
insights that are often inaccessible through conventional ensemble-averaged
techniques. Methods such as steady-state absorption, circular dichroism (CD), and
time-resolved fluorescence spectroscopy are well-suited for homogeneous, isotropic
systems; however, they tend to obscure critical information in systems exhibiting
molecular heterogeneity. In scenarios where variations in molecular behavior or
properties exist within the sample, ensemble measurements provide only an
averaged view, potentially masking rare or functionally important subpopulations.
Under such conditions, the ability to observe and analyze fluorescence from
individual molecules becomes essential for capturing the true complexity of the

system.

Certain dynamic and structural characteristics of biomolecules especially those
involving conformational fluctuations can be meaningfully captured only through
single-molecule techniques 3*%* Beyond their ability to resolve molecular
heterogeneity, these methods offer a significant experimental advantage: they
function efficiently at extremely low analyte concentrations, often in the nanomolar
to picomolar range *>*%. This low concentration requirement is particularly

beneficial in cases where higher concentrations, typically in the micromolar range,
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may promote protein aggregation, thereby complicating data interpretation in

ensemble measurements.

2.7.1. A short theory of FCS

Fluorescence Correlation Spectroscopy (FCS) was first introduced by Elliot L.
Elson, Douglas Magde, and Watt. W. Webb in the year 1972.4-48 This technique is
based on the analysis of time-dependent fluctuations in fluorescence intensity within
a tightly focused optical volume #4447, These intensity fluctuations primarily result
from the stochastic diffusion of fluorescent molecules in and out of the observation
volume. However, additional contributions can arise from photophysical transitions,
chemical reactions, or conformational changes that occur on timescales similar to or
faster than molecular diffusion ****, FCS quantifies these fluctuations using temporal
correlation methods, such as autocorrelation and cross-correlation functions,
enabling the extraction of kinetic and dynamic parameters associated with the

fluorescent species under investigation *4,

2.7.2. Mathematical Foundation: Fluctuations and Correlation

‘An Introduction to Fluorescence Correlation Spectroscopy’ by Prof. Wohland,

Maiti, and Machan has nicely covered this part. This part is essentially taken from
that book 4,

2.7.2.1. Fluctuations

The primary objective of Fluorescence Correlation Spectroscopy (FCS) is to extract
information about dynamic molecular processes occurring within a given system.
This system can range from simple buffer solutions to complex biological

environments such as protein mixtures, enzymes, living cells, or even entire
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organisms *>#-52, These molecular processes consist of discrete events that result in
changes to observable parameters. In the context of FCS, such changes manifest as
temporal fluctuations in fluorescence intensity, which represent deviations from the
mean signal within a highly confined detection volume. These fluctuations carry

valuable information aboutthe underlying kinetics and dynamics of the system being

studied ***°.

These fluctuations are caused by a) Brownian diffusion of molecules in and out of
the observation volume, b) Photophysical transitions, such as triplet state blinking,

¢) Chemical reactions or conformational changes affecting fluorophore brightness.

If F(t) is the fluorescence intensity at time t, then the fluctuation (0F(?)) is defined

as:
SF(t) = F(t) — (F()) (2.22)
Average of the fluctuation,

(SF(t))=(F()—(F(D) =0 (2.23)

Even in systems that seem to be at equilibrium, molecular motions and reactions
persist, giving rise to subtle fluctuations around the average state. These fluctuations
are not merely random noise; rather, they contain meaningful information about the
kinetics, diffusion behavior, and molecular interactions within the system. It is
precisely this fluctuation-based signal that forms the basis of Fluorescence
Correlation Spectroscopy (FCS), enabling it to probe dynamic processes with high

sensitivity 44,

2.7.2.2. Idea of Correlation and Correlation Function

To understand how fluctuations in fluorescence intensity reveal molecular-level
dynamics, it is important to first introduce the concept of correlation. In general

terms, correlation describes the extent to which two variables are related—that s,
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how the value of one variable depends on or is influenced by the other 4. The
strength of this relationship determines the degree of correlation. In the case of
perfectcorrelation, knowing the value of one variable allows for the exact prediction
of the other. A simple example is the linear relationship between mass and volume
for a solid under standard conditions; any change in mass results in a proportional

change in volume, illustrating a clear and predictable dependency **.

To define correlation mathematically, let’s consider two variables, a and b, each of

which depends on some general coordinate or parameter u.

According to the mathematical definition, two variables are said to be correlated if
the average of their productis equal to the product of their individual averages.* In

other words:

(a(u).b(u)) # (a(u)).(b(u)) (2.24)
The correlation coefficient is defined as,

_ fa(w).b(w))

 (a){b(w)) (2.25)

Whenever, g > 1 :thedatais correlated, g > 1 : the datais anti-correlated,and g =

1 : the data is not correlated.**

At its core, correlation refers to the extent of similarity or association between two
quantities. Within the context of this thesis, particular attention is given to the
autocorrelation function, which quantifies the correlation of a signal with a time-
shifted version of itself. Specifically, autocorrelation assesses how the value of a
given variable at one point in time is related to its value at a later time, separated by
a defined time lag. This temporal self-comparison forms the foundation of
Fluorescence Correlation Spectroscopy (FCS), enabling the extraction of dynamic

information from time-dependent fluctuations in fluorescence intensity *4.

In Fluorescence Correlation Spectroscopy (FCS), the primary variable of interest is

the fluorescence intensity, which fluctuates over time as fluorescent molecules
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diffuse into and out of a small, confocal detection volume #4. This intensity reflects
the number of photons emitted and detected from molecules transiently present
within that confined space. When a fluorescent molecule enters the observation
volume, its emission is efficiently collected by the detector; as it exits, its
contribution to the signal ceases. These temporal fluctuations in photon count serve
as the foundation for computing the autocorrelation function, enabling the analysis

of molecular diffusion and dynamic behaviour with single-molecule sensitivity 4+,

If F(t) is the fluorescence intensity at time t, and if we want to write the
autocorrelation function after a time t + T,

_ (F@F(D)
G0 = Goprarm) (2.26)

We can simplify this equation as we measure only in an equilibrium condition
(stationary process)i.e. process in which the time of measurement does not alter the
observation or the average value of the observable, and thus, (F(t)) = (F(t + 1))

(F(t).F(t+1))

GO ="

(2.27)

This can be easily shown that autocorrelation function is an even function,
G(t) =G(—1).

Itis importantto emphasize that the correlation function in Fluorescence Correlation
Spectroscopy is fundamentally defined in terms of the fluorescence intensity, not the
fluctuations themselves. This approach is appropriate because the experimentally
recorded observable is the time-dependent fluorescence intensity, which is directly
accessible for correlation analysis. However, since fluctuations represent deviations
from the mean intensity, calculating them requires first determining the average
fluorescence signal. Once the mean has been established, the autocorrelation
function can be computed based on these deviations, providing insights into the

temporal relationships within the fluctuating signal.
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As the definition of fluctuation is deviation from the mean, fluctuation (6F (t)) can

be written as**,
SF(t) = F(t) — (F(t)) (2.28)
The average of the fluctuation is (from equation 2.28),

(6F () = (F(6) = (F())) = (F(£)) = {(F(O)N = (F() = (F(£)) = 0
From equation 2.28, we can express the signal F(t) in terms of fluctuation,
F(t) = 0F(t) + (F(t)) (2.29)

If we substitute this equation 2.29 into the autocorrelation function of the signal

(equation 2.27),

((6F(t) H(F(£)))(SF(t+T)+(F(t+1))))
= 2.
G(7) o (2.30)
_ (SF(8) SF(t+D)+8F(DAF(t+T))+(F(6).SF (t+)-HF (D) (F(t+1)) 2.31)

(F(D)?

We have already shown the average over fluctuation (§F(t)) = 0. Also, for the
stationary processes, (F(t)) = (F(t +1)).

That means,
(OF(t).(F(t+ 1)) =(6F(t)).(F(t+1))=0 (2.32)
(F(t)).0F(t+1))=(F(t)).(6F(t+1))=0 (2.33)

Thus, the equation 2.31 becomes,

__ {SF().SF(t+T)HF())(F(t+T)))
G(r) = (F(D))?

. __ {8F(0).6F(t+1)+(F(t))?)
- G(1) = (F(D)?

(8F().6F(t+7))+(F(t))?
&~ G =
() (F(1))?
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(6F(t).6F(t+1))
= BE®8FE+D) | 4
G(7) For T

That means we have proved that,

(F(t).F(t+1)) _ (SF(t).6F(t+T))

G() =" 0 (F(0))?

+1 (2.34)

From this analysis, it follows that the autocorrelation function (ACF) computed
directly from the raw fluorescence signal and the one obtained from its fluctuations
exhibits the same mathematical form, differing only by a constant offset of 1. This
offset arises because the raw signal includes both the mean and the fluctuating
components, whereas the fluctuation-based calculation isolates only the deviations
from the mean. Consequently, apart from this additive constant, both approaches
yield equivalent information regarding the underlying molecular dynamics of the
system. By convention, the correlation function derived directly from the signal is

denoted as G (1), while the autocorrelation of the fluctuationsis representedas g (7).

£ G(T) = W =g(1) +1 (2.35)
__(SF()SF(t+1))

And, g(7) = O (2.36)

Att =0, g(0) = LY

(F(1))?

(SF(t)SF(t+1))

Andatany T # 0, g(7) = O

(6F (t))? is always positive as it is a square term, however (§F (t)S8F(t + 7)) can be
both larger and smaller than zero, which is expected for fluctuations.

Thus,

(6F (t)?) = (6F (t)SF(t + 1)) as the term “(6F (t)SF(t + 7))” will have negative
contributions. Therefore, the correlation function (either signal or fluctuation) will

have the highest value at T = 0. And at a very long time (t — o) g(7) will become
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0. This means a plot of g(t) versus T will give us a decay curve of self-similarity

with time.
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Scheme 2.9. Conceptual illustration of how the autocorrelation function is
constructed. Autocorrelation quantifies the self-similarity of a fluctuating
fluorescence signal over time. In this schematic, the same fluorescence fluctuation
trace is compared with its time-shifted versions atincreasing lag times (7, 27, 37, 41).
As the lag time increases, the overlap between the original and shifted traces
decreases, leading to a reduction in correlation. Eventually, at large lag times, no
meaningful similarity remains, and the autocorrelation value approaches zero. The
plot at the bottom shows the decay of the autocorrelation function g () asa function
of lag time on a logarithmic scale.

Traditionally in FCS, fluorescence intensity or its fluctuations were recorded using
a single detector, and the autocorrelation function was computed to extract dynamic
information—most commonly, the free diffusion of fluorophores through the
confocal detection volume*. With advancements in instrumentation, modern FCS

setups often employ two detectors in combination with a 50:50 beam splitter. In this
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configuration, the emitted fluorescence is evenly divided between the two optical
paths and simultaneously detected by separate detectors. This dual-channel approach
significantly enhances the signal-to-noise ratio by suppressing detector-specific
noise, which is inherently uncorrelated between the two channels, thereby improving

the reliability and sensitivity of the correlation analysis 4*.

This allows the measurement of a cross-correlation function between the two

independently recorded fluorescence signals, F; (t) and F, (t) as**,

_ (F,(t).F,(t+71))
(F; () {F,(t+71))

(2.37)

12

Scheme 2.9 visually demonstrates how the autocorrelation function decreases with
increasing lag time. A similar decay profile is observed in cross-correlation
measurements. However, to interpret this decay in a meaningful way especially in
the context of molecular diffusion or other dynamic processes that contribute to
fluorescence fluctuations and is crucial to have a precise understanding of both the
optical detection volume and the characteristics of the system under investigation.
The choice of the mathematical model for curve fitting plays a critical role; it must
accurately reflect the physical processes responsible for the observed fluctuations.
Only with an appropriately selected model can the fitting procedure yield reliable

and physically meaningful parameters that describe the system’s dynamic behavior.

2.7.3. Fitting Function of the Fluorescence Autocorrelation Function

In Fluorescence Correlation Spectroscopy (FCS), the analysis is based on recording
a time-dependent fluorescence intensity trace, F(t), that originates from a confined
observation volume. Several spatial and optical parameters influence the
fluorescence signal detected at any given time. Let ‘7’ representthe position in space

and ‘t’ time. The key factors determining the signal include**:
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(a) The excitation intensity distribution (I(7,t)), which describes how the
excitation light is spatially distributed. For most practical cases in FCS, this
intensity is considered time-independent, reducing to I(7).

(b) The collection efficiency function (CEF) of the optical system, which reflects
how effectively emitted photons are captured at different locations in space.
In confocal FCS, this function is largely governed by the microscope’s point
spread function (PSF) and the geometry of the pinhole, which restricts out-
of-focus light.

(c) The factor k which encompassesthe molecular brightness of the fluorophore.
This includes its absorption cross-section, quantum yield, and overall
detection efficiency—accounting for photon losses through the optical path
and the efficiency of the detector.

(d) S(r), defines the spatial extent of the fluorescent sample being investigated.

(e) The spatiotemporal distribution of fluorophores, represented by C (7, t )which

varies as molecules diffuse through or react within the detection volume.

The intensity fluctuations, which are basically due to concentration fluctuation in the

observation volume, can be defined as**
SF(t) = [1(r).CEF(r).S(r).8C (r, t)dr (2.38)
As we already know, from equation 2.36,

k2 [ [1(r)I(r")CEF(r).CEF(r")S(r)S(r' }(&C(r,t)SC(r t+7))drdr’
k2([ 1(r).CEF(r).S(r).C(r,t)dr)?

g(@) = (2.39)

Assuming the sample is much larger than the observation volume, S(r) = 1. Also,
in the denominator only the concentration term is affected by time, and a time
integral over that concentration term will result in average concentration, (C). Thus,
we can write,

. _ S [1M)a(r")CEF(r).CEF(r")S(r)S(r' {sc(r,0)5C(r' t+7))drdr’
»g(1) = (&)2([I(r).CEF(r).S(r).dr)? (2.40)
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In confocal fluorescence correlation spectroscopy (FCS), the combined influence of
the focused excitation beam and the spatial filtering introduced by the pinhole is
commonly approximated by a three-dimensional Gaussian profile. This
approximation is widely accepted, as it provides a close representation of the actual
detection volume created by a tightly focused laser in a confocal setup. The Gaussian
model simplifies analytical treatment while accurately capturing the spatial

characteristics of the excitation-emission overlap region.

Let P represent the laser power. The spatial profile of the detection volume in
fluorescence correlation spectroscopy, denoted as W(r), is defined as the product of
the excitation intensity distribution /(») and the collection efficiency function
*CEF(r)**. This combined function represents the overall sensitivity of the system
to fluorescence originating from a given spatial location ». Under the widely adopted
three-dimensional Gaussian approximation, the detection profile W(r) can be

expressed as #*:

—2x% —2y2 —272

W(r) = 1(r).CEF(r) = — - ewo? w7 27 (2.41)
0

For pure diffusion, the fluctuations in concentration can be written (the details can

be found in the book #* mentioned above) as,

(=) (y=y") #(z=2")*
4Dt

(8C(r,t)8C(r', t + 1)) = (C).2 (2.42)

8(rtDT) 32

Replacing these equations (2.41, 2.42) into the autocorrelation function,

g()
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2 2 2
5 5 (2 ,2) —(=x")"+(y-y") " +(z=2)
_2(x2+xl ) _2(y2+yl ) —2(z%+2' ") DT

— ffffffe w?o e w?g e z%0 8(7‘[D‘t)3/2

—2x2 —2y2 -272 2
©)\ [ffew?*0ew?o e %0 dxdydz

dxdx' dydy' dzdz'

(2.43)

Integrating and simplifying, we get,

. 1 4DT _1/2 4Dt _1/2 4Dt _1/2
9 = (1+ ) (1+ ) (1+ ) (2.44)

3
i /2w0220 Wo

Diffusion in each direction has one term in this equation 2.44. As the system is

rotationally symmetric, the two terms coming from x and y direction are essentially

the same, and thus the function becomes,

9@ =1(1 +%)_1 (1+ (2.45)

In this equation,

N = (C)n"2wizy = (C).Vosf,

. - . W2 Z
T = dif fusion time = ﬁ; K = structure factor = =~
Wo

Most importantly, the effective detection volume of the FCS (V) is represented

as,

Vopr =1 2wiz, (2.46)

At T = 0, the equation 2.45 becomes, g(0), which is the inverse of the average

particle number in the observation volume and is expressed as,
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_1_
9O =5=7"5 (2.47)
So, equation 2.45 can be rewritten as,
_ T ) 1\% 7 _%
9(z) = g(0)- (1 + (—D)> (1+3) -2 (2.48)

In the case where T = 7, the function (equation 2.48) will become,

-1 L
9(0p) = g(0)- (1 + C—Z)) (+() )

= g(tp) = 9(0).——

2//1+K2
Replacing a typical value of K in a confocal FCS setup, K~5, in g(tp),

glp) ~ 49 ~ 2
)~

2.04 204 N

So, 7 is the time at which the amplitude of the correlation becomes half of'its initial
value. This simple way can be qualitatively used to estimate the comparative nature

of diffusion, i.e., faster or slower than the other.

Thus far, the derivation of the autocorrelation function has been based on the
assumption that fluctuations in fluorescence intensity arise solely from the
translational diffusion of fluorophores through the confocal observation volume.
However, under real experimental conditions, this assumption is often an
oversimplification. Additional dynamic processes—such as photophysical
transitions (e.g., intersystem crossing to the triplet state), chemical reactions, or

conformational changes—can significantly contribute to the observed fluctuation
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patterns. These non-diffusive events must be considered when interpreting the
autocorrelation data to ensure accurate representation of the system’s underlying

dynamics 434430,

To account for such non-diffusive contributions, an additional multiplicative factor

1s incorporated into the autocorrelation function. The total ACF is now expressed as,

gtotal(f) = Gtotal (T) * Xkinetics (T) (2.49)

In cases where the fluorophore undergoes reversible transitions such as entering a
non-fluorescent triplet state, the kinetic contribution can be modeled using a simple

exponential decay function

Xe(D)=1—-A+A-e =& (2.50)

Where A is the fractional contribution of the photophysical process to the overall
fluorescence fluctuation, 74 is the characteristic time constant of the process (e.g.,
triplet lifetime). For convenience, this function can be normalized by the non-

fluctuating component (1 — A), leading to the simplified form

Xe(1)=1+4+a-e (2.51)

Where, a = A/1 A

When both diffusion and a reversible photophysical process contribute to
fluorescence fluctuations, the final form of the autocorrelation function can be

written as,
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S U S SR o TR
g( ) Verr{C) <1+(%)> 1+(l)2.i (1 tave R)
K/ tp

- g(z) = g(0)- (1 + (—D)>_1 : (1 + (%)2 —D> g (1 +a e‘%) (2.52)

In some cases, anomalous diffusion (e.g., hindered or subdiffusive motion in
crowded environments) must be considered.’*> This is accounted for by

introducing an anomaly exponent &, modifying the autocorrelation function as>*>%,

. (1 + (%)2 . (é)“) : (2.53)

9@ =g (1+())

‘a’ 1s a measure of the extent of deviation from normal diffusion. The diffusionis
referred to as subdiffusion for 0 < a < 1, normal diffusion for a = 1, and super

diffusion for o > 1.3%>¢

For more than one particle diffusingnormally (i.e. @ = 1), the ACF can be written

aS44

G(7) = @:WZi N;D,(7); D;(7) = (1 + TLD_)_l (1 + ii)" (2.54)

i D;

2.7.4. Structural Information Extraction employing FCS

Once the diffusion time (zp) is obtained by fitting the autocorrelation curves with
suitable theoretical models (as discussed earlier), the translational diffusion

coefficient (D) of the particle can be calculated. This, in turn, enables the extraction
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of structural information—specifically, the hydrodynamic radius (7z) by applying
the Stokes—Einstein equation °7->%, The Stokes—Einstein relation describes the
Brownian motion ofa spherical particle with hydrodynamicradius (73 ) as it diffuses
through a viscous medium at constant temperature, linking the particle’s size to its

mobility in solution. The mathematical form of the equation is,

_ kBT
61N D,

(2.55)

where kg is the Boltzmann constant, T is the absolute temperature and # is the

viscosity of the medium, D; is the translational diffusion coefficient.

To calibrate the system and precisely estimate the confocal volume (parameterized
by K), fluorescence correlation spectroscopy (FCS) measurements were conducted
using Rhodamine 6G (R6G)dissolved in water across a range of concentrations. The
resulting autocorrelation functions were subjected to global fitting, wherein K was
determined by assuming a known diffusion coefficient for R6G in water, D, =
4.14 x 1076 cm2s~1 3% After this calibration step, the obtained value of K was held
constant for fitting all subsequent experimental datasets belonging to the same series,

regardless of the specific fitting model employed.

2.7.5. Accounting for Medium-induced Refractive Index and Viscosity

Alterations

External perturbations—such as temperature variation, the introduction of deep
eutectic solvents (DES), or the presence of macromolecular crowding agents—can
notably influence both the viscosity and refractive index of the medium. To
distinguish the specific contribution of viscosity from other factors like molecular

size or structural changes, we conducted control measurements under each
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experimental conditionusing Rhodamine 6G (R6G) as a reference fluorophore. Due
to its small size and rigid structure, R6G remains structurally unaltered in response
to environmental modifications, including DES addition, crowding, or thermal
shifts. Therefore, any observed change in its diffusion time can be attributed

exclusively to variations in the viscosity of the solution.

By utilizing the known hydrodynamic radius of Rhodamine 6G (R6G) in buffer and
its experimentally determined diffusion time under identical conditions, we
estimated the hydrodynamic radius of the protein or any other fluorescent dye at

each experimental point using the following relationship:

protein R6G rﬁ”’tei"
T'H = T'H X TﬁT (256)

FCS s routinely used by researchersto monitor the conformational change of protein
in the presence of various external perturbations like desaturating agents, heat, DES,

crowder, confinement, and so forth.40-3152.60-67

To account for variations in refractive index under different experimental conditions,
the objective collar was carefully adjusted. At each condition, the collar was
optimized to maximize the G(0) value, thereby ensuring minimal effective
observation volume and maintaining consistent optical alignment throughout all

measurements.

2.7.6. FCS Setup

A major hurdle in single-molecule fluorescence detection is the suppression of

background contributions, such as Raman scattering originating from the solvent *°.

This issue can be effectively addressed by confining the observation volume to the
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femtoliter range, which significantly diminishes background interference and
improves signal-to-noise ratio. Attaining such a highly restricted detection volume
is a fundamental objective of Fluorescence Correlation Spectroscopy (FCS)
instrumentation '°. This confinement is typically achieved using one of two primary
optical configurations: (i) confocal microscopy, or (ii) total internal reflection

fluorescence (TIRF) geometry #4:68,

In this thesis, a home-built confocal FCS setup has been used for performing single
molecular level fluorescence experiments (see scheme 2.10). The schematic diagram
has been shown in scheme 2.10 and the photograph of the actual setup has been

shown in Figure 2.1.
sample
U

DM

,

detector

BS

ND
. IR IR2
LASER / Beam Expander
L
Ml

Scheme 2.10. A schematic diagram of a home-built FCS. (Abbreviations: IR, iris;
M, mirror; DM, dichroic mirror; ND, neutral density filter; EF, emission filter). The
sample cells are specially designed glass cells with a water jacket surrounding them.

In the water jacket, there are one inlet and one outlet for water circulation. Labocon
LLCB-202 temperature controller unit has been used to circulate water of a specific
temperature through the water jacket to control the temperature of the sample cell.
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Figure 2.1. Image of home-built FCS setup.

To facilitate understanding, the entire setup is divided into three major functional
components such as (a) excitation unit, (b) detection unit, and (c) data analysis unit,

and they are discussed in the following paragraphs.

(a) Excitation unit: The excitation module consists of a laser source, a beam
expander (telescope), a series of mirrors (M1-M4), and irises (I1-I4). The laser
emits a collimated beam with an initial diameter of approximately 2.5 mm. To
achieve a tightly focused spot at the sample plane, the beam is expanded nearly
eightfold using the telescope, enabling efficient filling of the back aperture of the
objective lens. The expanded beam is then guided into the microscope via a set of
carefully aligned mirrors. A neutral density (ND) filter is introduced along the
optical path to control the excitation intensity. Just before entering the microscope,
an 1r1s 1S used to fine-tune the beam diameter, which is maintained close to 10 mm
to match the aperture size of the objective. The collimated beam subsequently

encounters a dichroic mirror, which reflects the excitation light toward the objective
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lens. The objective, a compound lens system, focuses the beam onto the sample,

which is mounted on a clean coverslip positioned on the microscope stage.

(b) Detection unit: After excitation, the sample emits fluorescence, which is
selectively collected by the same objective lens, but only from the portion of light
directed back into it. This emitted light is collimated by the objective and passes
through the dichroic mirror, followed by an emission filter that eliminates any
residual excitation light. The filtered fluorescence signal then encounters a 50:50
cubic beamsplitter, which divides the light equally along two perpendicular
detection paths. Each path leads to a pinhole, implemented using fiber tips, which
serves as a spatial filter. These pinholes ensure that only photons originating from
the defined focal volume are detected, while out-of-focus fluorescence is rejected
preserving confocality. The size of the pinhole determines the extent of the effective
observation volume, thus playing a crucial role in spatial resolution. (see Scheme

2.11 and Scheme 2.12 for illustration).

Dichroic
mirror

Objective lens )| 4 Lens

Confocal
pinhole

Excitation
source

Scheme 2.11. Schematic representation of the confocal detection system.

The optical fiber, securely mounted on a five-axis positioner for precise alignment,

channels the collected photons to a single-photon avalanche photodiode (APD),
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where they are converted into electronic pulses suitable for time-resolved photon

counting.

Scheme 2.12. Gaussian-shaped observation volume.

(c) Analysis unit: The fluorescence signal collected through the two pinholes and
guided viaoptical fibers is registered as photon counts by the avalanche photodiodes
(APDs). These signals are then transmitted to an autocorrelator card, which
segments the intensity time traces into discrete time bins and calculates the cross-
correlation between the two detection channels as a function of time delay (lag time).
Individual autocorrelation curves from each APD can also be obtained by disabling

the alternate detector.

To generate the correlation curve, the system first determines the average
fluorescence intensity from one channel, (F; (t)), and calculates its corresponding
fluctuation profile, §F; (t). The fluctuation signal from the second channel, § F; (t)),
is then systematically time-shifted in increments defined by the time resolution of
the correlator hardware. The correlation between the two fluctuation profiles is

computed at each time lag to construct the full correlation function.
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In our experimental setup, the correlator card offers a minimum lag time resolution
of 0.2 microseconds, enabling detection of fluorescence fluctuations occurring on
timescales as short as 0.2 us. The system supports a maximum lag time of
approximately 3,435,969,984 microseconds—equivalent to nearly one hour—
allowing for the observation of slow dynamic processes over extended periods.
Consequently, the spectrum of dynamic events that can be analyzed is intrinsically

constrained by these lower and upper lag time limits.

After the correlation curve is generated, the output is transmitted to a LabVIEW-
based graphical user interface, enabling real-time visualization of the data.
Simultaneously, the correlation data is stored in ASCII format, allowing for seamless
import into external analysis tools such as Igor Pro for detailed quantitative

evaluation and model fitting.

2.7.6.1. Specification of the Components of the FCS setup
Laser: MGL-II1-532-5mW (532 nm), CNI, China

Telescope: BEIOM-A, Thorlabs, USA

Mirrors: KM100, Thorlabs, USA

Microscope: Inverted confocal microscope, 1X-71, Olympus, Japan

Objective lens: 60X water immersion objective with numerical aperture 1.2,

working distance 0.28 mm, Olympus.
Dichroic mirror: ZT532RDC, Chroma, USA.
Bandpass filters: ET605/70m

Neutral density filters: NDC-50C-4M - Mounted Continuously Variable ND Filter,
Thorlabs, USA

Cubic Beam Splitter: BS010 - 50:50 Non-Polarizing Beamsplitter Cube, 400 - 700
nm, Thorlabs, USA
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Fibre patch chord: M43L01, M42L.01, M67L01, Thorlabs, USA
Detector: SPCM-AQRH-13-FC-24420, Excelitas technologies
Correlator card: Flex 990EM-12E,

Opto-mechanics: Post, rods, iris, and holders are from Thorlabs, USA, and

Holmarc, India.

2.7.6.2. Calibration of the Instrument

Analyzing the experimental auto- and cross-correlation curves provides the diffusion
time of molecules as they traverse the detection volume. However, this diffusion
time is not an intrinsic property; it is affected by parameters such as the size of the
observation volume and the viscosity of the surrounding medium, classifying it as
an extensive property *>**. To derive accurate, size-specific information from the
measured diffusion times, it is therefore necessary to calibrate the focal volume.
Moreover, the theoretical frameworks applied in FCS analysis assume of a Gaussian
intensity profile of the excitation beam. As a result, thorough system calibration is a

critical prerequisite prior to acquiring any experimental data.

2.7.6.3. Alignment of the Detector:

The fiber patch cord, which simultaneously serves as the confocal pinhole, must be
accurately positioned atthe focal point of the emitted fluorescence to ensure efficient
detection of photons originating from the defined Gaussian observation volume.
This precise alignment is accomplished using a five-axis positioner, enabling
translational adjustments along the x, y, and z axes, as well as angular tilts in two

orthogonal planes. The alignment procedure is carried out as follows:
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(1) Initial Alignment: A concentrated dye solution is placed in the sample chamber,
and the fiber is coarsely aligned until the fluorescence becomes visible at the fiber’s

output.

(11) Fine Alignment: A dilute dye solution (~1-5 nM) is then used, and the fiber
position is adjusted carefully using the screws of five-axis to maximize photon count

at the detector, ensuring that it is perfectly aligned with the focused emission path.

Before taking any data for an unknown sample, the photon count from a standard
dye like rhodamine 6G (R6G) is checked. If the signal is lower than expected, the

alignment and calibration procedure is repeated.

2.7.6.4. Achieving the minimal Detection Volume

After achieving optimal alignment, the subsequent step is to minimize the excitation
volume, which is essential for enhancing both spatial resolution and the signal-to-
noise ratio. The diameter of the excitation beam is a critical parameter influencing
the size of the focal volume—wider beam diameters lead to more tightly confined
focal spots (refer to Scheme 2.13). Calibration is performed by measuring the
diffusion time of a dilute dye solution (typically 1-5 nM) while systematically
adjusting the objective collar and fine-tuning the focal plane height relative to the

coverslip surface.
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Objective
backaperture

Scheme 2.13. [llustration of focal volume control via excitation beam diameter and
objective overfilling.

The objective’s collar ring serves to compensate for spherical aberrations arising
from refractive index mismatches among the immersion medium, cover glass, and
sample. Identifying the optimal collar setting is crucial for each combination of
refractive index and excitation wavelength to ensure accurate focusing and minimal
optical distortion. Figure 2.2 demonstrates the dependence of Rhodamine 6G
diffusion time in aqueous solution on the objective collar position, highlighting the

importance of proper adjustment.
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Figure 2.2. Dependence of rhodamine 6G diffusion time on the objective collar
setting.
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As evident from the figure, the shortest diffusion time is attained at collar position

~13.5-14, indicating optimal alignment and minimal focal volume.

Vertical positioning of the focal plane (z-axis control) is achieved using a rotary
knob integrated into the microscope, which allows precise adjustment of the
objective’s height relative to the sample. The positions of the upper and lower
surfaces of the coverslip can be identified by a sharp increase in detected photon
counts, indicating the optical interfaces. To maintain consistency and minimize
optical artifacts, the focal plane is typically set approximately 40 um above the
coverslip surface, a distance that has proven optimal for the instrumentation used in

this study.
2.7.6.5. Measurement of the dimension of the observation volume

The observation volume, which generally exhibits a Gaussian profile (see Scheme
2.12),1s characterized using areference dye—commonly Rhodamine 6G (R6G) with
a known diffusion coefficient. To determine this volume, multiple autocorrelation
curves are acquired at varying dye concentrations (Figure 2.3). The geometric
parameter 'K', defined as the ratio of the axial to radial dimensions of the focal
volume, quantifies its shape and remains constant across all concentrations. Only the
average number of fluorescent molecules within the observation volume changes
with concentration. The resulting autocorrelation curves are globally fitted starting
from 1 ps using a one-component diffusion model that includes an additional
exponential term to account for the known triplet-state dynamics of rhodamine dyes.
Since the characteristic timescale of this photophysical process in buffer lies within
~1-2 us, fitting the data from 10 pus onward effectively excludes any contribution
from triplet-state kinetics, allowing the use of a simple one-component diffusion
model. Notably, the extracted observation volume parameters remain consistent

between both fitting approaches.

The global fitting yields the diffusion time (which is independent of the

concentration and hence the same for all the curves) and the instrumental parameter
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‘K’ which 1s the ratio of the axial and radial diameters of the observation volume,

2
— 20
K=2.
0

The known diffusion coefficient of R6G dye in the bufferis 4.14 x 10 cm? sec™! *°.

The value of the transverse radius () is can then be calculated using the equation,

2
D= :VTO' By employing another equation, Verr =T 3/ 2wgzo, the effective
D

observation volume of our setup was estimated to be ~ 0.7-0.9 L.
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Figure 2.3. Global fitting of autocorrelation curves using equation 2.52 in order to
measure the dimensions of the observation volume.

2.7.6.6. Checking the effect of power

Fluorescence Correlation Spectroscopy (FCS) is extremely sensitive to temporal
fluctuations in fluorescence intensity. However, at higher excitation powers,
additional fluctuation sources—such as photobleaching and population of non-
emissive triplet states—can introduce distortions in the signal, thereby complicating
quantitative analysis. To mitigate these artifacts, it is essential to optimize and

carefully adjust the excitation power before commencing data acquisition.
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To identify the optimal excitation power, an initial power-dependence assessment is
performed. The sample is subjected to a range of laser intensities, and the
corresponding fluorescence autocorrelation curves are recorded for comparison.
Photostable fluorophores such as Rhodamine 6G typically tolerate high excitation
powers without significant alterations in their correlation profiles. In contrast, more
sensitive systems such as fluorescently tagged proteins exhibit deviations in the
autocorrelation curves once the excitation power exceeds a critical threshold. For
these less stable systems, all subsequent measurements are carried out at a laser
power slightly below this threshold, ensuring minimal photophysical artifacts while

preserving sufficient signal intensity for reliable data acquisition.

2.8. Bulk Viscosity

Viscosity measurements were carried out using acommercially available viscometer
(VISCO Package E, Atago, Japan) equipped with an integrated temperature control

unit. All measurements were conducted at a constant temperature of 298 K.

2.9. Protein Tagging

In this thesis, two proteins, Papain and Bromelain, were studied. Site-specific
fluorescent tagging was carried out to probe distinct structural and dynamical
features of these proteins. Both proteins were tagged following previously published

reports.®?~73

Both proteins, papain and bromelain possess a single free cysteine at their catalytic
site located at residue number 25 and 26 respectively (Scheme 2.12). This thiol group

served as a labeling site, and CPM was employed for site-specific conjugation.



Page 90 Chapter 2

Bromelain TMR tag Bromelain

Scheme 2.12. Schematic representation of labeling of (a) Cys-25 of papain, and (b)
Cys-26 of bromelain by TMR fluorophore.

I have employed TMR-tagged proteins for the FCS study. However, for the time-
resolved emission, | have employed CPM tagged proteins where the dye has been

changed but the location of tagging remains the same i.e., free cysteine.

Labeling of Papain and Bromelain

Papain (PDB ID: 9PAP) and bromelain (PDB ID: 1W0Q) were site-specifically
labeled at their sole free cysteine residue (position 25) using the thiol-reactive
fluorophore 7-diethylamino-3-(4-maleimidophenyl)-4-methylcoumarin (CPM),
following established protocols ®°. These CPM-labeled proteins were employed in
time-resolved fluorescence experiments, leveraging the solvatochromic properties
of CPM. For fluorescence correlation spectroscopy (FCS) studies, papain and
bromelain were instead conjugated with the thiol-specific dye
tetramethylrhodamine-5-maleimide (TMR). Control experiments confirmed that

fluorophore tagging did not perturb the native structure of the proteins.
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Tagging efficiency was determined by calculating the molar ratio of protein to

. S . 280  _ 1,01

fluorophore, wusing extinction coefficients € papain = 57600 M—*cm™1,
280 _ -1,..,—1 ,CPM  _ 1 —1 TMR  _

€promelain = 63500 M~ cm™", €004, = 33000 M "cm™" and €441y =

75000 M~ 1cm=1 9,

2.10. Some Control Experiments Related to Tagging:

2.10.1. Confirmation, Site-selectivity, and Perturbation Related to Tagging of

Fluorophores to Papain and Bromelain:

CPM is a solvatochromic fluorophore, meaning it is sensitive to the polarity of its
local environment. In aqueous buffer, CPM exhibits weak fluorescence; however,
upon covalent attachment to a protein, a marked enhancement in fluorescence
intensity is observed (Figure 2.4(a) and Figure 2.5(a)). This enhancement is likely
due to restricted intramolecular rotation of the dye within the protein matrix, which
reduces non-radiative decay pathways. When excited at its absorption maximum of
393 nm, the CPM-labelled protein displays an emission maximum around 479 nm,
whereas the free dye in buffer emits at approximately 481 nm (Figure 2.4(b)). The
observed blue shift upon tagging suggests that the fluorophore is localized within a
relatively hydrophobic region of the protein. These spectral changes collectively

confirm successful conjugation of CPM to the protein.

In contrast, tetramethyl rhodamine (TMR) is not solvatochromic, rendering
emission-based confirmation of tagging ineffective. Therefore, Fluorescence
Correlation Spectroscopy (FCS) was used to evaluate the diffusion behaviour of
TMR-labelled samples. TMR-tagged papain exhibited a significantly slower
diffusion time (130 ps) compared to free TMR dye (39 ps) when measured within
the same observation volume (~0.5 fL), confirming successful protein labelling
(Figure 2.4(c)). Additionally, no significant changes were observed in the circular

dichroism (CD) spectra or the intrinsic fluorescence emission profile (Aex =295 nm)
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of papain upon tagging with either CPM or TMR (Figures 2.4(d)), indicating that
the protein’s secondary structure remains largely unaltered following dye

conjugation.
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Figure 2.4. (a) Emission of CPM before and after tagging. (b) Normalized emission
spectra of free CPM and CPM-tagged papain on excitation at 390 nm. (c)
Normalized autocorrelation traces for free TMR dye and TMR tagged papain. The
fitting line for each trace is shown in black. (d) Normalized CD spectra of papain,
CPM tagged papain, TMR tagged papain. (¢) Normalized emission spectra of
papain, CPM tagged papain, TMR tagged papain (Ax=295nm).
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Figure 2.5. (a) Emission of CPM before and after tagging, (b) Normalized emission
spectra of CPM tagged bromelain on excitation at 390 nm, (¢) Normalized
autocorrelation traces for free TMR dye and TMR tagged bromelain, and here the

fitting line for each trace is shown in black.
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An increase in fluorescence intensity accompanied by a blue shift of approximately
6 nm in the emission spectrum further confirms successful tagging of CPM to
bromelain (Figure 2.5(b)). Additionally, the slower diffusion time of TMR-labeled
bromelain (114 ps), as shown in Figure 2.5(c), relative to that of free TMR dye,
provides further evidence of effective conjugation. As structural integrity of
bromelain upon CPM and TMR tagging has already been demonstrated previously,

those results are not reiterated here.

2.11. Materials Used

We have purchased papain (from papaya latex), bromelain (from the pineapple
stem), 7-diethylamino-3-(4-maleimidophenyl)-4-methylcoumarin (CPM) (>90%),
tetramethylrhodamine-5-maleimide (TMR) (>85%), urea (>99%), guanidine
hydrochloride (>99%), sucrose (=99.5%),d-sorbitol (>98%), d-(+)-trehalose
(>99%), and d-(+)-glucose (>99.5%) from Sigma-Aldrich and used them as
received. Glycine (>99%) was purchased from S.D. Fine Chemicals Ltd, India and
purified as per the procedure given in the literature before use. HPLC grade dimethyl
sulfoxide (DMSO) was also purchased from S.D. Fine Chemicals Ltd, India and
used after distillation. Trimethyl amine N-oxide dihydrate (TMAO) (=98%) was
purchased from the Tokyo Chemical Company, Japan and used as received. The
dialysis membrane (14 kDa cutoff) was purchased from Sigma-Aldrich and used
after washing according to the procedure given by Sigma-Aldrich. We have
purchased analytical grade disodium hydrogen phosphate (>99%) and sodum
dihydrogen phosphate (>98%) from Merck, India and used them directly to prepare
50 mM buffer (pH 7.4). Centrifugal filtration units (10 kDa cutoff, Amicon Ultra)

have been purchased from Merck Millipore, Germany.
2.12. Sample Preparation

Untagged proteins were dissolved in 50 mM phosphate buffer of pH 7.4 and then
centrifuged using Amicon Ultra-4 centrifugal filtration units (cutoff 10 kDa) and all
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the experiments are then performed using the supernatant. Samples were then
prepared by mixing the required amount of filtered papain/bromelain
(tagged/untagged according to requirements) with the required amount of freshly
prepared osmolyte stock solution in 50 mM phosphate buffer (pH 7.4). Samples were
incubated for 12 hours before performing any experiment. Protein concentration was
maintained as 10 uM for steady-state, time-resolved fluorescence measurements and
25 pM for the CD experiment. For FCS measurements, the protein concentration

was kept as 5 nM.
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Abstract:

The mechanism of protein stabilization by osmolyte remains one of the most
important and long-standing puzzles. The traditional explanation of osmolyte-
induced stability through the preferential exclusion of osmolytes from the protein
surface has been seriously challenged by the observations like the concentration-
dependent reversal of osmolyte-induced stabilization/destabilization. The more
modern explanation of protein stabilization/destabilization by osmolyte considers an
indirect effect due to osmolyte-induced distortion of the water structure. It provides
a general mechanism, but there are numerous examples of protein-specific effects,
1.e., a particular osmolyte might stabilize one protein, but destabilize the other, that
could not be rationalized through such an explanation. Herein, we hypothesized that
osmolyte-induced modulation of associated water might be a critical factor in
controlling protein stability in such a medium. Taking different osmolytes and
papain as a protein, we proved that our proposal could explain protein stability in
osmolytes. Stabilizing osmolytes rigidify associated water structures around the
protein, whereas destabilizing osmolytes make it flexible. The strong correlation
between stability and the associated water dynamics, and the fact that such dynamics
are very much protein specific, established the importance of considering the
modulation of associated water structure in explaining osmolyte-induced
stabilization/destabilization of proteins. More interestingly, we took another protein,
bromelain, for which traditionally stabilizing osmolyte sucrose acts as a stabilizer at
higher concentrations but as a destabilizer at lower concentrations. Our proposal
successfully explains such observations, which is probably impossible by any known

mechanisms. We believe this report will trigger much research in this area.
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3.1. Introduction

3.1.1. Osmolytes are essential for keeping protein active and stable in living
cells: Proteins are responsible for countless phenomena occurring throughout the life
span of a living system. The native structure of a protein can be perturbed under
stressed conditions created through changesin its environment, such as the presence
of additives, pressure, salinity, temperature, etc. The protein in perturbed conditions
may lose its quaternary, tertiary and secondary structure. Alternatively, it may
assume an intermediate conformation or aggregate into accumulating B-amyloid
fibrils, which have been observed to exhibit toxicity towards cells.! Nevertheless,
the Nature 1s well-equipped with many defense mechanisms to combat the
deleterious effect of these perturbates, and osmolytes play an importantrole in this
process. The osmolytes are small natural organic molecules, which are accumulated
in the cell while in stress to protect proteins and enzymes.? Osmolytes are usually
stabilizing, and crudely can be of four types: sugars, polyols, amino acids, and
methyl amines (and their derivatives). Surprisingly, there are some osmolytes (like
urea) which generally destabilizes a protein.> One of the longstanding and most
debated topics of biophysics is how these osmolytes stabilizes/destabilizes a
protein,* though the molecular-level understanding is far from complete. In this
report, we attempted to provide a unique mechanistic view of osmolyte-induced

stabilization/destabilization of proteins.

3.1.2. Various theories to explain osmolytes induced protein stability and their
drawbacks: There are broadly two hypotheses (Scheme 1) on the action of
osmolytes on proteins, butnone explains the phenomenon entirely. Firstis the direct
mechanism, which is also known as the preferential interaction mechanism and
osmophobic theory.’ According to this theory, the stabilizing osmolytes are
preferentially excluded fromthe protein surface because of unfavorable interactions,
which shifts the equilibrium towards the native state (i.e., the state with less surface
area) due to the excluded volume effect by the osmolytes.®” On the other hand,

denaturants preferentially get bound to the protein surface due to favorable
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interaction, and the equilibrium is shifted to the denatured state with larger number
of active binding centers.® This theory has been widely accepted for a long time.>”
Because of its simplicity, it remains the go-to theory to explain protein stability in
the presence of added solutes. However, several experimental and computational
observations did notparallel the preferential interaction hypothesis.® 4 Forexample,
Cremer et al showed that trimethylamine N-oxide (TMAOQO) stabilizes the
hydrophobic collapse of an elastin-like polypeptide (ELP) by accumulating at the
surface of the protein® and L-proline also stabilizes protein by accumulating at its
surface.’ In additionto these observations, there are ample examples where the direct
interaction theory fails to explain the stabilization of proteins by osmolytes,
especially in a concentration-dependent manner.!>~!3

These observations clearly indicate that something is still missing in the preferential
interaction theory. Bruzdziak et al. studied a series of stabilizing osmolytes and their
derivatives towards the thermal stability of hen egg white lysozyme. They found that
the stability of lysozyme follows the order water < TMAO < betaine < glycine <N-
dimethyl glycine < N-methyl glycine, which correlates directly with the oxygen—
oxygen distance of water molecules in the presence of the osmolytes.!® This
observation suggests the involvement of water in osmolyte-induced protein
stabilization and gives a clue for that missing component, which leads to the indirect
mechanism hypothesis. !

In the indirect mechanism hypothesis, the effect of osmolyte on proteinis considered
to be mediated through water. Here, osmolytes are believed to change the
arrangement and/or strength of the hydrogen bond of water molecules, which
influences the stability of the protein.?®2° A change in water arrangement or strength

20-32 which is expected

1s generally probed by the change in the dynamics of water,
to be altered in the presence of osmolytes. Earlier, many theoretical and simulation
studies tried to explain the protein stability with added solutes or cosolvents through
water structure modulation. However, it is not easy to measure the change of water
structure in presence of added solutes.?* Also, the interacting water molecules (with

protein) constitute only a little fraction of the total water but play a major role in



Chapter 3 Page 109

controlling protein behavior. Therefore, even if there are some attempts to correlate
protein stability and water structure modulation with osmolytes, those are not very
successful. For example, using pressure perturbation calorimetry and exploiting
basic thermodynamics Pielak and co-workers examine the impact of several protein
stabilizers and destabilizers on the water structure.3>** They did not notice any
correlation between a solute’s impact on water structure and stability.** However,
recently, with progress in NMR and its residue-level resolution, there have been
some successes in relating protein stability and water structure.®#3¢ There are some
efforts by terahertz spectroscopy as well to study the modulation of associated water
structure with added osmolytes. For example, Havenith and co-workers showed that
disaccharide modulates water more strongly than monosaccharides.?’ It might
explain the generally higher stabilizing ability of sucrose than glucose. Recently
Hishida er al. showed that the stabilization of ribonuclease-A by osmolytes is
associated with slowing down water dynamics, whereas, faster water dynamics
accompanying destabilization.?” However, this theory could not predict the protein-
specific nature of osmolyte action.?”-*® This raises a question on the acceptance of

the indirect mechanism.?7-28

System Effect Mechanism Limitation
- . Preferential -
Direct Mechanism }—) . Inadequate to explain
. T Interaction . .
Protein Stabilizing protein specific and
in > or concentration dependent
Osmolyte Destabilizing reversal of osmolyte induced
Indirect Mechanism }—) Water Structure stabilization/destabilization
Modulation

Scheme 1. Known mechanisms of protein stabilization by osmolytes and their
limitation.

3.1.3. Our hypothesis: Protein-specific effect involving associated water:

Both the direct and indirect mechanism hypothesis provide valuable insights into the
protein stabilization/destabilization by osmolytes, but none is absolute. Several
experimental and computational observations portray that both mechanisms might

operate simultaneously. As a result, there is a need for better theories.
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In the indirect mechanism, the change in the water structure is not only important
for osmolytes, but can go far beyond in protein folding problem.*** However, this
theory generally considers the effect of added solute on the water structure
modulation either in the near vicinity of the concerned solute or over the whole water
structure, ignoring the water around the protein (known as biological water, or
protein hydration layer, or protein associated water).??323843% This associated
water is known to be the controlling factor of protein behavior.*># It is well
established that such water is very much different from bulk water, as it has much
retarded dynamics than bulk water.>°->3 Moreover, how much different this water is
from the bulk water depends on the nature of the protein surface and thus varies from
protein to protein. Overall, water structure modulation might be significant;
however, as this associated water directly interacts with the protein surface, these
should profoundly affect the protein stability. Herein, we propose that osmolyte-
induced modulation of associated water structure mightbe a key factor in controlling
protein stability.

To establish our hypothesis, we have taken different osmolytes and tried to correlate
protein stability and the perturbation in the associated water dynamics. In the past,

numerous techniques, e.g., terahertz spectroscopy,>®?1-? time-resolved infrared (IR)

22,23 24,25

spectroscopy, nuclear magnetic resonance (NMR), time-dependent

fluorescence  Stokes shift (TDFSS),’%*3¢  molecular dynamic (MD)

26,57,58

simulation, etc. were employed to measure the associated water dynamics.

Among these, the TDFSS technique is superior to others in terms of its better

temporal and spatial resolution,>!->2

which we have used in our study. Note that it is
very likely that a change in the water structure around the osmolyte or protein surface
(i.e., associated water) will be suppressed in the presence of a colossal concentration
of bulk water if one cannot probe the associated water selectively. The unmatched
spatial resolution of TDFSS technique overcomesthis issue. Our results suggest that
protein stabilization is associated with the slower dynamics of associated water,
whereas faster dynamics destabilize the protein. Further, we proved the protein

specificity by taking two different proteins. We showed that for a particular
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osmolyte, the effect might be stabilizing or destabilizing depending on the protein,
and for a specific protein, the effect of osmolyte on protein stability might be
stabilizing/destabilizing depending on the concentration of osmolyte but could be
explained through our proposition. It provides a step forward in understanding

protein stabilization by osmolytes.

3.2. Results and Discussion

3.2.1. Thermal stability of papain in buffer and with various osmolytes:
Five tryptophan residues present in papain are used as a fluorescent marker to track
the changes of its stability against thermal perturbation in buffer and different
aqueous osmolyte media. Emission spectra are recorded at different temperatures
after exciting at 295 nm and emission maximais chosen as a representative of overall
structure. The measured emission spectra and the change in the emission maxima of
papain in buffer with raise in the medium temperature are shown in figures 1a and
1b, respectively.

The choices of osmolytes and their concentrations are based on the retention of the
conformational structure of papain as associated water dynamics can also be
influenced by the protein’s conformation (see Section 3.3). At each temperature,
fraction of denatured/unfolded protein ( f},) in the sample is calculated using equation
3.2.1 and stability curve is created by plotting f, with corresponding temperature,

as illustrated in figure 1c for the buffer case.

f _ MDAy
b ap-an

(3.2.1)

In the above equation, Ay and A, represent the emission maximum of the native and
fully denatured state of papain (4,, =295 nm), respectively, which are taken as the
lowest (340 nm) and highest (348 nm) value of the emission maxima in the thermal
denaturation experiment. 4;(T) are the emission maxima at a given temperature.

This data could be used to represent the stability of papain in terms of its melting
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temperature (T,,). T,, corresponds to the temperature at which the value of f}, is 0.5,

1.e., temperature at which fraction of native and denatured
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Figure 1. (a) Normalized intrinsic emission spectra of papain (A = 295 nm) in buffer
as a function of temperature. (b) Variation of emission maxima of papain as a function
of temperature. Emission maxima at 340 nm and 348 nm are taken as the signature of
the native (Ay) and denatured state (Ap), respectively. (c) Variation of the fraction
denatured, fp, (Equation 3.2.1) of papain in buffer as a function of temperature. The
data has been fitted to a sigmoidal function to determine the melting temperature, T,,.
(d) Variation of fraction denatured, f;,, of papain in the presence of various osmolytes,
and in buffer. (¢) Variation of melting temperature of papain in the presence of various
osmolytes compared to in buffer. The error bar represents the standard deviation of the
mean of three independent experiments.

protein become equal and give a measure of thermal stability of the protein (see
figure 1c for papain in buffer). Stability profile and melting temperature of papain
in buffer and other osmolyte solutions are shown in figures 1d and 1e, respectively.
The corresponding melting temperatures are also tabulated in table 1.

The result depicts that the melting temperature of papain in the buffer is ~354 K,
which matches well with the previous report.”® With the added osmolytes, melting
temperature changes significantly (see figure le). The traditional stabilizing

osmolytes (e.g., glucose, sucrose, sorbitol, TMAO, etc.) increase the melting
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temperature. This suggests that these osmolytes impart stabilization to papain. On
the other hand, with urea and GnHCI, melting temperature of papain decreases,

suggesting destabilization of papain with these two destabilizing osmolytes.

Table 1. Melting point of papain in buffer and other osmolyte solution. (Error bar
represents the standard deviation of the mean of three independent experiments.)

Osmolyte T,.(K)
Urea (3M) 349.8+0.5
GnHCI (1M) 350.4 +0.5
Buffer 354.4 £0.5
Sucrose (0.5M) 357.3 £0.5
Glucose (1.5M) 358.3£1.0
Sorbitol (1M) 358.7+1.0
Trehalose (1M) 359.7 £0.5
TMAO (2M) 363.9 £0.7
Sorbitol (2M) 364.5 £0.5
Glycine (2.5M) 364.6 0.5
Sucrose (2M) 365.2 £0.5
TMAO (3M) 366.8 0.5
Sorbitol (4M) 368.4 +0.5

3.2.2. Associated water dynamics around papain in buffer and other osmolyte
solutions:

We have measured the solvation dynamics of papain by tagging it site selectively (at
cys-25) with solvatochromic CPM dye as per the procedure mentioned in the

experimental section. See figure 2a and 2b for the TRES and the variation of
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emission maxima of CPM-tagged papain in buffer, as a function of time. The
constructed solvent response functions, S(t), through equation 3.2.2, are shown in

figure 2¢ for buffer and in figure 2d for osmolyte solutions.

_ v(t)-v()
S = o i (32.2)

S(t) has been fitted well with a bi-exponential function and yielded two distinct time
constants for buffer as well as for each osmolyte solution, out of which one is in the
picosecond (ps),and another is in the nanosecond (ns) regime. The fitting parameters
are tabulated in table 2, and variations in the time components are depicted in figures
2e and 2f. In the case of CPM-tagged papain in buffer, the two components of the
solvent response function are found to be 70 ps and 130 ps, respectively, with an
average time constant of 110 ps. Interestingly, with stabilizing osmolytes, the time
scale of fast solvation component increases with increase in the stabilizing power,
and with the destabilizing osmolytes, it decreases, as evident in figure 2e. However,

the slower time component does not show such a trend (figure 2f).
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Figure 2. (a) Normalized time resolved emission spectra (TRES) and (b) the variation
of emission maxima (in cm™) of papain in buffer as a function of time. (c) Solvent
response function for papain in buffer is constructed using equation 3.2.2. (d) Solvent
response function for papain in presence of various osmolytes is presented and
compared with the same in buffer. Solid black lines are the fittings to a bi-exponential
function. The results are tabulated in table 2. Variation of the () the fast component,
and (f) the slow component of solvation time in papain in the presence of various
osmolytes are compared with that in buffer. The error bar represents the standard

deviation of the mean of three independent experiments. All the solvation experiments
have been performed at 298 K.

Table 2. Relaxation time constants and their relative weightage in solvation dynamics
study of papain in buffer and other aqueous osmolyte solution. (Error bar represents the
standard deviation of the mean of three independent experiments.)

Osmolyte a; 74 (pS) a T2 (ps) Tavg (PS)

Urea (3M) 0.30+0.10 | 30+10 | 0.70+£0.22 | 100 +£30 79 £28
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GnHCI (1M) 0.17 30 0.83 90 80
Buffer 0.31+0.15 | 70+14 | 0.69+0.25| 130+31 110 £20
Sucrose (0.5M) 0.64 110 0.36 610 290
Glucose (1.5M) 0.80 120 0.20 1030 300
Sorbitol (1M) 0.84 120 0.16 1380 320
Trehalose (IM) | 0.68+0.02 | 120£7 | 0.32+0.01 | 1290458 490 £31
TMAO (2M) 0.82 130 0.18 1260 330
Sorbitol (2M) | 0.63+0.01 | 160+6 | 0.37+0.01 | 980+43 460420
Glycine (2.5M) 0.74 150 0.26 770 310
Sucrose (2M) | 0.56+0.01 | 17046 | 0.44+0.01 | 1560+53 780+27
TMAO (3M) 0.59 170 0.41 1650 830
Sorbitol (4M) 0.54 180 0.46 1540 800

3.2.3. Protein conformation change does not play key role in the modulation of
associated water:

It is well known from the literature that not only the associated water but also the
polar moieties, including the protein side chain, present in the system might
contribute to the solvation process.?%%-6! Therefore, a change in the protein
conformation might also modulate the measured dynamics. Thus, to comment
anything on the relationship between associated water dynamics and stability of a
protein, it is necessary to check if the applied perturbation has any significant effect
on the protein conformation. Only if the change in conformation is minimal, it is
possible to draw a relationship.

Herein, we have used three independent measurements, (i) steady -state emission of
CPM-tag papain to examine the environment around the probe (figure 3a), (ii)

circular dichroism signal to probe the secondary structure (figure 3b). The secondary
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structural content of papain is estimated from the measured CD spectrum using
CDNN software (figure 3d) and (iii) hydrodynamic radii to investigate the overall
conformation (figure 3c) of papain in the presence of various osmolytes. Our
experiments clearly reveal that there is almost no change in protein conformation in
the presence of chosen osmolytes. This study confirms that protein conformational
change does not modulate the associated water dynamics significantly. This gives
the opportunity to examine if there is any correlation between associated water

dynamics and protein stability.
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Figure 3. Variation of (a) emission maxima of CPM-tag papain (4., = 375 nm), (b) CD
signal (6,,,) of papain, (c) hydrodynamic radii of papain, (d) Raw CD spectrum
corresponding to each osmolyte system and (e) secondary structural content of papain
in the presence of various osmolytes and buffer. Every experimental point is the average
of three independent measurements, and the error bar represents the standard deviation.
All the experiments have been performed at 298 K.

3.2.4. Correlating the thermodynamic stability with associated water
dynamics of protein:

Before going into the correlation between the thermodynamic stability with
associated water dynamics of protein we want to make one point clear. Due to our
instrumental resolution (IRF~150 ps), we cannot detect events occurringin a time
scale faster than 30 ps. It also poses a concern about the confidence level of the fast
time component (~100 ps). For this, we measured the solvation dynamics of CPM-
tag papain in buffer using the femtosecond fluorescence up-conversion technique in

t62

combination with the TCSPC measurement® to get the information on whole range

from fs to ns relaxation processes involved in protein solvation, where the lifetime
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traces over the whole steady state emission spectrum of CPM tag papain are acquired
which are further processed similarly as is done while performing solvation
experiment using TCSPC to produce TRES as is shown in figure 4(a). The
wavenumber maxima corresponding to each time resolved emission spectrum is
plotted against the representative time. Following the procedure, we have merged
the time dependent wavenumber maxima shift obtained from fs-fluorescence up
conversion and TCSPC (shownin figure 4b which is then normalized using equation

2 as shown in figure 4c.
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Figure 4. (a) Normalized time resolved emission spectra of papain in buffer (TRES) (b)
variation of emission maxima (wavenumber) of papain in buffer with time. Emission
maxima are obtained by employing TRES. (c) solvent response function (S(t)) for
papain in buffer. Experiments have been performed at 298 K.

On fitting S(t) (shown in figure 4c) obtained from time dependent wavenumber
maxima shift we got 4-time constants as 905 fs (47 %), 7.8 ps (27 %) ps, 77.6 ps (13
%), 135 ps (13 %).

From literature we know that fs component is coming from bulk water as the probe
1s at the surface of protein thus can sense bulk water, fast ps component is coming
from water reorientation in PHL, moderately slow ps component is coming from
restructured water in the vicinity of protein with coupled motions of side chain, and
slowest ps component is coming from internal motions of protein itself. Since we
are interested in the event associated with the time scale of 70+£14 ps which is slow
enough to capture using TCSPC alone. Although we are unable to get the first two-
time components, the other two slower components match well with the time-
components obtained from the TCSPC measurement. This experiment gives us the

confidenceto correlate the measured associated water dynamics using TCSPC setup
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with the stability. In figure 5, we showed how the fast and slow component of
associated water dynamics around the active site of papain is related to its stability.
Although one could find an obvious correlation between the stability and solvation
time (individual components) of papain, the extent of correlation is not same for the
two cases. The correlation of the slower component of solvation time with the
stability is not very strong (adjusted R? is 0.69). The strongest associated water
dynamics — stability correlation (adjusted R? ~ 0.95) is observed for the faster

component of solvation dynamics.
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Figure 5. Plot of melting temperature with (a) faster time component, and (b) slower
time component of solvation dynamics in papain in the presence of various osmolytes
and in buffer. Dashed lines represent fitting to a straight line.

To understand why the time components, correlate differently with stability, it is
essential to know the origin of the components in solvation dynamics measurement.
Although there is a debate, the most prominent and accepted explanation was given
by Bagchi and coworkers.*>133 According to them, the 1-8 ps component originates
from the reorientation dynamics of water molecules in the hydration layer. We have
not observed this time component due to the temporal resolution of our setup. The
20-200 ps component arises due to the restructuring of the associated water.?7->463-
% In the presentreport, this time component varies between 30-180 ps. The ~1000
ps (90-1650 ps in the present study) component mainly originates from the protein’s
internal motions.®” Several experimental studies, notably from Zewail, Zhong and

Bhattacharyya group establishes these relaxation timescales.>0:32:34:36.6466.8
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However, a clear separation and identification of these time components are
experimentally tricky due to the overlap of time constants. Nevertheless, in the
present case, the two time-constants are somewhat well distinguished, and the
problem of overlapping is minimal. Thus, individual time components could be used
for the assignment of the associated event.

After understanding the origin of the two time-components, it is logical that the
correlation of the two-time components with the stability would be different.
Following our proposal of protein stability modulation through the associated water
dynamics, the faster time component (30-180 ps) is expected to correlate better with
the stability of papain, which has been observed experimentally (Figure 4b). At this
point, it is difficult to ascertain why there is an unexpected correlation between
longer component of solvation dynamics and the stability of papain, which is weak
but obvious. There might be several reasons for it. The mixing of time components
of solvation, exchange between associated water and bulk layer, dependency of
protein internal motion might be some ofthem. In the future, we will investigate this

aspect critically.

3.2.5. Further discussion in the context of previous literature:

Over the past decade, researchers have dedicated significant efforts to investigate
the modulation of water dynamics in the presence of osmolytes. *?!3%% However,
there is a limited number of papers that concurrently assess and compare the
modulation of water structure and stability of protein.?””®® The most
comprehensive report came very recently, where the authors examined the water
structure modulation with 20 osmolytes and compared that to the stability of
ribonuclease-A.?” They found a definitive, butnotso very strong correlation between
water structure modulation and protein stability. The component analysis of
solvation in the presentstudy where we specifically can observe the associated water
of protein, probably provides a better way to investigate the problem. Stangret and
coworkers recently showed that hydration water is significantly strengthened with

stabilizing osmolytes. Hydration structure does not change much with destabilizing
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osmolytes, but it now contains more water molecules.?®’! There are indeed a few
efforts to address the correlation between water structure modulation and protein
stabilization by TDFSS. Zewail and coworkers showed that associated water
dynamics around (domain-II of) HSA is slowest at pH 4.2, followed by at pH 7.0,
2.9,and 11.0.°>"*Interestingly, domain-I of HSA is moststructured at 4.2, followed
by at pH 7.0, 2.9 and 11.0.73 Generally, more compact the protein conformation is,
more stability it has. In fact, there are several studies, including that from our group,
show that solvation time around protein decreases upon denaturation. 3727476
Therefore, our result follows the expected trend. However, as exchange is the
primary channel between associated and bulk water, any structural modulation will
have a prominent effect not only on protein stability, but to water structure also.
Therefore, it is impossible to confidently relate the faster dynamics of such states to
their decreased stability. However, in the present case, we have shown that protein
conformation is almost not altered with the osmolyte addition.

This study is one of the few systematic studies where the protein stability and the
modulation of water dynamics is experimentally measured together. Notably, one of
our most recent studies proved that associated water dynamics is the key factor
affecting protein stability in crowded milieu.® Crudely speaking, ourresultis in line
with the previous literature: “slowing down of water stabilizes protein”.® However,
proper control experiment and component analysis of solvation provide some unique
information. Overall, our results indicate that modulation of associated water
dynamics can explain protein stability in osmolytes equally well as that of the

existing direct and indirect mechanisms.

3.2.6. Concentration-dependent reversal and protein-specific effect of
osmolyte-induced stability: Our proposal can explain it successfully, which
previous theories cannot:

The nature of associated water is protein specific, and thus the effect of added
perturbation should also be protein specific. This advantage could be exploited in

explaining the concentration-dependent reversal of protein stability with a particular
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15,17,77-83

osmolyte and/or protein-specific stabilization/destabilization by an

osmolyte, 4

which cannot be explained either by the direct or the indirect
mechanisms.

To verify this, it is necessary to have a protein that would be stabilized by a particular
osmolyte at some concentration but would be destabilized by the same osmolyte at
a different concentration. Several proteins are known to show concentration-
dependent stabilization reversal by denaturants like GnHCl or urea. %8285 However,
generally, protein structure changes significantly with GnHCI or urea, rendering
these useless to prove our point. We also require an osmolyte, which will stabilize a
protein at some concentration but destabilize another protein at the same
concentration. Fortunately, it was previously reported that sucrose might
unexpectedly destabilize bromelain, which is a protease of the papain family. 34
Thus, the sucrose-bromelain/papain pair gives us the opportunity to check if our
hypothesis can explain concentration dependent reversal of protein stability and the
protein-specific stabilization/destabilization by osmolytes.

We first checked the stability of bromelain in buffer and with 0.5 M and 2 M sucrose
(Figure 5a). The melting temperature of bromelain in the buffer is ~336 K. It
decreases to ~334 K with 0.5 M sucrose but increases to ~344 K with 2 M sucrose.

The melting temperature values are given represented in table 3.

Table 3: Melting point of papain in buffer and other osmolyte solution. (Error bar
represents the standard deviation of the mean of three independent experiments.)

Osmolyte T,, (K)
Buffer 336.4 0.5
Sucrose (0.5M) 334.1 0.5

Sucrose (2M) 344.5+1.0
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We have observed that the environment around the tag remains similar confirmed
by the almost similar values of emission maxima of CPM tag bromelain as shownin
figure 6a, the value of 8,,, remains almost same confirming the similar secondary
structure of bromelain in the absence and presence of sucrose as shown in figure 6b
and is further confirmed by the quantitative analysis of secondary structure where
the amount of all the four structural contents remains almost similar as shown in
figure 6d. The hydrodynamic radii of bromelain in presence and absence of sucrose
remains within the error limit which confirms no significant perturbation in the
overall structure of bromelain as shownin figure 6¢. From figure 6, it is verified that

there is no significant perturbation in the overall structure of bromelain by sucrose.
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Figure 6. Bromelain conformation with added osmolytes. (a). variation of emission
maxima of CPM tagged papain (ex. 375 nm) (b). Secondary structural (6,,,) variation
of bromelain. (¢). Size variation of TMR tagged papain in buffer and other osmolyte
solution. (d). Raw CD spectrum corresponding to each osmolyte system. (e). variation
of the secondary structural content of bromelain in presence and absence of sucrose.
Error bar represents the standard deviation of the mean of three independent
experiments. Experiments have been performed at 298 K.

The result indicates that sucrose acts as a destabilizer at a lower concentration (0.5
M) whereas it is a stabilizer at a higher concentration (2M). If this stabilizing effect
were only osmolyte dependent, then (1) destabilization at lower concentration and
stabilization at higher concentration of sucrose is objectionable according to the
direct mechanism, and (i1) papain would have also shown destabilization and
stabilization in presence of 0.5 M and 2 M sucrose, respectively. But it is not the

case, as is evident from figure 5c. In the case of papain, experimentally observed
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melting temperatures are ~354 K, ~357 K and ~365 K in buffer, 0.5 M and 2 M
sucrose, respectively. In this case, stability increases with an increase in sucrose

concentration.
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Figure 7. Variation of the fraction denatured, f, of (a) papain and (b) bromelain in the
absence and presence of sucrose as a function of temperature. The data has been fitted
with sigmoidal function to determine the melting temperature (see section S5 of the ESI
for details). Solvent response function along with its fitting for (¢) CPM-tag papain and
(d) CPM-tag bromelain in buffer, 0.5 M and 2 M sucrose. The fitting results are shown
in section S7 of the ESI. All the solvation experiments have been performed at 298 K.

2 468 2 4

If our proposal holds true, we expectthat (i) with 0.5 M sucrose bromelain hydration
layer becomes somewhat flexible, but with 2M sucrose, it becomes somewhat rigid
compared to in buffer, and (ii) the modulation of associated water dynamics would
be just opposite for papain and bromelain at 0.5 M sucrose. To our delight, our
expectation goes well with the prediction, as is evident from figure 5b and 5d. (a)

The fast component of associated water dynamics in the hydration layer of bromelain

Table 4. Relaxation time constants and their relative weightage in solvation dynamics
study of bromelain in buffer and other aqueous osmolyte solutions. (Error bar represents
the standard deviation of the mean of three independent experiments.)
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Osmolyte a 7, (ps) ay 72 (pS) Tavg (PS)
Buffer 0.68+0.13 130+10 0.32+0.20 980+35 400+22
Sucrose (0.5M) 0.61 100 0.39 0.81 0.38
Sucrose (2M) 0.59+0.02 15048 0.41+0.01 1440+50 680+31

1s measured to be 130 ps, 100 ps and 150 ps in buffer, 0.5 M, and 2 M sucrose,
respectively. Fitting values are provided in table 4.

Whereas, for papain, there is a monotonous increase in the fast time component of
the associated water dynamics with an increase in sucrose concentration, i.e., 70 ps,
110 ps and 170 ps in buffer, 0.5 M, and 2 M sucrose, respectively. (b) The fast
component of the associated water dynamics for bromelain and papain modulates
oppositely in 0.5 M sucrose i.e., for bromelain it decreases by 23%, and for papain

it increases by 57% compared to buffer (Figure 8).
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Figure 8. Osmolyte induced modulation of associated water could explain the protein-
specific effect and concentration dependent reversal of stabilization.

3.3. Conclusion:
In this paper, we have presented and successfully proved a hypothesis that gives a

better insight into the mechanism of osmolyte-induced stabilization/destabilization
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of a protein through modification of its associated water. Using the ultrafast
fluorescence method and taking papain as a model protein, we have shown that
destabilizing osmolytes make the associated water flexible. In contrast, the
stabilizing osmolytes rigidify the associated water compared to the buffer. More
interestingly, a comparison with another protein, bromelain, which is stabilized by
sucrose at a higher concentration and destabilized at a lower concentration,
successfully captures, and explains the concentration and protein-specific effect. To
the best of our knowledge, these observations could not be explained by any known
mechanism. Of course, the nanoscopic view of how dynamics control stability is yet

to be explored.
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Abstract

The mechanism behind osmolyte-induced protein stabilization remains elusive
despite extensive research. Amongst various hypotheses, the associated water
modulation hypothesis has proven to be the most effective in explaining osmolyte-
induced stabilization effects. Earlier we had demonstrated that osmolytes that slow
down associated water dynamics enhance protein thermal stability, whereas those
that accelerate it, promote destabilization. However, the molecular basis of this
correlation remains unclear. Using fluorescence correlation spectroscopy, we
observe that osmolyte-induced changes in the associated water dynamics directly
affect the internal flexibility of the protein, whichis assessed through conformational
fluctuation dynamics, serving as a tool to measure the protein's internal flexibility.
The osmolytes that induce retardation in the associated water dynamics make the
interior of the protein more rigid, as reflected by the slowed conformational
fluctuation dynamics of the protein, leading to enhanced thermal stabilization. The
destabilizers induce effects that are exactly opposite to stabilizers. These findings
provide new insights into the interplay of associated water dynamics, protein
flexibility, and stability, contributing to a deeper understanding of osmolyte induced

protein stabilization.
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4.1 Introduction

Proteins are indispensable for the proper functioning of living organisms. They are
composed of amino acid residues that fold into a specific three-dimensional
structure, referred to as the native state. The native conformationis critical for the
biological activity of proteins. Even a marginal alteration in the environment, like a
change in the temperature, pressure, pH, and salt concentration, can change the
native state conformation and may modify protein’s functional efficacy. Osmolytes,
a class of small organic molecules including sugars, polyols, and amino acids, play
a critical role in preserving protein structural integrity under diverse environmental
conditions '3, These molecules are broadly categorized based on their effects on
protein stability: stabilizing osmolytes, such as sucrose and trimethylamine N-oxide
(TMAO), enhance the structural robustness of proteins, whereas destabilizing
osmolytes (known as denaturants), e.g. urea and guanidine hydrochloride (GnHCI),
promote protein unfolding *°. Due to their ability to modulate protein stability,
osmolytes have significant applications in the pharmaceutical industry, where they
are employed to prolong the shelf life of biopharmaceutical products, thereby
ensuring their stability and efficacy over extended periods .

Over the past few decades, extensive research has focused on understanding
osmolyte-protein interactions due to their significance in both fundamental science
and applications "~!*. While substantial progress has been made (Scheme 1), a
concise understanding of these interactions remains elusive. Timasheff’s group first
proposed a model based on the phenomenon of surface tension, specifically the
excess surface free energy of water molecules at the protein-water interface %141,
This model differentiates between stabilizing osmolytes (such as sucrose) and
destabilizing osmolytes (like urea) by introducing a parameter known as preferential
interaction coefficient (I'), which quantifies the interactions among the protein,
osmolyte, and solvent. Stabilizing osmolytes have a negative preferential interaction
coefficient (I") and promote a compact protein conformation by being excluded from
the protein surface. On the other hand, destabilizing osmolytes have a positive

preferential interaction coefficient (I") and tend to accumulate at the protein surface,
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which stabilizes an extended conformation 416, Later, Bolen’s group expanded this
model by demonstrating that interactions between osmolytes and the protein
backbone are crucial to these observations 7. Stabilizing osmolytes favour the
compact state because the native state has a smaller, less exposed surface area,
resulting in fewer repulsive interactions. In contrast, destabilizing osmolytes favour
the extended state, as the denatured protein presents a larger surface area, allowing
for more attractive interactions with the osmolyte. This model is known as the
preferential or direct interaction mechanism '®. This model emphasizes on the role
of water molecules in the phenomenon of osmolyte-protein interaction. Further
developments examined the role of water structure in detail. Studies suggest that
osmolytes alter the hydrogen-bonding network of water, which contributes to protein
thermal stability - a concept referred to as the indirect mechanism or water

19-24

modulation theory . The osmolytes which rigidifies the water structure or

dynamics are expected to thermally stabilize the protein and vice-versa. Although

these theories provide valuable insights into protein-osmolyte interaction, they often

25-28

struggle to account for protein-specific effects and osmolyte’s concentration

dependent reversal of the protein stability 2°-2%,

System Effect Mechanism Criterion Limitation
Preferential r<o Inadequate to explain protein
Interaction r>o0 specific and concentration
= = dependent reversal of
r?:]eln L Stabcl)rlzmg Water Structure AMTpur) > 0 osmolyte induced
7 i stabilization/destabilization
Osmolyte Destabilizing ‘ Ll Ll ATpute) < 0
Associated Water Atgaes >0 o
MGdiilation > Aoy < 0 ——){ No such limitation |

Scheme 1. Known mechanisms of protein stabilization by osmolytes and their
limitations. The conditions written in green and red are for stabilizing and destabilizing
osmolytes, respectively. Preferential interaction mechanism employs a parameter
termed as preferential interaction coefficient (I") to describe the osmolyte protein
interaction, which quantifies the interactions among the protein, osmolyte, and water.
Osmolyte with I'< 0 and I' > 0 are considered as stabilizing and destabilizing
osmolytes, respectively. In water structure modulation hypothesis, stabilizing and
destabilizing osmolytes retards (A{Ty, ) > 0) and accelerates (A{Tpy ) > 0) the bulk
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water dynamics, respectively, where, A(Tyuik) = (Thuik dosmotyte — {Toutk)puffer- In
associated water modulation hypothesis, stabilizing and destabilizing osmolytes retards
AT, > 0 and accelerates A7, < 0 the associated water dynamics, respectively,

where, ATy = (Tass)osmolyte - (Tass)buffer-

To address this, the water hypothesis has been modified to incorporate changes in
water near the protein surface (known in the literature as biological water, hydration
layer or associated water) upon the addition of osmolytes, aiming to explain the
specific effects observed with different proteins 28. This layer of water is distinctly
different from bulk water in terms of its characteristics 2°~32. Recently, we argued
that the modulation of the associated water structure is linked to protein thermal
stability through our experimental findings 23-*3-3°, However, the exact way how the
changes in the associated water dynamics contribute to protein stability remain
unclear and have yet to be explored.

Additionally, both experimental and computational studies have shown that the fast
dynamics of protein side chains are influenced by the dynamics of the associated
water molecules, a phenomenon referred to as water-slaved motions of the protein
36-39 Theresearchhistory is rich with studies demonstrating the relationship between
protein flexibility and hydration water ¢, Recently, Li et al using nuclear
magnetic resonance (NMR) spectroscopy and molecular dynamics simulations have
shown that the addition of osmolytes leads to a shortening of the protein backbone
hydrogen bonds influenced by the modulation in associated water structure *’. In
short, water in biological systems often appears inactive and random but plays a
crucial rolein regulating protein properties (Scheme 2). Motivated by these findings,
we hypothesized a significant connection between the associated water structure and
the flexibility of the protein side chain. To verify our hypothesis, we have used
papain as a model protein and employ fluorescence correlation spectroscopy (FCS)
to probe the conformational fluctuation dynamics of papain in the presence of
differentstabilizing and denaturing osmolytes. In our previous study, using the same
protein in the presence of different osmolytes we have shown that associated water

dynamics correlates well with the thermal stability of the protein 8. In the present
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study, we investigated the possible correlation of the conformational fluctuations
dynamics (indirect measure of internal protein flexibility) with associated water
dynamics, aiming to uncover the dominant factors driving osmolyte induced changes
in protein stability. Our findings provide deeper insights into the intricate
relationship between protein dynamics and solvent interactions, shedding light on

the fundamental principles governing protein folding and stability.

Protein
stability

T

< Protein s
ProteinH- Associated Protein

bonding Satar " function

Protein
fluctuation

Scheme 2. Role of protein associated water in regulating protein properties.

4.2. Results and Discussion

Proteins exist in a dynamic equilibrium between their native and denatured states
under specific environmental conditions. Any external perturbation, such as changes
in temperature, pressure, or pH, can shift this equilibrium #%. In this study, we have
investigated the effect of temperature as a perturbant to assess the protective role of
osmolytes against thermal denaturation. Upon the application of heat, the
equilibrium shifts toward the unfolded state, favoring protein denaturation. The
temperature at which the fractions of the unfolded and native states are equal (i.e.,
0.5) is defined as the melting temperature (7,,,), a widely used parameter to evaluate
the thermal stability of proteins #*->°. A higher T,,, indicates greater thermal stability,
whereas a lower T, signifies reduced stability.

Various techniques can be employed to study protein thermal stability, among which

fluorescence spectroscopy is particularly advantageous due to its sensitivity to
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environmental changes surrounding fluorescent probes. In this study, we utilized the
intrinsic fluorescence of tryptophan residues in papain, leveraging their
solvatochromic properties. In the native state, the tryptophan residues are buried
within the hydrophobic core of the protein. Upon unfolding, these residues become
exposed to the polar aqueous environment, resulting in a red shift of the emission
maximum. This shift serves as a reliable indicator of protein unfolding.

In a recent publication, we investigated the thermal denaturation of papain in the
presence of various osmolytes using the same fluorescence-based approach 8. The
melting temperatures from that study have been reproduced here in figure 1a. T,,, of
papain in buffer is 354 K. Osmolytes that increase the T, of a protein are classified
as stabilizing, whereas those that lower T,,, are considered destabilizing. As depicted
in figure 1a, the thermal stability of papain varies significantly depending on the
osmolyte present. Destabilizing osmolytes such as 1M guanidine hydrochloride
(GnHCI) and 3M urea lead to a reduction in T,,, indicating enhanced thermal
denaturation. Conversely, the other osmolytes exhibit a stabilizing effect to varying
degrees, as reflected in the increased T,,, values. We also measured the associated
water dynamics (7 ,¢) of papain in the presence of various osmolytes (Figure 1b) %,
T,ss Of papain in buffer was measured to be ~70 ps, which varies significantly in
presence of osmolytes. Destabilizing osmolytes like 1M GnHCI and 3M urea
decrease 7, representing an increase in flexibility, whereas the stabilizing
osmolytes increases T,y signifying an increase in the rigidity. As expected, we
found that T,,, and 7, correlates very well (Figure 1¢) 28, This observation affirms
our proposal of the modulation of the thermal stability of papain in osmolyte
solutions due to the modulation of protein-associated water structure/dynamics in
the presence of osmolytes 28. Increased rigidity of the water network enhances
protein stability against thermal agitation, whereas increased water flexibility leads

to thermal destabilization.
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Figure 1. Modulation of (a) melting temperature (7,,) and (b) associated water
dynamics of papain with added osmolyte and their (c) correlation with Adj. R* = 0.95.
Data taken from Phys. Chem. Chem. Phys. 2023,25:32602. (d) Stimulated emission of
coumarin 343 in buffer at different times from the excitation at 298 K. The solvent
response function, C(t), for buffer derived from the stimulated emission maxima
following equation 1 is shown in the inset along with the bi-exponential fitting. The
fitting parameters are given in table 1. The average solvation time for buffer is
calculated to be 0.8 ps using equation 3. (¢) A comparison of the average solvation time
of buffer and osmolyte solutions under investigation at 298 K. Error in the
measurements are estimated from the standard deviation of three independent
measurements. (f) The plot of the melting temperature (T;,,) of papain against bulk
solvation dynamics in the presence of osmolytes shows a week correlation with Adj. R?
=0.54. All the experiments except melting have been performed at 298 K.

To further testify to the proposal, we have investigated the bulk water dynamics of
the osmolyte solutions, by monitoring the stimulated emission of solvatochromic
probe C343. For C343 in buffer, the transient absorption spectra in the stimulated
emission region are shown in figure 1d. The stimulated emission maximum against

the corresponding time is processed to obtain the solvent response function C(t)
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using equation 1, which has been fitted with equation 2 (inset of Figure 1d). The
average bulk solvation dynamics, (T g,;%), in buffer is determined using equation 3,

and found to be ~0.8 ps, which is consistent with reported literature values !

_ v(O)-V(x)
Ct) =5 5w (1.2.1)
-t
C(t) = Zi bie i where Zi bi =1 (122)
(ts) = Xi b7 (1.2.3)

In the above equations, V(t), V(0), and V(o) are the peak wavenumbers at times t,
0, and oo, respectively.

In presence of osmolytes under investigation, all the raw data, the associated solvent
response functions, C (t) along with biexponential fitting are shown in figure 2 and

figure 3 respectively. The corresponding fitting parameters are provided in table 1.
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Figure 2: Shift in the stimulated emission traces of C-343 with time in buffer and
other osmolyte solution. All the solvation experiments have been performed at 298 K.
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Figure 3: Fitting of solvent correlation function (c(t)) for C-343 in buffer and other
osmolyte solution. All the solvation experiments have been performed at 298 K.



Page 150 Chapter 4

Table 1: Relaxation time constants and their relative weightage in solvation dynamics
study of C-343 in buffer and other aqueous osmolyte solution.

Osmolyte a; 71(ps) a, 72(PS) | Tavg(PS)
(Concentration)

Urea (3M) 0.54+0.13 0.370+0.070 | 0.46+0.13 1.280+0.630 | 0.780+0.140
GnHCI (1M) 0.27+0.03 0.150+0.030 | 0.73+0.03 1.090+0.100 | 0.830+0.050
Buffer 0.23£0.06 0.230+0.070 | 0.77£0.060. | 1.030+0.090 | 0.840+0.030
Sucrose (0.5M) | 0.28+0.06 0.240+0.120 | 0.72+0.06 1.860+0.330 | 1.410+0.170
Glucose (1.5M) | 0.69+0.11 0.540+0.150 | 0.31£0.11 2.110+0.420 | 1.030+0.340
Sorbitol (1M) 0.21+0.01 0.110+0.030 | 0.79+£0.01 1.340+0.030 | 1.090+0.030
Trehalose (1IM) | 0.24+0.01 0.100+0.020 | 0.76+0.01 1.220+0.060 | 0.950+0.040
TMAO (2M) 0.38+0.03 0.120+0.060 | 0.62+0.03 1.950+0.420 | 1.260+0.210
Sorbitol (2M) 0.28+0.01 0.120+0.060 | 0.72+0.01 2.120+0.240 | 1.560+0.160
Glycine (2.5M) | 0.34+0.11 0.230+0.100 | 0.66+0.11 1.470+0.570 | 1.050+0.240
Sucrose (2M) 0.41+0.05 0.300+0.130 | 0.59+0.05 3.200+1.090 | 2.010+0.540
TMAO (3M) 0.37+0.02 0.170+0.070 | 0.63%0.02 3.120+1.020 | 2.030+0.600
Sorbitol (4M) 0.47+0.02 0.150+0.050 | 0.53+0.05 5.470+0.870 | 2.990+0.590

The addition of stabilizing osmolytes resulted in a slight slowdown of solvation
dynamics, suggesting enhanced hydrogen bonding among water molecules.
Conversely, the addition of destabilizing osmolytes appeared to weaken
intermolecular hydrogen bonding, though these changes remained within the
experimental error margin. The average bulk solvation dynamics of various

osmolyte solutions along with buffer are presented in figure le. A plot of T, of
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papain in presence of osmolyte against (7 g,,;) of the respective osmolyte solution
show a weak correlation (Figure 1f) compared to the correlation of T,,, with 7,4
(Figure 1¢). The findings indicate that while bulk water modulation may influence
protein thermal stability, it cannotserve as the sole explanation for the phenomenon.
Furthermore, our previous observation that bromelain is destabilized in a 0.5 M
sucrose solution, whereas papain remains stabilized in the same environment 282,
cannot be elucidated by the modulation of bulk water dynamics as it remains same
in 0.5M sucrose solution irrespective of protein and depends solely on the osmolyte
and its concentration. Importantly, our hypothesis concerning the involvement of
associated water dynamics has effectively accounted for these protein-specific

effects.
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Figure 4: Normalized traces of FCS cross-correlation curves of TMR-tag papain in
mentioned osmolyte. Black colored line represents the fitting line. All the FCS
experiments have been performed at 298 K.
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Though a correlation between the melting temperature (T,,) of papain and the
associated water dynamics (7,,,) 1S observed; the mechanism by which osmolytes
influence protein thermal stability is still illusive. This raises the question - How
does osmolyte-induced modulation of associated water dynamics affects protein
stability at a molecular level? Given the absence of significant structural alterations
of papain in presence and absence of osmolytes as confirmed by the almost similar
hydrodynamic radii in buffer and other osmolyte solutions shown in figure 5 (the
raw FCS correlation traces are shown in figure 4 along with the fitting line) and the
fitting parameters are provided in table 2, it is unlikely that changes in the water
dynamics directly modulate the thermodynamics of protein denaturation. This notion
is particularly challenging in the case of stabilizing osmolytes, which, due to

repulsive interactions, remain excluded from the protein surface.
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Figure 5: Modulation of the hydrodynamic radii (A) of protein in buffer and other
osmolyte solution. FCS experiments have been performed at 298 K.

Since there is a coupling between the associated water and the protein side chain,

the associated water is believed to control their dynamics, which have a significant
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role in defining their function 2°-31-3240-53.34 Tt s reasonable to expect that osmolyte-

induced changes in water dynamics may influence the internal environment of the

protein. This modulation could be sufficient to alter the strength of intermolecular

interactions, such as interaction among amino acid residues, without significantly

perturbing the overall protein structure. Recent NMR

Table 2: Variation of time scales of diffusion, triplet state, conformational fluctuation
dynamics and hydrodynamic radii of TMR -papain in buffer and other aqueous osmolyte

solution.
Osmolyte

(Concentration)

Urea

(3M)

GnHCl

(1M)

Buffer

Sucrose

(0.5M)

Glucose

(1.5M)

Sorbitol

(M)

Trehalose

(1M)

Tq(us)

136.3+10.5

120.9%10.6

119.2+7.5

180.1+29.1

297.0x21.1

174.1£19.2

431.7+48.6

tr(us)

(»

(0.13)

4.1+0.5

(0.12)

4.7+0.4

tr(us)

(ag)
33.0+8.2
(0.19)
37.6%£7.6
(0.18)
41.8+3.3
(0.20)
45.2+6.9
(0.17)
54.8+5.1
(0.19)
54.5+54
(0.19)
68.8+3.1

(0.15)

Ry,(A)

17.9%£1.2

18.3%1.4

18.3+x1.0

15.7+2.2

19.5+1.2

16.7%£1.6

18.4+1.8
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TMAO 221.8+15.8 | 4.7+0.9 63.3£2.6 17.8+1.1
(2M) (0.1) (0.22)
Sorbitol 372.1x43.8  4.6%0.5 78.3%9.5 18.6+1.9
(2M) (0.12) (0.18)
Glycine 195.5+23.1  4.7+1.8 54.0+6.9 19.5+2.0
(2.5M) (0.12) (0.42)
Sucrose 3435.7+326.7 6.33.3 90.2+6.0 18.2+1.5
2M) (0.14) (0.13)
TMAO 286.6+45.7  6.5%1.8 96.2+8.5 15.9+2.2
(3M) (0.07) (0.27)
Sorbitol 2689.5+310.3 8.2+2.9 94.9%5.3 16.0+1.6
(aM) (0.17) (0.14)

studies by Li et al. have demonstrated that osmolytes can shorten protein backbone
hydrogen bonds, a phenomenon further supported by molecular dynamics
simulations *’. Such modifications in the protein interior could reshape the energy
landscape, thereby affect its internal thermodynamics and ultimately influence its
thermal stability. To gain a deeper understanding of how osmolytes influence protein
stability through the interplay between associated water modulation and the altered
protein interior, we aimed to study the modulation in the protein interior in presence
of osmolytes.

Studying the interior of proteins is inherently challenging due to their structural
complexity. The presence of diverse amino acid residues engaged in various
interactions further complicate residue-specific investigations. Probing a specific
amino acid residue or any specific interaction would be erroneous to portray the

modification in the interior of the protein. In the present study, we have measured
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conformational fluctuation dynamics employing fluorescence correlation
spectroscopy (FCS) for probing the interior of papain in presence of osmolytes, as
conformational fluctuation dynamics is not limited by any specific interactions.
Notably, we have probed the active site of the protein, for which the associated water
dynamics was measured.

55-57 1
, using

FCS was utilized to indirectly assess the conformational fluctuations
tetramethylrhodamine (TMR)-tagged to papain. FCS requires only a fluorescent tag
within the system, making it an effective tool for tracking intensity fluctuations on
timescales shorter than the molecular diffusiontime butlonger than the instrument’s
resolution limit (Figure 11a). To investigate conformational fluctuation dynamics or
breathing motions in the microsecond regime, we leveraged the proximity of the
tryptophan residue to the TMR-tag in papain. Given the interaction of n-cloud of
tryptophan with TMR, fluorescence quenchingis expected to occur in conjunction
with the protein's dynamic motions >>-°%°%. The resulting cross-correlation traces
were fitted to extract dynamical parameters. Since three distinct dynamic
components (triplet state lifetime, conformational fluctuation and translational
diffusion) were anticipated in the system, we employed a fitting model incorporating

two exponential reaction terms and one diffusion component (equation 4), which

yielded three-time components of ~6 pus, ~40 ps and ~120 ps for papain in buffer.
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Figure 6: Fitting of FCS cross-correlation trace of TMR -papain in buffer with different
fitting models. Residuals are given for each fitting model used (encircled area represents
the part of the correlation traces that gets affected the most with the change in the fitting
function). FCS experiments have been performed at 298 K.

G(r) = %(1 + %)_1 (1 + wZTrD)_% <1 + K exp (—%)) (1 + % exp (—i)) (1.2.4)

Control fitting analyses were performed using alternative models, including single-
exponent with diffusion, single-diffusion, and dual-diffusion equations, to ensure
robustness in data interpretation as shown in figure 6. From the residuals describing
the goodness of fitting with different models in figure 6a clearly depicts that the
model with single diffusion and two exponents fits the best among all the possible
models. Theresidual for function with two diffusion components shown in figure 6b
also seems promising but gives the value of one component too small (~ 14us)
which is not even comparable to the diffusion time of the free (~ 50us) dye. Which
rules out the possibility of having the second component arising out of the free dye
present in the sample of TMR-papain. Figure 6 ensures that the model with single
diffusion and two exponents is the most appropriate and matches well with the
expected number of events possible with our system.

The longest time constant has been designated to the diffusion of papain in buffer

and the smallest time constant is assigned to the triplet-state dynamics of TMR



Page 158 Chapter 4

tagged to papain, following previous reports °°!. The second time component has
been assigned to papain's conformational fluctuation dynamics. To validate our
assignment and to ensure these are not just experimental artifacts, we conducted the
following two control experiments. First, we varied the incident photon flux. Since
triplet-state dynamics are power-dependent, an increase in photon flux should
increase the fraction of molecules in triplet state (p) without altering the time
constant (7), which has been confirmed experimentally as shown in figure 8 (raw
fcs correlation traces are shown in figure 7) and the fitting values are provided in

table 3.
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Figure 7: Normalized traces of FCS cross-correlation curves of TMR-tag papain at
different power. Dark line represents the fitting line. FCS experiments have been
performed at 298 K.
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Figure 8: Variation of (a) fastest time constant (triplet state dynamics, 7,), its (b)
contribution (a,) and (c) the second fastest time constant (conformational dynamics,
7,) (d) size of the protein with power using optical fiber of diameter S0pum. Experiments

have been performed at 298 K.

Table 3: Variation of time scales of diffusion, triplet state, conformational fluctuation
dynamics and hydrodynamic radii of TMR-papain with variable laser power.

Power (uW) Tq(us) tr(us) Tr(us) R, ()
) (ag)

44.0 112.7+13.2 3.9+1.0 37.7£2.7 16.8+1.7
(0.16) (0.19)

32.0 120.6£9.1 4.1+0.8 36.1£3.6 18.4+1.2
(0.12) 0.21)

18.5 119.2+7.5 5.8+0.8 41.843.3 18.3£1.0
(0.13) (0.20)
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15.0 113.1£10.5 5.6+0.8 41.1£2.1 18.7£1.5

(0.11) (0.20)

Second, to confirm the second time constant corresponds to protein conformational
fluctuations (7y), we tested its dependence on excitation power and observation
volume. As expected, Tz remains unchanged across different power levels and
observation volumes as shown in figure 8c and figure 10 (raw fcs correlation traces
are shown in figure 9) respectively, confirming its origin in protein internal

dynamics. The corresponding fitting parameters are shown in table 4.
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Figure 9: Normalized traces of FCS cross-correlation curves of TMR-tag papain at
different observation volume. Dark line represents the fitting line. Experiments have
been performed at 298 K.
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Figure 10: Variation of the (a) conformational fluctuation dynamics (z,) and (b)
hydrodynamic radii (R;) of TMR-tagged papain with change in the observation volume.

Table 4: Variation of time scales of diffusion, triplet state, conformational fluctuation
dynamics and hydrodynamic radii of TMR-papain with variable observation volume.
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Observation 7,(1s) T (us) T (us) R, (A
Volume
) (ag)
(fL)
0.6 82.8+6.2 4.7+1.0 37.34£3.1 18.4+1.2
0.1) (0.16)
0.8 119.2+7.5 5.8+0.8 41.843.3 18.3+1.0
(0.13) (0.20)

We determined the conformational fluctuation time of papain in presence of
osmolytes understudy to understand modulation in the interior of the protein, which
are depicted in figure 11c. Papain in buffer displays a conformational fluctuation
with time constant of ~40 ps. It gets reduced upto ~30 ps in the presence of
denaturants and increased upto ~100 ps in the presence of stabilizing osmolytes
under investigation. It can be concluded that the denaturants make the interior of the
protein more flexible and the stabilizing osmolytes makes the protein interior rigid.
As per our hypothesis, the modulation in the conformational fluctuation dynamics
must be influenced by the modulation in the associated water dynamics, which is
tested by plotting associated water dynamics against the conformational fluctuation
dynamics of the papain in figure 2d, where we have observed a strong correlation.
The osmolytes, which retards the associated water dynamics of papain are found to
increase the timescale of conformational fluctuation dynamics of papain reflecting
greater rigidity in the protein interior, as seen with stabilizing osmolytes.
Conversely, osmolytes that increase water flexibility correspond to a decrease in the
conformational fluctuation time, signifying enhanced internal flexibility, as
observed with destabilizing osmolytes. We have found this correlation at the active
site of papain and a similar correlation is expected if the probing site is mapped
around the protein. These experimental findings align well with our proposed

hypothesis. As expected, we also have observed a very strong correlation between
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thermal stability and conformational fluctuation dynamics of papain as shown in

figure 11e.
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Figure 11. (a) Schematic representation of triplet state dynamics, conformational
fluctuation dynamics and diffusion of TMR-tagged papain in the observation volume
of a fluorescence correlation spectroscopy (FCS) setup. The standard observation
volume (~0.7 fL) represented here is just a depiction. (b) Fluorescence intensity cross-
correlation traces of TMR-tagged papain in buffer at 298 K along with its fitting with
equations 5 (yellow), 6 (green), and 4 (red). (¢) Modulation of the conformational
fluctuation dynamics (tz) of TMR-tagged papain in buffer and other osmolyte
solutions. Correlation of (d) associated water dynamics (7,5 ) With the conformational
fluctuation dynamics (7z) of papain (Adj. R?=0.80), and (¢) melting temperature (T}y,)
with conformational fluctuation dynamics (tg) of papain (Adj. R*=0.77). (f) Plot of the
bulk viscosity of the osmolyte solution (5,) against the conformational fluctuation
dynamics of papain (7gz) showing a very week correlation (Adj. R? =0.37). The
correlation improves marginally (Adj. R?=0.60) as shown in the inset, when the two
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extreme high viscosity osmolytes are excluded. All experiments except melting have
been performed at 298 K.

Previous studies suggest that solution viscosity can influence protein dynamics
43.62,63 'While our data demonstrates a strong correlation between associated water
dynamics and conformational fluctuation dynamics, it is essential to determine
whether this relationship is intrinsic or merely an effect of bulk viscosity changes
induced by osmolytes. To address this, we measured the bulk viscosity of each

osmolyte solution and is provided in table 5.

Table 5: Viscosity of buffer and other aqueous osmolyte solutions.

Osmolyte Viscosity (cP)
Urea (3M) 1.98+0.08
GnHCI (1M) 1.85+0.10
Buffer 1.77+0.10
Sucrose (0.5M) 2.31£0.12
Glucose (1.5M) 2.48+0.10
Sorbitol (1M) 2.31+0.12
Trehalose (1M) 3.38+0.12
TMAO (2M) 2.35+0.10
Sorbitol (2M) 3.37+0.14
Glycine (2.5M) 2.23+0.12
Sucrose (2M) 22.85+1.95
TMAO (3M) 2.89+0.22
Sorbitol (4M) 26.58+0.47
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A plot of bulk viscosity against conformational fluctuation dynamics (Figure 11f)
shows no significant correlation. Even after excluding the extreme viscosity values
for 2M sucrose and 4M sorbitol, the revised correlation (inset of figure 11f) remains
weak compared to the strong relationship observed between associated water
dynamics and protein conformational fluctuations dynamics. These findings further
support our hypothesis that conformational fluctuation dynamics of papain is
modulated dominantly by the modulation in the associated water dynamics by the

added osmolyte, and their interplay decides the thermal stability of papain.

4.3. Conclusion

This study reveals that the presence of osmolytes significantly alters the internal
dynamics of proteins, as demonstrated by the modulated conformational fluctuation
dynamics of papain in presence of osmolytes. Stabilizing osmolytes enhance the
rigidity of the protein structure, while destabilizing osmolytes induce flexibility, as
evidenced by the corresponding changes in the conformational fluctuation dynamics
of papain. Furthermore, conformational fluctuation of papain is observed to get
retarded in the presence of stabilizing osmolytes, where associated water dynamics
also gets retarded. An opposite effect is observed with destabilizing osmolytes. A
striking correlation is also identified between the thermal stability of papain and the
conformational fluctuation dynamics in presence of osmolyte, suggesting a direct
connection between water structure and protein dynamics in defining the thermal
stability of papain in osmolyte solution. These findings indicate that osmolyte-
induced modifications in associated water dynamics influence the protein's internal
structure, which possibly affects its thermodynamic properties and thus the thermal
stability (Scheme 3). Although a precise quantification of these effects remains a
challenge, the study provides a conceptual understanding of how osmolytes
modulate protein stability through changes in internal structural flexibility and

associated water dynamics, offering directions for future research in the field.
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papain in the presence of osmolytes. The melting point of papain in the presence of each
osmolytes is written in each marker (square box).
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Abstract

The unresolved puzzle of protein-osmolyte interaction is proved to have the
significant role of water. The traditional theories revolve around water but fail to
explain the protein-osmolyte interaction, especially where the effect varies with the
protein. The properties of a protein against a particular osmolyte vary depending on
the protein itself. One such property is its thermal stabilization in osmolyte solution
where the extent of stabilization varies with protein. We have employed bromelain
and papain as model proteins and sorbitol as model osmolyte. Melting, solvation
dynamics and conformational dynamics studies have been performed to gather
information on the modulation in the thermal stability, hydration layer and the
interior of protein (bromelain and papain) respectively in the presence of osmolyte
(sorbitol). Associated Water Stabilization Mechanism (AWSM) explains the
protein-osmolyte interactions better, where the thermal stabilization of protein in
osmolyte is shown to be an outcome of the strengthened interior (retarded
conformational dynamics) of the protein caused by the osmolyte strengthened water-
residue and water-water bonding (retarded associated water dynamics) at the protein
surface. Both the proteins follow the mechanism individually whereas the better
thermal stabilization of papain over bromelain needs a different approach within the
same framework as AW SM which could be understood by considering the changes
in the absolute values relative to their buffer counterpart rather than the comparison
of absolute values in the presence of sorbitol in case of each protein. The higher
extent of retardation in associated water dynamics of papain makes the extent of
retardation in conformational dynamics higherimplying greater strengthening ofthe
interior of the protein and thus the papain gets better thermal stabilization than

bromelain.
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5.1 Introduction

Proteins are the crucial universal working machinery in living systems which
function as sensors, transporters and so on. The three-dimensional (3D) structure of
the protein plays an importantrole in defining the functionality of the protein. Under
the influence of modified environmental conditions like variations in pH, salt
concentration, temperature etc., these may undergo drastic changes in the structure
that mighteven modify the function of the protein and in most cases lower down the
functional efficacy 2. Small organic solutes like sugars, polyols, amino acids and
their derivatives are known to stabilize these macromolecules against the perturbing
stress 3. This aspect of preservation of biomacromolecules by osmolytes has been
harnessed in biotechnology and pharmaceutical industries during storage and
transport *. Therefore, a comprehensive understanding of protein-osmolyte
interactions is vital, given their biological relevance and industrial utility. Although
several theories have been proposed to explain the protein-osmolyte interactions, the
mechanism of the protein osmolyte interaction is still not fully understood and needs
to be revisited in more detail because of its importance >°. To understand such
interactions theory was forwarded by Timasheff and coworkers initially °. It was
sugar proposed that protein will be get stabilized if the concentration of the solute is
less on its surface compared to bulk and vice-versa based on purely surface tension
phenomenon °~1°, Bolen and coworkers supported this observation by giving a
logical explanationbacked by experimental findings, where ithas been observed that
the stabilizing osmolyte have repulsive interactions with the protein surface and
vice-versa '!2, This theory is known by preferential interaction/direct interaction
theory and since the direct measurement of surface tension at the protein—solvent
interface remains technically challenging, limiting its broader application '3. Apart
from this, a new theory was introduced where it was believed that water even after
being present in enormous amount can’t stay just as a spectator. People have
observed the increased stability of protein in an osmolyte solution where either the

water structure gets enhanced, or the hydrogen bond among the water molecules gets
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strengthened 3. This theory is commonly known by water structure modulation
hypothesis or Indirect mechanism. Hishida et. al. observed an insightful correlation
where the stability of the protein goes parallel with the enhanced water structure
around the osmolyte molecules and vice versa 4716, This hypothesis explains the
effect of osmolyte on the thermal stability of protein quite well but fails to explain
protein specific effects in general !’. These water structure-modulation based
hypothesis are osmolyte centric and are thus not capable enough to explain the
effects that are based on proteins '8. One such effect is the different extent of
stabilization of different proteins in a specific concentration of any osmolyte.
Accordingto water structure-related theories, protein stabilization depends on water
modulation by the osmolyte, which is determined by its type and concentration.
Since both are the same here, the extent of stabilization should be identical,
regardless of the protein used. To explain such effects water structure theory should
be modelled in a way where some weightage must be given to the protein. One such
theory is the “Associated Water Stabilization Mechanism” (AWSM) °-24, This
theory stands as a bridge between the two traditional theories described above. The
water structure at the protein surface (associated water) is probed here directly unlike
the measurement of the surface tension by mimicking the most appropriate model '
for protein-water interface as is done in preferential interaction mechanism. We have
shown this explicitly in our recent publication where the thermal stabilization of
protein is caused by the strengthening of the interior of the protein which is brought
up by the osmolyte induced strengthening of the water structure near the protein
surface 2*. We here, tested the flexibility of the hypothesis to explain the thermal
stabilization effects on different proteins individually in the presence of osmolyte
21,24 Fyrther we have tested the hypothesis to understand the distinct stabilization of
proteins in the presence of same osmolyte by employing a new approach while
keeping the framework ofthe theory same. Here, to test the hypothesis we have taken
two different proteins bromelain and papain with sorbitol as the model osmolyte.

The findings of this study might foster the research and understanding in the field of
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protein science which might be useful in exploring the uncovered avenues related to

the biomacromolecules as well.
5.2 Results and Discussion
5.2.1. Thermal stability of bromelain and papain in the presence of Sorbitol:

Proteins are dynamic entities. These are very sensitive to their immediate
environment. Any kind of disturbance (temperature, pressure, pH, salinity etc.) in
their surroundings can modulate the characteristics of the protein. Generally, under
any perturbation the protein changes its conformation and the equilibrium between
the folded (native) and unfolded (denatured) population shifts and known as
denaturation 2>2%. Under the application of heat the protein unfolds, and the
equilibrium shifts to the right favoring more protein molecules to unfold. Here,
thermal study of proteins is carried out by employing fluorescence spectroscopy.
Solvatochromic nature of inherently fluorescent amino acid residues (tryptophan) of
the proteins is used here 27?8, The interior of the protein is hydrophobic, and the
surroundings are hydrophilic due to the presence of highly polar water media 2°. On
the application of heat the protein unfolds and the buried tryptophan residues came
out in the contact of the more polar water molecules 8. Thus, owing to the positive
solvatochromic nature of the tryptophan the emission spectrum of the protein shifts
toward the higher wavelength as shown in figure 1(a). On increasing the
temperature, the emission spectrum of the protein (excited at 295 nm) shifts and is
illustrated in figure 1(b). Emission maximum is used as a representative of the
individual emission spectrum and is plotted against the corresponding temperature
as shown in figure 1(c) to produce a melting curve. The thermal stability of the
protein is quantified by the parameter, melting temperature (7,,,) and is defined as
the temperature at which the population (where the fraction of the denatured state is
0.5) of the folded and unfolded proteins becomes equal. T,, is evaluated by
normalizing the melting curve by employing equation 5.2.1 followed by fitting by
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employing the sigmoidal function given by equation 5.2.2 as shown in figure 1(d)
21

fo =72 (5.2.1)
where A;, represents the emission maximum corresponding to any temperature i, Ay
represents the emission maximum representative of the native state and A,
represents the emission maximumrepresentative of the denatured state of the protein
under thermal study. The denaturation of protein is considered as a cooperative
phenomenon and thus the denaturation pathway is expected to follow the sigmoidal
nature. Keeping this in mind, here the denaturation plot is fitted with a sigmoidal

function given by equation 5.2.2,
y=a+b/(1+exp (x_half —x))/d)) (5.2.2)

Where “a” represents the value of lower asymptote which is taken as 0 and signifies
native state (i.e., fy = 0), “b” represents the distance from ‘a’ to the upper
asymptote which is taken as 1 and signifies the denatured state (i.e., f, = 1),
“x_half” represents the inflection point and signifies the melting temperature (7,,,)

and “d” represents the distance from x_half of the zone of compliance.

Higher T,,, value signifies the higher thermal stability of the protein and vice versa.
With the increase in sorbitol concentration the melting curve of bromelain shifts
towards the higher temperature values signifying enhanced thermal stability as
depicted by the melting curve for buffer (violet) in the leftmost in the lowest
temperature regime, followed by 1M (pink) and 2M (green) sorbitol with region of
inflexion of the melting curve further shifts to higher temperature regime and the
shift increases with increase in concentration of sorbitol as shown in figure 1(e) for
bromelain. The same results have also been observed for papain in the presence of
sorbitol as shown in figure 1(f). In case of papain the shift in inflexion region with
increase in the sorbitol concentration relative to buffer is more compared to

bromelain signifying higher thermal stabilization of papain over bromelain with
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increase in sorbitol content. T,,, value for bromelain in buffer only system is ~ 336

K which compliments the literature !7-!

. Asobserved qualitatively by examining the
melting curves, on the addition of sorbitol bromelain gets thermal stabilization and
quantitatively, the T,, value increases to ~ 338 K and ~ 340 K with continuous
increase in concentration from 1M to 2M respectively as shown in figure 1(g). A
similar increment in T, has also been witnessed in the case of papain where the T,
in buffer is experimentally observed as ~ 354 K and matches well with the literature
21 which enhances to ~ 359 K and ~ 364 K with 1M and 2M sorbitol concentration
as shownin figure 1(h). The melting temperature values for bromelain and papain
in buffer and sorbitol are organized in table 1. The observed extent of thermal
stabilization (AT,,) for bromelain and papain is ~ 2 K, ~ 4 K with 1M sorbitol
respectively and ~ 4 K, ~ 10 K with 2M sorbitol respectively as shown in figure 1(i),

where the extent of thermal stabilization 1s defined as,

AT,,(Osmolyte) = T,,(Osmolyte) — T,,,(Buf fer) (5.2.3)
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Figure 1: (a) Schematic representation of modulation of emission wavelength
representative of specific distribution of population between native and denatured
conformations during protein unfolding in thermal stability study. Modulation in the (b)
normalized emission spectra and (¢) emission maxima corresponding to the emission
spectra of bromelain (excited at 295nm) in buffer with temperature where, Ay =
338nm and Ap = 348 nm are the signature wavelength for the native and the
denatured state of bromelain in buffer respectively. (d) Normalized plot representing
the fraction of denatured bromelain at corresponding temperature fitted with a
sigmoidal function represented by equation 5.2.2 to determine the melting temperature
(T,). Fraction of denatured (fp) (e) bromelain and (f) papain at corresponding
temperature in the presence of buffer (violet), IM (pink) and 2M (green) concentration
of sorbitol along with the fitting line. Variation of the melting temperature (7;,,) of (g)
bromelain and (h) papain in the presence of buffer (grey), IM (green) and 2M (pink) of
sorbitol. (i) Increament in the melting temperature (AT,,) of bromelain (violet) and
papain (red) in 1M (green) and 2M (yellow) concentration of sorbitol.
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Table 1: Variation of the melting temperature (7;,,) of bromelain and papain in buffer
and sorbitol solution

[Sorbitol] Bromelain Papain
M) T (K) AT, (K) T (K) AT, (K)
0 336.0+0.5 - 354.4+0.5 -
1 338.2+1.0 2.2+0.4 358.7+0.5 4.3+0.9
2 339.6+0.5 3.6+0.2 364.5£1.0 10.1+0.4

5.2.2 Bulk water dynamics in controlling protein stability:

The observed extent of thermal stabilization is distinct for the two proteins employed
here in the presence of sorbitol and is a general observation for most of the
osmolytes/additives. Here in the case of bromelain and papain with sorbitol the
extent of thermal stabilization is less for bromelain relative to papain in each of the
concentration of sorbitol used. Both the known theories (preferential interaction
mechanism and water structure modulation theory) to explain protein-osmolyte
interaction directly or indirectly revolves around the impact of water arrangement or
interaction around protein molecules. Previously, we have reported the bulk
solvation dynamics of the buffer and the osmolyte solutions in the absence of
proteins by employing transient Absorption (TA) spectroscopy %224, Tt provides
information indirectly on the arrangement or the strength ofthe bonding between the
water molecules in the bulk solution in the absence and presence of co-solute by

harnessing the solvatochromic property of coumarin (C343).

Average bulk solvation dynamics (7,,;;) in buffer only system has been reported
around ~ 0.8 ps and it increased monotonically with the addition of sorbitol 2%,
Tpuk gets enhanced to a value of ~1.1 and ~1.6 with 1M and 2M sorbitol as shown
in figure 2 (a). The data for bulk solvation is taken directly from our previous report

and given in Table 2 for ready reference 2*. With the retardation in average bulk
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solvation dynamics (increase in the value of 7, ), both the proteins (papain and
bromelain are represented with red and violet color respectively) get thermal
stabilization as evident from the straight line fit of the correlation plot between T,
and 7, 1n figure 2(b). It signifies some role of water in modulating the thermal
stabilization of proteins in the presence of osmolyte molecules. In figure 2(c), the
extent of thermal stabilization (AT,,) is plotted against the change in average bulk
solvation dynamics (A7, ) to understand if the extent of modulation in bulk
solvation can explain the distinct thermal stabilization of different proteins in same

osmolyte. A1y, 1S evaluated as,

Aty (Osmolyte) = T4, (Osmolyte) — Ty (Buffer) (5.2.4)

From figure 2(c¢), it is evident that for the increment in the value of At,,,;;, on the
addition of 1M and 2M sorbitol the extent of thermal stabilization for papain and
bromelain is different, confirmed individually by the green (1M) and the yellow
(2M) strips in the same figure.

Table 2: Variation in the relaxation time constant, their relative weightage and average
relaxation in solvation dynamics study of C-343 in buffer and sorbitol solution

[Sorbitol] a, Tq a, T, Tavg
(M) (ps) (ps) (ps)
0 0.23+0.06 | 0.23040.070 | 0.77+0.060 | 1.03020.090 | 0.840+0.030
1 0.21£0.01 | 0.110£0.030 | 0.79+0.01 | 1.340+0.030 | 1.090+0.030
2 0.28+0.01 | 0.120£0.060 | 0.72+0.01 | 2.120+0.240 | 1.560+0.160

*All the data for bulk solvation dynamics study has been procured from our previous

work 24,




Chapter 5 Page 185

While bulk water may contribute to osmolyte-induced protein stabilization, it alone
cannotaccount for the thermal stabilization of the two proteins by different extent.
This is clear from the analysis of Figure 2(c), suggesting the involvement of
additional factors beyond bulk water modulation. Bulk water includes effects from
osmolyte butdoesn’tincorporate protein-induced effects on water modulation. Thus,
Figure 2(c¢) confirms that protein-specific observations might not be explained by

exploring bulk water behaviour alone.
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Figure 2: (a) Measurement of the bulk solvation dynamics (Tp,) in buffer, IM and
2M sorbitol shown in grey, green and pink color respectively. Correlation plot showing
the variation of (b) melting temperature (7,,,) with bulk solvation dynamics (Tp,;) and
(c) extent of change in melting temperature (AT,,) with extent of change in bulk
solvation dynamics (A7) in the presence of 1M (green strip) and 2M (yellow)
concentration of sorbitol for bromelain (violet) and papain (red). Experiments were
performed at 298 K.

5.2.3. Associated water dynamics modulation in the presence of sorbitol:

To further investigate why two different proteins exhibit distinct levels of thermal
stabilization in similar concentrations of the same osmolyte, we examine how the
added osmolyte modulates the water that is directly associated with the protein,
commonly termed as the associated water or biological water, which reflects
influences from both the protein and the osmolyte, unlike bulk solvation dynamics
that lack this level of specificity 3°-33. This water layer is special as it is known to
have characteristics different than the bulk water and known to vary from protein to

protein 3*. Apart from the unique behavior of the associated water, it is already
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evidentthat this layer also plays a crucial role in defining the properties of the protein
3336 Tt has been shown how the modulation in the associated water dynamics
modulates the activity of the protein in the presence of different co-solutes 2%,
Thermal stabilization of the protein in the presence of different co-solutes is also
reported to be influenced by the modulation of the associated water dynamics
20.21.232437 Qur group reported that the osmolyte modifies the thermal stability of
papain by modulating its associated water dynamics 2!-*4. The osmolyte that retards

the associated water dynamics thermally stabilizes the protein and vice versa.
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Figure 3: (a) Schematic representation of phenomenon of solvation. (b) The normalized
time resolved emission spectra (TRES) for bromelain in buffer. The relaxation of the
excited state represented by the (c) variation of the corresponding wavenumber
maximum of the representative emission spectra with time and is normalized using the
equation 2 to get the (d) solvent correlation function S(t) along with the fitting line
obtained by employing the biexponential function. Solvent correlation function, S(t) for
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(e) CPM tag bromelain and (f) CPM tag papain in buffer, IM and 2M concentration of
sorbitol represented in violet, pink and green respectively. Variation of the associated
water dynamics (T,s) of (g) CPM tag bromelain and (h) CPM tag papain in buffer
(grey), 1M (green) and 2M (pink) sorbitol solution. (i) Increament in the associated
water dynamics (At,gs) of bromelain (violet) and papain (red) in 1M (green) and 2M
(yellow) concentration of sorbitol. Experiments were performed at 298 K.

To test the credibility of this hypothesis which we termed as “Associated Water
Stabilization Mechanism” (AWSM) to explain the distinct effect of osmolyte on the
thermal stabilization of different proteins we have performed solvation experiments
on both proteins individually, in the presence and absence of sorbitol, to investigate
for the changes in their associated water dynamics. In the solvation experiment,
excitation was carried out using a laser pulse (4., = 375nm) which excited the
fluorophore CPM covalently attached to the protein. During this excitation process
the dipole moment of CPM molecules changes and is higher in the excited state
compared to the ground state *. As this process is instantaneous, the arrangement of
the surrounding solvent molecules in the excited state around the dipole remains the
same as that in the ground state which makes it a thermodynamically unstable
arrangement *°. To regain stability, the surrounding solvent molecules reorient their
dipoles to accommodate the new excited-state dipole of the fluorophore, a process
known as solvent relaxation, as illustrated in Figure 3(a). This dynamic
rearrangement was captured using time-resolved fluorescence measurements,
yielding a series of emission spectra at different time points during relaxation,
collectively known as Time-Resolved Emission Spectra (TRES) 2!2!. The
normalized TRES for the CPM-labeled bromelain in buffer is shown in Figure 3(b).
The emission maxima of representative emission spectra are plotted against the
corresponding time as depicted in figure 3(c) and is normalized to generate the

solvent response function S(t) by employing equation 5.2.5 as shown in figure 3(d).

_ T(O)-7(=)
S = 50 ot (5.2.5)
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S(t) is fitted using the biexponential equation as shown in figure 3(d). S(t) for
bromelain and papain in the presence and absence of sorbitol along with the fitting
lines are shown in figure 3(e) and figure 3(f). To test the feasibility of the bi-
exponential model over single exponential model, the solvent response function in
each case 1s fitted with both the models for comparative study. The TRES with
fittings by employing single and bi-exponential functions for CPM tag bromelain
and papain are presented in figure 4 and 5 respectively. The fitting values for bi-

exponential fit for CPM tag bromelain and papain are provided in table 3 and 4.
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Figure 4: Time resolved emission spectra (TRES) of CPM tag bromelain in (a) buffer,
(b) 1M and (c) 2M of sorbitol. Solvent correlation function along with the fitting lines
for CPM tag bromelain in (d) buffer, (e) 1M and (f) 2M of sorbitol. Experiments were
performed at 298 K.
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Figure 5: Time resolved emission spectra (TRES) of CPM tag papain in (a) buffer, (b)
1M and (c) 2M of sorbitol. Solvent correlation function along with the fitting lines for
CPM tag papain in (d) buffer, (¢) 1M and (f) 2M of sorbitol. Experiments were
performed at 298 K.

Table 3: Variation in the relaxation time constant, their relative weightage and average
relaxation in solvation dynamics study of CPM tag bromelain in buffer and sorbitol

solution.
[Sorbitol] a, T4 a, T, Tavg
(M) (ps) (ps) (ps)
0 0.49+0.02 130£5 0.51£0.02 | 730+19 440+3
1 0.64+0.02 150+6 0.36+£0.02 | 990+47 450+4
2 0.60+0.02 180+7 0.40+0.02 | 1100£39 550+5

Table 4: Variation in the relaxation time constant, their relative weightage and average
relaxation in solvation dynamics study of CPM tag papain in buffer and sorbitol
solution.
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[Sorbitol] a, T4 a, T Tavg
(M) (ps) (ps) (ps)
0 0.31+0.15 70 £14 0.69+0.25 130£31 110£20
1 0.84+0.02 120+6 0.16+0.02 | 1380£176 320+10
2 0.56+0.01 170+6 0.44+0.01 | 1560453 780+27

*All the data for solvation dynamics study of CPM tag papain has been procured from
our previous work.

Proteins generally show a broad spectrum of solvation events in the picosecond (ps)
to nanosecond (ns) range, where the event with time scale of ~1ps comes from the
water motions in the bulk 3931334041 ‘The relaxation in the time range ~ 5ps is from
the relaxation of the water molecules in the protein hydration layer. The dynamics
in the range ~ 20ps—200ps originates fromthe concerted motions of the protein side
chains and the water molecules attached to these side chains on the protein surface
3142 These motions are known to be initiated by the overall network movement of
the water molecules in the hydration layer 4>~%°. To distinguish this slow motion
originating from the water network from the faster motions of the water molecules
in the hydration layer, the dynamics linked with these motions are entitled as
associated water dynamics. The dynamics >200ps comes from the various protein
motions. As we have already mentioned that we are interested in probing the
associated water layer and specifically we are more interested in probing the type of
motions in which the water and protein both participate. From the description of the
type of motions a protein undergoes, it’s clear that our search matches with the
associated water dynamics of the protein which are in the range ~20-200ps and the
instrument used here i.e., TCSPC (with an IRF ~75ps and detection capability of
dynamics as fast as ~30ps with precision) is suitable for observing dynamics in this
range provided the protein shows the associated water dynamics (7,,) in the range

>30ps. For the proteins, bromelain and papain, the 7,4 is observed experimentally
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around 130ps (figure 3(g)) and 70ps (figure 3(h)) respectively in buffer only system.
The value of 7,4, in case of bromelain has been observed to be around 150ps with
IM sorbitol which further increase to 180ps with increase in concentration of
sorbitol to 2M as shown in figure 3(g). With the increase in the concentration of
sorbitol the associated water dynamics of bromelain get retarded as is evidentby the
increase in the value of 7,4, shown in figure 3(g) and the same trend has also been
observed in papain as well which is evident in figure 3(h). In the case of papain, the
value of 74, increase from 70ps to 110ps on the addition of 1M sorbitol to buffer
which increases continuously with increase in concentration of sorbitol and reaches
to 150ps with 2M sorbitol as shownin figure 3(h). Researchers have emphasized the
direct involvement of the associated water dynamics in influencing the thermal
stabilization of the proteins in various systems. Das ef al., observed the modulation
in the thermal stabilization of human serum albumin (HSA)in the presence of the
macromolecular crowder by the modulation in the associated water dynamics
mediated through the modulation of the entropy and enthalpy of the overall system
20 Similar observations have been reported by Khan et al for the thermal
stabilization of bromelain in the presence of Ficoll-70k and deep eutectic solvents
20.23.37 Even the altered thermal stabilization of papain in the presence of different
osmolytes is found to be directly correlated with the modulation in the associated

21 Collectively, these studies suggest that the

water dynamics of the enzyme
modulation in the associated water dynamics in the presence of added co-solute
controls the thermal stabilization of the protein. To validate our hypothesis (AWSM)
in explaining the thermal stabilization of bromelain and papain in the presence of
increasing sorbitol concentration we have plotted the T,, against the 7, in the
presence and absence of sorbitol as shown in Figure 6(a) for both the proteins. In
Figure 6(a), it can be observed that with an increase in the concentration of sorbitol
the value of 7., and T, for bromelain (represented in violet) and the papain
(represented in red) increases with sorbitol contentand thus both the proteins follow

the hypothesis justified by the straight line fit as where the associated water

dynamics gets retarded (increased t,,;) the protein get thermally stabilized
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(increased T,,). Both the proteins, individually, follow the hypothesis, butit appears
that with the basic approach of the theory it is hard to comment on the different
stabilization of proteins in similar environmental conditions. To explore this, we
extended our approach with a slightly different perspective by shifting focus from
absolute values of the parameters to the extent of change, aiming to better capture

the relative stabilization effects of osmolytes on different proteins.

As the concentration of sorbitol is increased the associated water dynamics for both
the employed proteins increase but the extent of retardation in the dynamics (At )

1s observed to be different for the two and is given by,
At (Osmolyte) = t,,,(Osmolyte) — T, (Buf fer) (5.2.6)

The extent of retardation in the associated water dynamics for bromelain is observed
to be ~ 20ps and ~ 50ps with subsequent increase in concentration from 1M to 2M
sorbitol as shown by violet bars in figure 3(1). Whereas the extent of retardation for
papain has seemed to increase from ~50ps to ~90ps with increase in sorbitol
concentration from 1M to 2M shown by red bars in figure 3(1). On comparing the
extent of retardation for the two proteins with individual concentration of the sorbitol
we found out that the extent of retardation for bromelain and papain (green strips in
figure 3(1)) in 1M sorbitol is ~20ps and ~50ps respectively. For 2M sorbitol the
extent of retardation is ~50ps and ~90ps with bromelain and papain (yellow strips in
figure 3(i)) respectively. With each of the concentration of sorbitol employed here
the extent of retardation is less in case of bromelain relative to papain. Similar
observation has also been observed where we have discussed the extent of thermal
stabilization suggested weaker stabilization of bromelain rover papain. The results
for the extent of thermal stabilization and retardation in associated water dynamics

for the proteins in the employed concentration of sorbitol could be summarized as,

(ATm)[X],Bromelain < (ATm)[X],Papain (5 .2.7)
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(ATass) [X],Bromelain < (ATass) [X],Papain (5 -2-8)

where, [X] is the concentration of the sorbitol used in this study. The AT, is plotted
against At to search for any correlation between the two. In case of each of the
proteins (violet for bromelain and red for papain), with the increase in sorbitol
concentration, AT, increases whichis correlated by the almost straight line relation
with the AT,,, which imply that with the increase in extent of retardation in associated
water dynamics, each of the employed protein gets higher thermal stabilization as
shown in Figure 6(b). The extent of retardation in the associated water dynamics and
the extent of thermal stabilization for bromelain is less than that of papain with each
of the sorbitol concentration. So, finally it can be concluded from Figure 6(b) that
where the extent of retardation in associative water dynamics is more, the protein

will get thermal stabilization by greater extent.
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Figure 6: Correlation plot showing the variation in the (a) melting temperature (T;,)
with the associated water dynamics (7,5) and (b) extent of change in melting
temperature (AT,,) with extent of change in associated water dynamics (At,g) for
bromelain (violet) and papain (red) in the presence and absence of sorbitol. Experiments
were performed at 298 K.



Page 194 Chapter 5

5.2.4. Microsecond conformational fluctuation dynamics measurement:

The correlation between the associative water dynamics and melting temperature of
protein describes the thermal stabilization of bromelain and papain individually in
the presence of sorbitol and the correlation between the extent of retardation in
associated water dynamics with the extent of increment in melting temperature
describes the higher thermal stabilization of papain over bromelain in sorbitol.

However, the insight into how this correlation comes into play is still unclear.

Since water molecules in the hydration layer directly interact with the protein
surface, changes in their dynamics may influence both residue—water interactions
and intra-protein residue bonding #¢. These altered interactions could reshape the
protein's thermodynamics, ultimately impacting its thermal stability. In our recent
study, we provide mechanistic insight into this phenomenon by establishing a strong
link between associated water modulation and conformational fluctuation dynamics
in the presence of osmolytes 4. This suggests that to understand the molecular events
involved in processing the modulation in the associated water dynamics in the
presence of sorbitol to directly reflect in the altered thermal stabilization we must

probe the interior of the protein.

Dimension of the proteins is generally measured in terms of hydrodynamic radii
(R;,) which spans in the Angstrom (A) range. Since these are too small to be
observed and thus hard to track directly any subtle changes these might undergo.
Therefore, the interior of the protein must be probed indirectly. For this indirect
measurement, we have employed fluorescence correlation spectroscopy (FCS) as a
tool where an observation volume in femtolitre dimension (0.8 fl in our case shown
in figure 7(a)) is created using the optical setup with the help of laser beam 47#
(Adex = 532 nm) and the fluctuations in the emission intensity of the fluorophore
with time is recorded as shown in the upper panel of figure 7(b). The time traces of
the emission intensity measured in two different detectors are correlated by giving a

lag in time between the two to produce a cross-correlation function (G (7) vs time).
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The dynamics of any event that induces the changes in the intensity of the
fluorophore can be probed here as exemplified in the lower panel of figure 7(b),
provided the dynamics must not be slower than the diffusion dynamics of the
fluorophore in the observation volume and should not be faster than the detection
limit ofthe overall FCS setup *°. Here we have employed TMR attached to bromelain
(CYS 26) and papain (CYS 25) for the FCS study ?*°°. The TMR tagged to
bromelain and papainis surrounded by five tryptophanresidues positioned at distinct
locations from the free cysteine residue to which the TMR dye is attached. The
fluorescence intensity of tagged TMR is expected to be quenched by the interaction
of the T cloud of the tryptophan residues which is evident in other studies as well >!-
53, As the interaction depends on the distance of the quencher from the fluorophore,
the quenchingis expected to be dominated with the nearest tryptophanresidue (TRP
27 and TRP 26 in bromelain and papain respectively). The quenching will be
influenced by other relatively distant tryptophan residues as well, as all are within
the proximity of the attached TMR dye owing to the small size of the bromelain
(R p=~22 Ao) and papain (R n=~18 A). As per the literature the free (untagged)

TMR dye shows atriplet state dynamics in the microsecond time scale 484

.Onbeing
attached covalently to the free cysteine of the bromelain, the inherent microsecond
triplet state dynamics ofthe TMR dye s expected to be observed in the case of TMR
tagged bromelain and papain as well with a slight modulation in the absolute value.
As per the discussion the TMR tagged bromelain and papain are expected to show
three different kinds of dynamical events namely, diffusion dynamics,
conformational dynamics because of the quenching of TMR fluorescence by the
nearby tryptophan residues and the inherent triplet state dynamics of the attached

TMR dye.

For bromelain, the cross-correlation function, G(t) for buffer only system is

provided in figure 7(c) which has been fitted with equation 5.2.9 comprises of two

exponential and one diffusion term 244,
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T
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G(2) = %(1 n i)_l (1+
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The normalized cross-correlation plot for bromelain in buffer with fitting is shown
in figure 7(d). Although we have checked for the other equations as well, the cross-

correlation fits best with the employed equation as shown in figure 8.
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Figure 7: Schematic representation of the (a) possible processes of fluorophore
attached protein within the observation volume of the FCS setup and (b) the processing
of the fluctuations in the emission intensity of the attached fluorophore observed by two
detectors (upper panel) to generate the cross-correlation function, G (t) (lower panel).
(c) Cross-correlation function for bromelain in buffer and (d) normalized cross-
correlation function for bromelain with the fitting line by employing equation 5.
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Normalized cross-corrleation function for (¢) TMR tag bromelain and (f) TMR tag
papain in buffer, IM and 2M sorbitol concentration represented in violet, pink and
green. Variation in the conformational dynamics (z,) of (g) TMR tag bromelain and (h)
TMR tag papain in buffer, IM and 2M concentration of sorbitol shown in grey, green
and pink color respectively. (i) Increament in the conformational dynamics (At,) of
bromelain (violet) and papain (red) in 1M (green) and 2M (yellow) concentration of
sorbitol. Experiments were performed at 298 K.
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Figure 8: Fitting of FCS cross-correlation trace of TMR-bromelain in buffer with
different fitting models. Residuals are given for each fitting model used. Experiments
were performed at 298 K.

Control fitting analyses were performed using alternative models, including single-
exponent with diffusion, single-diffusion, and dual-diffusion equations, to ensure
robustness in data interpretation as shown in figure 8. From the residuals describing
the goodness of fitting with different models in figure 8a clearly depicts that the
model with single diffusion and two exponents fits the best among all the possible
models. Theresidual for function with two diffusion components shown in figure 6b
also seems promising but gives the value of one component too small (~ 14us)
which is not even comparable to the diffusion time of the free (~ 50us) dye. Which
rules out the possibility of having the second component arising out of the free dye

present in the sample of TMR-papain. Figure 8 ensures that the model with single
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diffusion and two exponents is the most appropriate and matches well with the
expected number of events possible with our system.

The diffusion term is for the movement of the TMR tagged bromelain through the
observation volume and must be the dynamics with slowest time scale. We must
cross check for the source of the other two exponential components as the origin of
the eventmightbe the internal dynamics of the dye or the conformational fluctuation
of the protein or an artifact of the device. Here in the case of TMR tagged bromelain
we have gotthree events with time constants~ 5us, ~ 38us and ~ 140us. The event
with the slowest time constanti.e., of 140us is ascribed to the diffusion dynamics
of the TMR tagged bromelain. For the other two faster time constants we are left
with two possibilities that are internal dynamics of the dye and the conformational

dynamics of the protein.

We have performed power dependent FCS experiment to confirm the event arising
out of the inherent triplet state dynamics of the dye. We have observed the rise in
the percentage of population of the dye molecules (p) in the triplet state with an
increase in power whereas the associated time constant of ~ 5us remains almost the
same irrespective of the laser power used as shown in Figure 10. Raw data has been

provided in Figure 9.
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Figure 10: Variation of the (a) population of the dye molecules in the triplet state (p),
(b) fastesttime constant (triplet state dynamics, 77), (c) the second fastest time constant
(conformational dynamics, 7,.), and (d) hydrodynamicradii (Ry,) of the bromelain with
power using optical fiber of diameter 50um. Experiments were performed at 298 K.
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Figure 12: Variation of the (a) conformational fluctuation dynamics (7,) and (b)
hydrodynamic radii (Ri) of TMR-tagged bromelain with change in the observation
volume. Experiments were performed at 298 K.

This confirms the association of the dynamics with time scale ~ 5us with the
inherent triplet state dynamics of the dye. Further we have studied the variation in
the time constant of dynamics by modulating the observation volume of the device
through employing optical fibers with different dimensions to confirm that the
dynamics in the range ~ 38us is having protein origin and not originating from the
dye itself °!. We have observed almost similar time constant (~ 38us) associated
with this event irrespective of the observation volume of the device shown in Figure
12, which justifies our assumption of having this event arising out of the
conformational dynamics or the breathing motion of protein (raw data has been
provided in Figure 11). As the protein papain shares a lot of similarities with
bromelain and thus shows similar events. Papain shows a diffusion dynamics,
conformational dynamics and triplet state dynamics with time constant of ~ 120us,
~41pus and ~ 6us respectively. The similar control experiments for the assignment
of events with different dynamic processes observed during FCS study of TMR tag

papain have already been proved somewhere else 4.

The normalized cross-correlation plots for TMR tag bromelain and TMR tag papain
in the presence and absence of sorbitol are shown in Figure 7(e) and Figure 7(f)

respectively. In the case of both the proteins, with increase in the sorbitol content the
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cross-correlation plot decays more slowly as evident by the violet color plot for
buffer followed by pink for 1M and green for 2M sorbitol respectively in Figure 7(e)
and 7(f). The time constant associated with the conformational dynamics (73) of
bromelain is ~ 38us. On the addition of sorbitol, the value of 7 increasesto ~46us
which further increases to ~ 63us with 2M sorbitol as shown in Figure 7(g). For
papain, the value of 7 is observed experimentally around ~ 41us which increases
to ~ 54us and ~ 77us with increase in sorbitol concentration to 1M and 2M
respectively as shown in Figure 7(h). All the fitting data has been provided in table
5 and 6 for TMR tag bromelain and papain respectively.

Table 5: Variation of time scales of triplet state dynamics, conformational dynamics,
diffusion dynamics and hydrodynamic radii of bromelain in buffer and sorbitol solution

[Sorbitol] T (Us) TR(Us) Tp(us) R,(A)
(M)
0 4.7+0.1 38.8+3.9 135.9+6.0 22.1£1.0
1 4.3+0.3 46.3+2.8 244.0+10.9 20.1+0.9
2 3.5+0.6 62.7+3.0 548.4+28.8 20.2+1.0

Table 6: Variation of time scales of triplet state dynamics, conformational dynamics,
diffusion dynamics and hydrodynamic radii of papain in buffer and sorbitol solution

[Sorbitol] T (us) TR(us) Tp(us) R, (A)
(M)
0 5.9+0.2 41.1+4.2 119.2+5.0 19.4+0.8
1 3.0+£0.2 54.443.5 220.1£10.9 18.1£0.9
2 4.6+0.1 76.8+£3.6 492.2+31.0 18.2+1.2
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The continuous increase in the value of 7, with the sorbitol content for both the
proteins implies retardation in the conformational dynamics or slowness in the
inherentmotions of the proteins. The observedretardation in protein conformational
dynamics can be attributed to two primary factors: an increase in bulk solution
viscosity and the modulation of associated water dynamics due to osmolyte addition.
This idea is supported by the work of protein science pioneer Hans Frauenfelder,
who demonstrated that large-scale protein motions are governed by solvent
viscosity, while small-scale motions are influenced by the properties of water
molecules directly interacting with the protein surface what we refer to as associated
water 336, Both factors might impact the conformational dynamics of the protein
in the microsecond regime. In ourrecentreport, we have shown a pronounced impact
of associated water dynamics on conformational dynamics in the microsecond

regime over the viscosity 24,

Now, to see the influence of modulation of associated water on the modulation of
the interior of the protein, we have plotted 7, against 7,.. As the value of 74,
increases with the addition of sorbitol, the value of 7,. also increases as evident in
Figure 13(a) by a straight line fit for both the proteins. With the addition of sorbitol,
the bonding among the water molecules and water-surface amino acid residues get
strengthened confirmed by the retardation in the associated water dynamics. This
alteration in the bonding also makes an impact on the internal energetics of the
protein (bonding between the amino acid residues within the protein) as the surface
residues, water attached to the surfaceresidues and the inner amnio acid residues are
internally connected through the physical forces like hydrogen bonds and thus the
conformational dynamics of the proteins also got changed as suggested by the
correlation. The retardation in the conformational dynamics of the proteins on the
addition of sorbitol points towards the strengthening of the bonding among the
amino acid residues and thus both the proteins employed here get thermally

stabilized.
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This correlation between 7., and 7,. in the case of each protein gives insights into
how the modulation in the associated water dynamics in the presence of sorbitol
modulates the interior of the protein to reflect the ultimate effect on the thermal
stabilization of the protein in presence of sorbitol. But this correlation doesn’t
provide any useful insights into how the two proteins get thermally stabilized by
different extent in the presence of the same concentrations of sorbitol. To seek for a
reasonable insight into the interior of the protein in the presence of sorbitol we have
determined the extent (At,) by which the interior of the protein gets perturbed on
the addition of sorbitol with respect to the buffer counterpart in case of each protein

by employing the equation,
At,.(Osmolyte) = t,(Osmolyte) — t,.(Buffer) (5.2.10)

It has been observed that the value of At,. for bromelain comes around ~ 8us and ~
24us with 1M and 2M sorbitol respectively. For papain it appears around ~ 13us
and ~ 36us for the sorbitol concentration of 1M and 2M respectively. Based on the

comparative analysis for At,
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Figure 13: Correlation plot of the (a) variation in the associatd water dynamics (7 4s)
with conformational dynamics (7,), (b) extent of change in the associated water
dynamics (A1) with the extent of change in the conformational dynamics (At,) and
(c) the extent of change in the melting temperature (AT,,,) with the extent of change in
the conformational dynamics (At,.) of bromelain and papain represented in violet and
red color respectively. Experiments were performed at 298 K.

between bromelain and papain, it can be deduced that the extent of retardation in

conformational dynamics is less for bromelain relative to papain with each
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representative concentration of sorbitol used here in the study as is evident from

Figure 7(i) and can be summarized as,

(ATr)[X],Bromelain < (ATT) [X],Papain (5-2-1 1)

To explore how internal perturbations in proteins influence their melting
thermodynamics, we plotted At against Az, as shown in Figure 13(b). Upon
sorbitol addition, bromelain showed a smaller retardation in both associated water
dynamics and conformational dynamics, while papain exhibited greater retardation
in both, as shown in Figure 6b. This suggests that the higher thermal stabilization of
papain compared to bromelain in sorbitol arises from a stronger impact on its internal
structure (Figure 13c¢), driven by stronger internal bonding and arrangement of water

molecules in its associated water layer.
5.3 Conclusion

Protein responses to osmolyte-induced perturbations vary significantly across
different proteins, an observation not adequately explained by traditional water
structure modulation theories. In this study, we revisited the problem through the
lens of the Associated Water Stabilization Mechanism (AWSM), using bromelain
and papain as model systems and sorbitol as the osmolyte. Our findings demonstrate
that sorbitol thermally stabilizes both proteins by modulating the dynamics of the
associated water layer at the protein surface. This modulation strengthens water-
water and water—residue interactions, which in turn influence the protein's internal
bonding network, leading to enhanced conformational rigidity. However, the degree
of stabilization differs between the two proteins. Comparing absolute values of
associated water dynamics (7,,,) and conformational dynamics (t,.) in sorbitol is
insufficient to explain this disparity. Instead, the extent of change relative to the
buffer (At,, At,) proves to be more insightful. Papain exhibits greater extent of

retardation in both associated water dynamics (At,,,) and conformational dynamics
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(At,), resulting in stronger internal stabilization and thus higher thermal
stabilization than bromelain. Sorbitol strengthens the bonding between water
molecules and between water-surface amino acid residues more in case of papain
which strengthens the internal bonding in papain more and thus the papain gets better
thermal stabilization compared to bromelain. These results validate the AWSM
framework and offer a deeper, protein-specific understanding of osmolyte-induced
stabilization. We believe this perspective provides a more mechanistic view of
protein-osmolyte interactions and could open new avenues for exploring protein

stability in complex biological and industrial settings.
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Abstract

Deciphering how stabilizing osmolytes and destabilizing agents modulate protein
stability is essential for understanding protein folding and function under cellular
stress. In this study, we explore the mechanism by which a chemical denaturant
counteracts the stabilizing effect of an osmolyte on the protease papain. Building on
our proposed Associated Water Stabilization Mechanism (AWSM), we demonstrate
that sorbitol enhances protein thermal stability by strengthening water—water and
water—protein surface interactions, which in turn promote cohesive bonding among
core amino acid residues. Conversely, guanidinium hydrochloride (GnHCI) disrupts
these hydration networks and weakens residue-residue interactions, leading to
destabilization. When both osmolyte (sorbitol) and denaturant (GnHCI) are present
together, GnHCl diminishes the efficacy of sorbitol by reducing its ability to enhance
the local water structure, thereby attenuating the strengthening of the protein’s
interior and thereby counteract the stabilizing effect of sorbitol on thermal stability
of papain. Our findings indicate that the counteracting influence of GnHCI on
sorbitol-induced stabilization can be understood within the AWSM framework.
Apart from a weak direct interaction between sorbitol and GnHCI, their opposing
impacts on hydration dynamics also contribute to the counteraction effect. This study
highlights AWSM as a promising conceptual tool for understanding protein-
osmolyte interactions and offers molecular-level insight into how chemical

environments govern protein stability.
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6.1. Introduction

Proteins are fundamental to virtually every biological process, acting as enzymes,
structural components, signalling molecules, and more. The ability of a protein to
perform its function depends critically on the integrity of its three-dimensional
structure, which is maintained through a delicate balance of non-covalent
interactions such as hydrogen bonding, hydrophobic interactions, and electrostatic
forces . However, this native conformation is only marginally stable and can be
easily perturbed by changes in environmental conditions such as temperature, pH,

ionic strength, or the presence of chemical agents 4.

To combatthese destabilizing influences, many organisms accumulate small organic
molecules known as osmolytes. These compounds, which include sugars, polyols,
amino acids, and methylamines, are known to stabilize protein structure *. Despite
several proposed theories, the mechanism of protein—osmolyte interactions remains
vague and needs deeper exploration due to its significance *. Timasheff and group
suggested that proteins stabilize when solute concentration is lower at the protein

>-11 Bolen and

surface than in the bulk, a concept based on surface tension
coworkers supported this with experimental evidence, showing that stabilizing
osmolytes repel the protein surface known as the preferential interaction theory !>
14 However, direct surface tension measurements at the protein-solvent interface are
technically challenging '°. Another view, the water structure modulation hypothesis,
proposes that water actively enhances protein stability by strengthening its
hydrogen-bond network in the presence of osmolyte solutions '°. Hishida etal. found
protein stability correlates with enhanced water structure near osmolytes 16718, The
water structure modulation hypothesis is opposed in literature while describing the
destabilizing effect of denaturants on protein though water structure weakening
effect 124 Recently a hypothesis named Associated Water Stabilization Mechanism
(AWSM) has been put forward by our group to explain the protein-osmolyte
interactions, where the thermal stabilization of protein in osmolyte is shown to be an

outcome of the strengthened interior (retarded conformational dynamics) of the



Page 218 Chapter 6

protein caused by the osmolyte strengthened water-residue and water-water bonding
(retarded associated water dynamics) at the protein surface 2°-3°. This theory has
advantage over others in explaining the protein-osmolyte interactions that are protein
specific in nature which are otherwise not possible to understand by traditional

theories 7.

The biological relevance of studying the counteraction between osmolytes and
denaturants lies in understanding how cells maintain protein homeostasis under
stress. In vivo, proteins are often exposed to competing influences of stabilizing
osmolytes and destabilizing agents such as urea or GnHCI particularly under
pathological or extreme environmental conditions !. Deciphering the interplay
between these opposing forces can shed light on protein folding diseases, cellular
stress responses, and the development of therapeutic formulations. Sorbitol, a sugar
alcohol, is one such osmolyte that is widely recognized for its ability to enhance
protein thermal stability and biological significance *. Conversely, denaturants such
as guanidinium hydrochloride (GnHCI) exert the opposite effect and known to
counteract the stabilizing effect of osmolytes *2. In this study, we aim to dissect the
counteracting effects of sorbitol and GnHCl on protein thermal stability, using model
proteins and spectroscopic techniques. We focus specifically on how changes in
hydration-layer dynamics and intra-protein interactions, following the AWSM
hypothesis, contribute in counteraction of the stabilizing effect of osmolyte on
protein by denaturant. By systematically varying the concentrations of sorbitol and
GnHCI, we seek to understand the molecular basis of this antagonistic interaction
and its implications for protein stability in complex biological environments. This

study might help in understanding the protein-osmolyte interaction in depth.

6.2 Results and Discussion

Proteins are dynamic and highly sensitive to environmental changes such as

temperature, pressure, pH, and salinity °. These perturbations can alter protein
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conformation by shifting the equilibrium between folded (native) and unfolded
(denatured) states, a process known as denaturation or melting. Heat typically drives
this equilibrium toward the unfolded state 2°-33-33 In this study, thermal denaturation
is monitored using fluorescence spectroscopy, leveraging the solvatochromic
response of intrinsic fluorescent residues like tryptophan 3637, As these tryptophan
residues are spread all over the protein as is shown in figure 1(a) providing
information over the whole denaturation of the protein. The protein interior is
composed of less polar residues, making it relatively hydrophobic, while the

36, Upon unfolding, buried

surrounding aqueous environment is hydrophilic
tryptophan residues gets exposed to polar water molecules. As temperature
increases, unfolding occurs, leading to a red shift in the emission spectrum (excited

2736 and is

at 295 nm) due to the positive solvatochromic response of tryptophan
illustrated by the shift in the emission maximum in figure 1(d). The melting plot of
papain in buffer shown in figure 1(d) is normalized (shown by violet dots) by

employing the equation 6.2.1 as shown in figure 1(e).

fo =722 (6.2.1)

where A;, represents the emission maximum corresponding to any temperature i, Ay
represents the emission maximum representative of the native state and A,
represents the emission maximumrepresentative of the denatured state of the protein
under thermal study. The melting plot of a protein in a solvent system is used to
describe its stability. The temperature at which the native and the denatured
conformations are equally populated (described by f, = 0.5), the protein system is
said to be half denatured and is qualitatively called the melting temperature
(denaturation temperature, T,,,) of the protein as shown by the red dotin figure 1(e).
The normalized melting plot is then fitted using equation 6.2.2 to quantify the
melting temperature of the buffer and is represented by the x_half .
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y=a+b/(1+exp (x_half —x))/d)) (6.2.2)

where “a” represents the value of lower asymptote which is taken as 0 and signifies
native state (i.e., fy = 0), “b” represents the distance from ‘a’ to the upper
asymptote which is taken as 1 and signifies the denatured state (i.e., fp, = 1),
“x_half” represents the inflection point and signifies the melting temperature (7,,,)
and “d” represents the distance from x_half of the zone of compliance. The melting
temperature of papain is found ~ 355 K which matches well with the previous
literature 2’. Here in this study to probe the mechanism of counteraction of the
stabilizing effect of osmolyte by denaturant we have employed sorbitol as model
stabilizer and GnHCl as model destabilizer or denaturantas shown in figure 1(b) and
1(c) respectively. To measure the thermal stability of papain in the presence of
sorbitol, GnHCl and in the 1:1 molar ratio of the two, the same procedure has been
followed and melting plots are given in Figure 2. As expected with the addition of
IM sorbitol the melting temperature of the papain increases and reaches a value of
~ 359 K. The increased value of T,,, in 1M of sorbitol relative to buffer signifies the
stabilizing effect of sorbitol on the thermal stability of papain. The addition of 1M
of GnHCl destabilizes the protein as is evident by the T, of ~350 K which is less
than that in buffer only system. [f GnHCl counteracts the stabilizing effect of sorbitol
on papain, the mixture of sorbitol and GnHCI 1s expected to have melting
temperature in between that of GnHCI only and sorbitol only system. The
experimental value of T, in 1:1 molar solution of GnHCl and sorbitol is measured
~353 K and has seemed to lie in between the GnHCI (1M) only and sorbitol (1M)
only system. This clearly shows that the extra stability that has been provided by the
sorbitol (T,, = 359 K) to papain (T,, = 355 K) has been counteracted by the
presence of GnHCI (T,,, = 353 K). The order of thermal stability is as follows
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T,,(GnHCI(1M)) < T,,(Sorbitol(1M) + GnHCI(1M)) < T,,(Buffer)
< T,,(Sorbitol (1M))

This observation justifies the counteraction of stabilizing effect of sorbitol by

GnHCI.
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Figure 1: Representation of the (a) distribution of tryptophan residues in papain (b)
sorbitol as stabilizer (c) GnHCl as destabilizer. Variation in the (d) emission maximum
of papain (excited at 295nm) in buffer with temperature where, Ay = 339 nmand A4, =
348 nm are the signature wavelength for the native and the denatured state of papain
in buffer respectively. () Normalized plot representing the fraction of denatured papain
at corresponding temperature fitted with a sigmoidal function represented by equation
6.2.2 to determine the melting temperature (7,,). (f) variation of the melting
temperature of papain in the presence and absence of sorbitol (1M), GnHCI (1M) and
the 1:1 molar mixture of two.
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Figure 2: Melting plots of papain in aqueous solution of (a) GnHCI (1M), (b) Sorbitol
(IM)+GnHCI (1M) and (c) Sorbitol (1M).

The reduction in the stabilizing power of the osmolyte in the presence of denaturant
is believed to translate through the direct interaction of the denaturant with the
osmolyte molecules but the strength of the interaction among the two is considered
not enough to translate this phenomenon of counteraction effectively *!. Recently a
mechanism has been proposed by our group to understand the stabilizing effect of
osmolyte on the thermal stability of the protein and is known as Associated Water
Stabilization Mechanism (AWSM) 2°-3%-37 This theory states that the osmolyte
stabilizes the protein by strengthening the interior of the protein which is indirectly
translated by the osmolyte induced strengthening of the bonding among the water-
water and water-amino acid residues of the protein and denaturants does the opposite
27, To understand the mechanism of counteraction we have employed the approach
proposed by the AWSM hypothesis. Application of this theory needs to probe the
bonding between the water-water molecules and water-amino acid residues in the
hydration layer of the protein, and among the residues within the protein. We have
gathered information on bonding between the water-water molecules and water-
amino acid residues by performing the solvation study to probe the associated water
dynamics and performed the conformational dynamics study to probe the interior of

the protein providing information on the bonding among the amino acid residues.

The solvation study is performed on the fluorescently labelled CPM tag papain
wherethe CPM dyeis cite specifically tagged to Cys-25 of papain as shown in figure
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3(a). During excitation using laser pulse (4., = 375nm) the attached fluorophore
to the proteins, CPM gets excited. Upon excitation, the dipole moment of CPM
increases in the excited state. Since excitation i1s instantaneous, solvent molecules
initially retain their ground-state arrangement, creating a thermodynamically
unstable environment. To stabilize the system, the solvent dipoles reorient around
the new dipole of the excited dye, this process is known as solvent relaxation 3%,
By employing the solvation methodology, we got the emission spectrum of the
fluorophore corresponding to different energy states observed atthe respective times
during the relaxation process known as Time resolved Emission Spectra (TRES) and
after normalization are shown in figure 3(b). The emission maxima of representative
emission spectra are plotted against the corresponding time as depicted in figure 3(c)
and is normalized to generate the solvent response function (S(t)) by employing

equation 6.2.3 as shown in figure 3(d) by violet dots.

_ V() —v(x)
S = S0 o0 (6.2.3)

S(t) 1s fitted using the biexponential equation as shown in figure 3(d) shown by violet
line. The same procedure has been carried out with other systems and the solvent
response function along with fitting for other osmolyte systems are provided in

Figure 4.
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Figure 2: (a) Schematic representation of the free cysteine (green) in papain to which
the CPM dye is attached. (b) The normalized time resolved emission spectra (TRES)
for papain in buffer. The relaxation of the excited state represented by the (c) variation
of the corresponding wavenumber maximum of the representative emission spectra with
time and is normalized using the equation 6.2.3 to get the (d) solvent correlation
function S(t) along with the fitting line obtained by employing the biexponential

function. (e) Variation in the associated water dynamics (7,5) of CPM tag papain in
the presence and absence of sorbitol (1M), GnHCI (1M) and the 1:1 molar mixture of
two. (f) Correlation depicting the modulation in the melting temperature (T5,,) with the

associated water dynamics (7,g). Experiments were performed at 298 K.
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Figure 4: Solvent response function of papain in aqueous solution of (a) GnHCI (1M),
(b) Sorbitol (IM)+GnHCI (1M) and (c) Sorbitol (1M). Experiments were performed at
298 K.

Proteins generally show a broad spectrum of solvation events in the picosecond (ps)
to nanosecond (ns) range, where the event with time scale of ~1ps comes from the
water motions in the bulk **#!, The relaxation in the time range ~ 5ps is from the
frustrated motions of the water molecules in the protein hydration layer -4, The
dynamics in the range ~ 20ps — 200ps originates from the concerted motions ofthe
protein side chains and the water molecules attached to these side chains on the
protein surface 4**7-32, These motions are known to be initiated by the overall
network movement of water molecules in the hydration layer 2. To distinguish this
slow motion originating from the water network from the faster motions of the
frustrated water molecules in the hydration layer, the dynamics linked with these
motions are entitled as associated water dynamics. The dynamics >200ps comes
from the various protein motions >3. As stated earlier, we aim to probe the associated
water layer, focusing on motions involving both water and protein. Given the
characteristic motions of proteins, this aligns with the dynamics of associated water,
typically occurring on the 20-200 ps timescale and the instrument used here i.e.,
TCSPC (with an IRF ~75ps and detection capability of dynamics as fast as ~30ps
with sharp precision) is suitable for observing dynamics in this range provided the
protein shows the associated water dynamics (7,,) in the range =30ps. For papain,
the value of 7 ;¢ is observed experimentally around 70ps (figure 3(e)) in buffer only
system which matches well with our previous publication. We have experimentally
found out that the value of 7,4 increases to ~ 120ps with 1M sorbitol solution and
decreasesto 30psin the presence of IM GnHClas shown in figure 3(e). This clearly
shows the retardation in associated water dynamics in the presence of 1M sorbitol
and acceleration in the presence of IM GnHCIL. When the CPM tag papain is added
to a mixed solution of 1M sorbitol and 1M GnHCl the value of 7., becomes 50ps
which lies in between that of pure IM GnHCI(t, ., = 30ps) and IM sorbitol
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(T4ss = 120ps) as depicted in figure 3(e). It appears to be very close to that of
papain in buffer (7., = 70ps). The retardation in the associated water dynamics

follows the order

Toss (GNHCL(1IM)) < T455(Sorbitol(1M) + GnHCL(1M)) < t,,5(Buf fer)
< Tyss(Sorbitol (1M))

This clearly shows the counteraction of the retardation in the associated water
dynamics of papain induced by the 1M sorbitol (7., ~ 120ps) because of the
presence of 1M GnHCI (7, ~ 50ps).

As per the theory, the solute system in the presence of which the associated water
dynamics of the protein gets retarded relative to buffer, the protein under observation
will be get thermally stabilized and vice-versa. Ifthe theory is capable to explain the
counteraction of stabilizing effect of sorbitol by GnHCI, the solvent system where
the associated water dynamics of the papain gets retarded relative to buffer only
system as is the case with 1M sorbitol the thermal stability of the papain is expected
to get enhanced and where the associated water dynamics of the papain gets
accelerated relative to buffer as is the case with 1M GnHCI, the thermal stability of
the protein is expected to be get reduced. As the associated water dynamics in the
mixture of 1M sorbitoland 1M GnHCl accelerates relative to buffer only system the
thermal stability of the protein is expected to be less than that of buffer. To
understand how the associated water dynamics (7,4) of papain correlate with the
thermal stability (7;,,) of the papain in different solvent systems employed here we
haveplotted 7,4, against T,,, as shown in figure 3(f). We have observed that with 1M
sorbitol, the papain gets thermally stabilized and with 1M GnHCI the papain gets
thermally destabilized. The papain gets thermally destabilized in the mixture of 1M
sorbitoland 1M GnHClrelative to buffer. All the observation through the correlation
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plot goes parallel with the expectation as per the hypothesis. It could be concluded
here that the sorbitol enhances the associated water structure around the protein as
is confirmed by the increased value of 7, and thus the protein gets thermal
stabilization but as the incorporation of GnHCI weakens the water structure as
evidence by the reduced value of 7, and the protein gets thermally destabilized. As
sorbitol and GnHCI are having opposite effect on the water structure, the
counteraction of the thermal stabilization of papain in the presence of sorbitol by
GnHCI could be understood in terms of reduction is the water enhancement

capability of sorbitol by the presence of GnHCI which has water structure weakening
property.

The correlation plot in figure 2(f) just provides a relation between the associated
water dynamics and the thermal stability but doesn’t provide molecular insights to
understand the phenomenon in depth and left us with a thought of how the
modulation in associated water dynamics helps the denaturant molecules to
counteract the stabilizing effect of stabilizer. Since hydration-layer water molecules
are in direct interaction with the protein surface, changes in their dynamics or
arrangement can influence intramolecular bonding among amino acid residues
within the protein. This changed energetics among the residues might bring about
the change in the overall thermodynamics of the protein and thus might also alter the
thermal stability of the protein which might help in understanding the counteraction
mechanism in detail °>%, In our recent study, we provide mechanistic insight into
this phenomenon by establishing a strong link between associated water modulation
and conformational fluctuation dynamics in the presence of osmolytes 2. To
understand how changes in associated water dynamics translate into altered thermal
stabilization, the protein interior must be examined. However, with hydrodynamic
radii typically in the Angstrom range, direct observation of subtle changes in the
interior of the protein is challenging. Therefore, the interior must be probed
indirectly. For this we have employed fluorescence correlation spectroscopy (FCS)

as a tool where an observation volume in femtolitre dimension is formed using the
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laser source (1,,, = 532 nim) and the fluctuations in the emission intensity of the
fluorophore with time is measured in two different detectors which are then
correlated by giving the time lag to produce a cross-correlation function 3>’
(G (1) vs time). A detailed discussion on the instrumentation can be found in our
recent literature 7. The dynamics of any event that induces the changes in the
intensity of the fluorophore can be probed here, provided the dynamics must not be
slower than the diffusion dynamics of the fluorophore in the observation volume and
should not be faster than the detection limit of the overall FCS setup 3. Here we
have employed TMR tag papain, where the TMR dye is attached to Cys-25 of
papain, for the FCS study as shown in figure 5(a) 2. The TMR is surrounded by five
tryptophan residues positioned at distinct locations from the free cysteine residue
(CYS25)of papainto which the TMR dyeis attached. The fluorescence intensity of
tagged TMR 1is expected to be quenched by the interaction of the m cloud of the
tryptophan residues which is evident in other studies as well and as the interaction
depends on the distance of the quencher from the fluorophore, the quenching is
expected to be dominated with the nearest tryptophanresidue (TRP 177) 357, The

quenching will be influenced by other relatively distant tryptophan residues as all
are within the proximity of the attached TMR dye owing to the small size of the
papain (Rh = ~18 A). Free (untagged) TMR dye shows a triplet state dynamics in
the microsecond time scale. On being attached covalently to the free cysteine of the
papain, the inherent microsecond triplet state dynamics of the TMR dye is expected
to be observed in the case of TMR tagged papain as well with a slight modulation in
the absolute value 3%, Based on the discussion, TMR-tagged papain is expected to
exhibitthree types of dynamics: diffusion, conformational changes due to quenching
by nearby tryptophan residues, and the intrinsic triplet-state dynamics of the TMR

dye ?’.

The cross-correlation function for papain in buffer only system is shown in figure
5(b) which is then fitted by various equations. From the residuals of fitting the model

with one diffusion and 2 exponential term is observed to be the most suitable as this
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model reasonably accounts for the existence of three different dynamics in the
system 27-°%, The normalized cross correlation plot with fitting by employing

equation 6.2.4 is shown in figure 5(c¢).

G(1) = %(1 + i)_l (1 + w:‘rD)_% (1 + K exp (—i)) (1 + 1% exp (—i))

(6.2.4)

Fitting gives three different events with time constants ~ 5us, ~ 41us and ~ 120us.
As the event associated with the diffusion of TMR papain through the observation
volume is supposed to be the slowest one and thus the dynamics with time constant
~ 120us 1s ascribed to diffusion. Of the two faster events, the ~41 us component
arises from conformational dynamics, as confirmed in our previous work by its
invariance with change in observation volume. The ~5 us event originates from the
triplet-state dynamics of the TMR dye, also validated previously by the observed

increase in triplet population with increasing laser power 27.
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Figure 3: (a) Schematic representation of the free cysteine (green) in papain to which
the TMR dye is attached. (b) Cross-correlation function for papain in buffer and (c)
normalized cross-correlation function for TMR tag papain in buffer with the fitting line
by employing equation 6.2.4. (d) Variation in the conformational dynamics (z,) of
TMR tag papain in buffer (light blue), IM GnHCI (light red) and 1M Sorbitol (light
violet) and 1M sorbitol+1M GnHCI (light green). Correlation of the conformational
dynamics (7, ) with () associated water dynamics (74, ) and (f) thermal stability (7;,,)
of papain. Experiments were performed at 298 K.
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were performed at 298 K.
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The time constant associated with the conformational dynamics (7z) of papain is
observed~ 41us which matches closely with our previous study °. The value of 74
increases to ~ 56us and decreases to ~ 30us with 1M sorbitol and 1M GnHCl as
shown in figure 5(d). With the mixture containing 1 M sorbitol along with IM GnHCI
the value of 74 is experimentally observed ~ 38 s which is close to that observed in
case of buffer only system. The normalized correlation plots for papain with other
osmolyte systems are shown in Figure 6. The addition of 1M sorbitol (tz ~ 56us)
retards whereas the presence of 1M GnHCIl (tz~ 30us) accelerates the
conformational dynamics if compared to buffer (tz~ 41us) only system. The
addition of 1M GnHCl to 1M sorbitol (tz ~ 38us) also retards the conformational
dynamics relative to 1M sorbitol (tz ~ 56us). This clearly shows the counteraction
of the retardation in the conformational dynamics of papain induced by the 1M

sorbitol (1 ~ 56us) by the 1M GnHCI (t; ~ 38us).

The retardation in the conformational dynamics of the protein could be because of
the two mere reasons. First being the increase in the modulation in the associated
water dynamics and second being the bulk viscosity of the solution brought out by
the addition of osmolyte. This notion has also been supported by the findings of the
work done by one of the pioneers in the field of protein science i.e., Hans
Frauenfelder, who showed that the large scale motions of the proteins are controlled
by the viscosity of the solvent and the small scale motions are dictated by the
modulation in the properties of the water molecules in the direct contact of the
protein surface for which we have used the terminology, associated water >°-%2. Both
the factors might impact the conformational dynamics of the protein in the
microsecond regime whereas it has recently been observed in our recent publication
that the modulation in the associated water dynamics has a pronounced effect on
conformational dynamics in microsecond regime over the viscosity 2. To seek for
the molecular insightover how the osmolyte induced modulation in associated water
impacts the interior of the protein we have plotted 7, against 7 in figure 5(¢). The

correlation between the 7, and 7 in figure 5(e) describes somewhat straight-line
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relation which imply that the solute system where there is a retardation in the
associated water dynamics it is followed by the retardation in the conformational
dynamics. The presence of 1M GnHCI in 1M sorbitol (t; ~ 38us, 7.~ 50ps)
counteracts the retardation in the associated water dynamics relative to the 1M
sorbitol solution (t; ~56us, T,,,~ 120ps) and the same counteraction
phenomenon has also been observed with the conformational dynamics of the
papain. The observed link between associated water dynamics and conformational
dynamics may be due to the direct contact between hydration-layer water molecules
and surface residues of the protein. These surface residues are connected to the core
residues through physical bonds, such as hydrogen bonds. Therefore, any change in
water-water or water-residue interactions at the surface captured through associated
water dynamics might influence the internal bonding within the protein, reflected as
conformational dynamics. as is depicted in figure 5(e). The connected nature of the
two dynamics suggests thatthe bond-strengthening effect of sorbitol on water—water
and water—residue interactions is counteracted by the bond-weakening effect of
GnHCI. This interplay appears to extend to the protein interior, where sorbitol
enhances internal residue bonding, while GnHCl reverses this effect. As a result,
thermal stability increases in the presence of sorbitol alone but decreases when

GnHCl is added, as shown in Figure 5(f).

6.3 Conclusion

Sorbitol strengthens water—water and water—residue interactions, which in turn
enhances bonding between residues in the protein core, leading to increased thermal
stability. In contrast, GnHCI follows the same pathway buthas the opposite effect—
it weakens these interactions, reducing the protein’s internal stability. When these
two are present together the stabilizing capacity of sorbitol towards papain gets
decreased by the presence of destabilizing character of GnHCI. It has been observed

that the counteraction effect of GnHCIl over the stabilizing effect of sorbitol could
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be understood within the same framework of AWSM. The addition of GnHCl in
sorbitol solution reduces the efficacy of the sorbitol molecules to enhance the water
structure around the protein surface as both impart their individual effect which are
opposite because of which the enhancement in the bonding among the water-water
and water-residues are less which enhances the bonding among the amino acid
residues to a lesser extent. Ultimately resulting in less stabilization compared to the
observed thermal stability of papain in only sorbitol system. Along with this effect,
the direct interaction between sorbitol and GnHCImightalso be acting to counteract
the stabilizing effect of sorbitol by GnHCI but might not be the major one as the
interaction among the two i1s observed to be feeble. The AWSM hypothesis seems
to be promising in addressing the molecular level understanding of the protein-
osmolyte interactions and might foster research in the field of protein science and

inspire others to explore and understand the field of protein more.
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7.1. Summary of Chapter 3

This chapter investigates the impact of protein—osmolyte interactions on the
hydration layer dynamics and thermal stability of two model proteins: papain and
bromelain. The authors propose and validate a model termed the Associated Water
Stabilization Mechanism (AW SM), which posits that osmolytes modulate protein
stability primarily by altering the dynamics of the associated water layer, a layer that
is distinct from bulk water. Using lifetime and steady-state fluorescence
measurements, the study quantifies the associated water dynamics
(hydration/solvation dynamics) and thermal stability of the proteins in the presence

of osmolyte respectively.
Key findings:

o Osmolyte significantly retards the dynamics of the associated water layer
around papain more than around bromelain.

o Osmolyte thermally stabilizes the papain.

o Osmolyte significantly retards the dynamics of the associated water layer
around papain

« This retardation correlates with enhanced thermal stability for papain.

« Destabilizing osmolytes follows the opposite trend.

o Stabilization of papain and destabilization of bromelain at 0.5 M
concentration of sucrose could be understood following the correlation or
hypothesis.

« Destabilization at 0.5 M and stabilization at 2 M sucrose of bromelain could
also be understood following the hypothesis.

o Themodulation ofthe associated water layer was shown to be more predictive

of protein stability than direct interaction metrics.

Overall, the study provides experimental evidence for the protein-specific
nature of osmolyte stabilization and suggests that associated water dynamics

offer a more universal parameter for interpreting such effects.
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Limitations:

While the study is rigorous and methodologically sound, several limitations

are evident:

* Protein Scope: The findings are limited to two cysteine proteases (papain and
bromelain). The generalizability of the AWSM model to other protein classes
(e.g., membrane proteins, multimeric complexes) is not established.

* Indirect Observation of Water Dynamics: The conclusions regarding water
dynamics are inferred from spectroscopic proxies rather than direct
observations, such as those from terahertz spectroscopy, neutron scattering,
or ultrafast IR.

* No Molecular Simulation: While AWSM is conceptually sound, molecular
dynamics simulations could provide atomic-level insights into osmolyte-

induced hydration effects and validate the proposed mechanisms more deeply.
Future Direction:

To strengthen and expand the current findings, several future directions are

recommended:

* Broaden Protein Selection: Test the AWSM hypothesis on proteins with
different topologies, charge distributions, and functions, including membrane
proteins.

* Use Direct Probes of Water Dynamics: Combine FCS with techniques like
ultrafast IR spectroscopy, THz absorption spectroscopy, or 2D IR to observe
hydration layer dynamics more directly.

» Perform Molecular Dynamics Simulations: Computational modelling would
allow visualization of osmolyte distribution, water network reorganization,
and local flexibility changes, lending mechanistic depth to AWSM.

 Investigate Thermodynamic Parameters: Explore free energy landscapes,
entropy—enthalpy compensation, and solvation energy contributions in greater

detail to quantify stabilization mechanisms.



Page 246 Chapter 7

* Translate to Industrial Formulations: Apply findings to real-world protein
formulations, such as therapeutic antibodies or enzymes, to assess how

hydration dynamics influence long-term storage and efficacy.

7.2. Summary of Chapter 4

This chapter explores the modulations in the interior of the papain under the
influence of osmolyte, by employing Fluorescence Correlation Spectroscopy (FCS).
Here the modulations in the interior of the protein correlates well with the
modulations in the associated water dynamics of the protein influence by the

presence of osmolyte.
Key findings:

o Osmolyte enhances the thermal stability of papain by reducing internal

flexibility and retarding water dynamics.

o GnHCI induces destabilization by enhancing internal fluctuations and

disrupting hydration structure.

These observations are interpreted through the Associated Water Stabilization
Mechanism (AWSM), emphasizing the role of interfacial water in mediating protein

stability through the modulation of the interior of the protein.
Limitations

 No Structural Validation: Conformational fluctuations are inferred from
fluorescence data. High-resolution techniques (e.g., NMR, SAXS, or

crystallography) could validate conformational ensembles more rigorously.

» Absence of Molecular Simulations: Computational insights could support and
extend AWSM by showing molecular-level interactions between solutes,

water, and protein surfaces.
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* Physiological Relevance Not Explored: Although the solute concentrations
used mimic stress conditions, their correlation with physiological relevance

or in vivo protection is not discussed.
Future Direction

* Apply AWSM to Other Protein Classes: Test whether the model applies to

disordered proteins, membrane proteins.

* Combine with High-Resolution Techniques: Integrate spectroscopy with
SAXS, NMR, FTIR, or cryo-EM to capture both global and local

conformational shifts in the presence of mixed solutes.

* Thermodynamic Quantification: Derive AG, AH, AS, and preferential
interaction coefficients using isothermal titration calorimetry (ITC) or vapor

pressure osmometry to quantify stabilization and destabilization mechanisms.

* Leverage Molecular Dynamics Simulations: Simulate the impact of sorbitol
and GnHCl on water structuring and protein hydration to directly validate the

AWSM model and predict response under mixed conditions.

» Translate to Applied Systems: Use findings to optimize biopharmaceutical
formulations, especially where proteins need to be stabilized during storage

or exposed to chaotropic agents.

* Explore Time-Resolved Water Dynamics: Employ ultrafast IR or 2D IR
spectroscopy to directly capture water mobility near protein surfaces and

validate the kinetic model of hydration modulation.

7.3. Summary of Chapter 5

This chapter investigates the different stabilization of papain and bromelain by the
same concentration of sorbitol in the view of the proposed hypothesis i.e.,

Associated Water Stabilization Mechanism. Fluorescence spectroscopy, lifetime
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measurement and FCS studies were performed to perform the thermal, solvation and

conformational studies of the two proteins.
Key Findings:
« Sorbitol stabilizes the papain better than that of bromelain.
o Direct implementation of AWSM doesn’t explain the observation.

« Higher extent of stabilization of papain over bromelain could be understood
better in terms greater extent of retardation in associated water dynamics and

conformational dynamics.
Limitations
Despite a strong experimental narrative, several limitations exist:

* Inferences on hydration dynamics are indirect. There is no direct structural
data (e.g., 2D-IR, neutron scattering, or dielectric relaxation) to visualize ion-
induced changes in water networks.

* No energetic parameters such as AG, AS, or preferential interaction
coefficients were calculated to quantitatively validate stabilization claims.

* Bromelain and papain share structural and functional similarities.
Extrapolation to other proteins with different surface charges or topologies
remains uncertain.

* Simulations could have helped verify the AWSM model under varying ionic

strengths and clarified water structure near the protein surface.
Future Direction
Several important directions emerge for future investigation:

* Employ ultrafast infrared spectroscopy, THz dielectric measurements, or
neutron scattering to observe water restructuring at protein interfaces in the

presence of salts.
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* Perform molecular dynamics (MD) simulations to visualize ion distribution,
water structuring, and dynamic fluctuations in the hydration layer.

» Use ITC, vapor pressure osmometry, or preferential interaction coefficient
calculations to obtain detailed thermodynamic profiles of salt-induced
stabilization.

» Explorehow controlled salt concentrations can be tuned to stabilize enzymes,

therapeutic proteins, or vaccine formulations during long-term storage.

8.4. Summary of Chapter 6

This chapter addresses the combined effects of stabilizing (sorbitol) and
destabilizing (GnHCI) solutes on the protein papain, under thermal stress conditions.
The study is revolves around the Associated Water Stabilization Mechanism
(AWSM) framework, proposing that proteins modulate their internal flexibility and
hydration shell dynamics in response to solute environments. Thus, counteraction of
stabilizing effect of sorbitol by GnHCI is an outcome of it. Fluorescence
spectroscopy, lifetime measurementand FCS studies were performed to performthe

thermal, solvation and conformational studies of the two proteins.
Key Findings:

« Inpresence of both sorbitol and GnHCI, papain shows a distinct intermediate
thermal denaturation profile, different from its behaviour with either solute

alone.

o Papain maintains a lower conformational flexibility compared to GnHCI
alone, yet higher than in sorbitol-only conditions relative to 1:1 molar mixture
of two. Same is the observation with the flexibility in associated water

dynamics

« This behavioris interpreted as the result of counteracting molecular actions:
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o Sorbitol slows down water and stabilizes intramolecular bonding in

protein.

o GnHCl disrupts water structure and weakens intramolecular bonding

n protein.
Limitations
While the findings are insightful and novel, several limitations are noted:

» Single Protein System: The study is focused only on papain, limiting
generalization to other proteins with different folding topologies or surface

properties.

» Limited Structural Characterization: Direct structural characterization (e.g.,
NMR, CD, SAXS) is absent, which would validate the existence and nature

of these intermediates.

» Lack of Thermodynamic Dissection: The work does not separate enthalpic
and entropic contributions to stabilization or destabilization under different

solvent conditions.

* No Molecular Simulations: Computational modelling would help reveal the

molecular basis in depth.

* Biological Relevance Not Established: While intermediate states are
proposed to resemble misfolded forms, no cellular or pathological correlation

1S made.
Future Direction

To further validate and expand on these findings, the following future directions are

recommended:

* Expandto Additional Proteins: Test whether intermediate states arise in other

globular proteins, membrane proteins under similar ternary solute conditions.
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Use High-Resolution Structural Techniques: Apply SAXS, circular
dichroism, or multidimensional NMR to characterize structural changes

directly.

Employ Molecular Dynamics Simulations: Simulate the effect of sorbitol and
GnHCI on the hydration layer, internal flexibility, and energy landscape of
proteins to validate AWSM predictions.

Quantification of Thermodynamic Parameters: Use of DSC, ITC, or model
fitting of denaturation curves to estimate changes in AG, AH, and AS

associated with intermediate states.

Explore Cellular and Pathological Relevance: Investigate whether similar

intermediate states arise in vivo under osmotic stress or during misfolding

diseases like ALS or Alzheimer’s.
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1. Introduction

1.1. Osmolytes are essential for keeping proteins active and

stable in living cells

Osmolyte induced protein stabilization:
modulation of associated water dynamics might
be a key factorf

and Pratik Sen 2 *

Kuldeep Singh Negi Nilimesh Das, Tanmoy Khan
The mechanism of protein stabilization by osmolytes remains one of the most important and long-
standing puzzles. The traditional explanation of osmolyte-induced stability through the preferential
exclusion of osmolytes from the protein surface has been seriously challenged by the observations like the
concentration-dependent reversal of osmolyte-induced stabilization/destabilization. The more modern
explanation of protein stabilization/destabilization by osmolytes considers an indirect effect due to osmolyte-
induced distortion of the water structure. It provides a general mechanism, but there are numerous examples
of protein-specific effects, i.e., a particular osmolyte might stabilize one protein, but destabilize the other, that
could not be rationalized through such an explanation. Herein, we hypothesized that osmolyte-induced
modulation of associated water might be a critical factor in controlling protein stability in such a medium.
Taking different osmolytes and papain as a protein, we proved that our proposal could explain protein
stability in osmolyte media. Stabilizing osmolytes rigidify associated water structures around the protein,
whereas destabilizing osmolytes make them flexible. The strong correlation between the stability and the
associated water dynamics, and the fact that such dynamics are very much protein specific, established the
importance of considering the modulation of associated water structures in explaining the osmolyte-induced
stabilization/destabilization of proteins. More interestingly, we took another protein, bromelain, for which a
traditionally stabilizing osmolyte, sucrose, acts as a stabilizer at higher concentrations but as a destabilizer at
lower concentrations. Our proposal successfully explains such observations, which is probably impossible by
any known mechanisms. We believe this report will trigger much research in this area.

through changes in its environment, such as the presence of
additives, pressure, salinity, temperature, etc. The protein
under perturbed conditions may lose its quaternary, tertiary
and secondary structures. Alternatively, it may assume an

Proteins are responsible for countless phenomena occurring
throughout the lifespan of a living system. The native structure
of a protein can be perturbed under stressed conditions created

Department of Chemistry, Indian Institute of Technology Kanpur, Kanpur-208016,
Uttar Pradesh, India. E-mail: psen@iitk.ac.in; Fax: +91-512-259-6806;

Tel: +91-512-259-6312

+ Electronic supplementary information (ESI) available: Tagging of the fluores-
cent dye to papain and bromelain, thermal denaturation study of papain in buffer
and osmolyte solutions, thermal denaturation study of bromelain in buffer and
sucrose solutions, solvation dynamics study of papain in buffer and other
osmolyte solutions, solvation dynamics study of bromelain in buffer and sucrose
solutions, emission spectra of CPM-tagged papain and bromelain in buffer and
osmolyte solutions, CD spectra of CPM-tagged papain and bromelain in buffer
and osmolyte solutions, fluorescence intensity autocorrelation function of TMR
tagged papain and bromelain in buffer and osmolyte solutions, fluorescence up-
conversion study of CPM-tagged papain in buffer, and variation of the size and
structure of bromelain in buffer and osmolyte solutions are provided. See DOI:
https://doi.org/10.1039/d3¢cp03357k

32602 | Phys. Chem. Chem. Phys., 2023, 25, 32602-32612

intermediate conformation or aggregate into accumulating
B-amyloid fibrils, which have been observed to exhibit toxicity
towards cells." Nevertheless, Nature is well-equipped with many
defense mechanisms to combat the deleterious effect of these
perturbations, and osmolytes play an important role in this
process. The osmolytes are small natural organic molecules,
which are accumulated in the cells while in stress to protect
proteins and enzymes.” Osmolytes are usually stabilizing and
crudely can be of four types: sugars, polyols, amino acids,
and methyl amines (and their derivatives). Surprisingly, there
are some osmolytes (like urea) that generally destabilize a
protein.” One of the long-standing and most debated topics
of biophysics is how these osmolytes stabilize/destabilize a
protein,* though the molecular-level understanding is far from
complete. In this report, we attempted to provide a unique
mechanistic view of the osmolyte-induced stabilization/desta-
bilization of proteins.

This journal is © the Owner Societies 2023
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Interplay of protein fluctuation and associated water
dynamics in osmolyte-induced stabilization

Kuldeep Singh Negi,' Subhajit Rana,’ Tanmoy Khan, Dipankar Mondal," and Pratik Sen""
"Department of Chemistry, Indian Institute of Technology Kanpur, Kanpur, UP 208016, India

SUMMARY The mechanism behind osmolyte-induced protein stabilization remains elusive despite extensive research.
Among various hypotheses, the associated water-modulation hypothesis has proved to be the most effective in explaining os-
molyte-induced stabilization effects. Earlier, we demonstrated that osmolytes that slow down associated water dynamics
enhance protein thermal stability, whereas those that accelerate it promote destabilization. However, the molecular basis of
this correlation remains unclear. Using fluorescence correlation spectroscopy, we observe that osmolyte-induced changes in
the associated water dynamics directly affect the internal flexibility of the protein, which is assessed through conformational fluc-
tuation dynamics, serving as a tool to measure the protein’s internal flexibility. The osmolytes that induce retardation in the asso-
ciated water dynamics make the interior of the protein less flexible, as reflected by the slowed conformational fluctuation
dynamics of the protein, leading to enhanced thermal stabilization. The destabilizers induce effects that are exactly opposite
to stabilizers. These findings provide new insights into the interplay of associated water dynamics, protein flexibility, and stability,
contributing to a deeper understanding of osmolyte-induced protein stabilization.

SIGNIFICANCE Our findings show that osmolyte-induced protein stabilization is connected to the interplay of associated
water dynamics and the conformational fluctuation dynamics of the protein, without altering its overall structure. This novel
insight provides a deeper understanding of the molecular mechanisms underlying protein stabilization. Our research
contributes to the growing knowledge of osmolyte-protein interactions and lays the groundwork for future studies on the
role of associated water dynamics in biology.

INTRODUCTION robustness of proteins, whereas destabilizing osmolytes
(known as denaturants), e.g., urea and guanidine hydrochlo-
ride (GnHCl), promote protein unfolding (4,5). Due to their
ability to modulate protein stability, osmolytes have signif-
icant applications in the pharmaceutical industry, where
they are employed to prolong the shelf life of biopharma-
ceutical products, thereby ensuring their stability and effi-
cacy over extended periods (6,7).

Over the past few decades, extensive research has
focused on understanding osmolyte-protein interactions
due to their significance in both fundamental science and
applications (7-13). Although substantial progress has
been made (Scheme 1), a concise understanding of these
interactions remains elusive. Timasheff’s group first pro-
posed a model based on the phenomenon of surface ten-
sion, specifically the excess surface free energy of water
molecules at the protein-water interface (10,14,15). This
model differentiates between stabilizing osmolytes (such
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Proteins are indispensable for the proper functioning of
living organisms. They are composed of amino acid residues
that fold into a specific three-dimensional (3D) structure,
referred to as the native state. The native conformation is
critical for the biological activity of proteins. Even a mar-
ginal alteration in the environment, such as a change in
the temperature, pressure, pH, and salt concentration, can
change the native state conformation and may modify pro-
tein’s functional efficacy (1,2). Osmolytes, a class of small
organic molecules including sugars, polyols, and amino
acids, play a critical role in preserving protein structural
integrity under diverse environmental conditions (1-3).
These molecules are broadly categorized based on their ef-
fects on protein stability: stabilizing osmolytes, such as su-
crose and trimethylamine N-oxide, enhance the structural
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