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The thesis is about mechanistic insights into protein behaviour in the deep eutectic

solvents (DESs) and crowded media.

Significance of the thesis:

This thesis advances our understanding of protein behavior in complex solvent
environments, focusing on deep eutectic solvents (DESs) and crowded media. DESs are
emerging as preferred solvents for biocatalysis due to their tunability, low toxicity, simple
synthesis, and remarkable ability to stabilize enzymes. However, the mechanisms
underlying protein stability and activity in these media remained poorly understood.
Starting with a novel non-ionic DES, this work reveals the intrinsic spatial and dynamic
heterogeneity of DESs and their role in preserving local microenvironments essential for
biomolecular function. By systematically analyzing associated (biological) water
dynamics, distinct from bulk solvent effects or conformational changes, this thesis
proposes a unifying mechanism considering associated water explaining protein
behavior in DESs and other media. For the first time, it is experimentally demonstrated
that the modulation of associated water, rather than bulk dynamics, critically governs
protein thermal stability and enzymatic activity. This mechanism is validated across
different DES systems and a macromolecular crowder (Ficoll-70k), establishing its
broader applicability. Moreover, the consistent observation of entropy—enthalpy
compensation and its link to hydration dynamics adds a new thermodynamic perspective
to protein—solvent interaction studies.

The precision and efficiency of enzymes make biocatalysis an advancing

scientific and industrial process. Deep eutectic solvents (DESs) have emerged as

promising solvents in this field due to their tunability, non-volatility, low toxicity,
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and simple, cost-effective synthesis. Importantly, many enzymes not only retain but
also enhance their stability and activity in DESs or hydrated DESs compared to
aqueous buffers.

Despite the growing interest and applications of DESs, a critical gap remains: the
lack of mechanistic insights into how proteins behave in these complex media and
why enzymes remain stable and active therein. Thus, enzyme-DES pair selection in
such works largely depends on empirical observations and availability rather than
fundamental understanding. To harness the full potential of DESs in biocatalysis, it
is crucial to understand what truly governs protein stability and function in these

solvents.

From a physical chemistry perspective, research on DESs broadly falls into three
categories: (1) synthesis and characterization of the physical properties of DESs and
hydrated DESs; (i1) investigations into the structure, dynamics, and molecular-level
heterogeneity of DESs; and (ii1) studies examining various protein properties such
as structure, dynamics, stability, and activity within these media. My approach seeks
to integrate these three aspects, aiming to uncover a coherent physical understanding
of how enzyme stability and activity are maintained in DES environments.

Central to this exploration is water, the universal biological solvent, which plays an
essential role in almost every biophysical process. Particularly, the water molecules
that are directly interacting with proteins, known as biological or associated water,
exhibits distinct properties from bulk water, such as increased density, lower
polarity, and more importantly retarded dynamics. While the importance of
associated water in maintaining protein stability and function is axiomatic, how this
hydration layer modulates in the presence of DESs remains almost unexplored.

In this thesis, I systematically investigate the dynamics of both associated and bulk
water in the presence and absence of enzymes, aiming to delineate the role of water
in protein stability and activity within DESs. Using techniques like time-dependent
fluorescence Stokes shift (TDFSS), I provide experimental insights into how

modulation of associated water dynamics influences protein behavior, laying the
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foundation for rational solvent design in biocatalysis. Importantly, by validating
these findings across different DESs and macromolecular crowders, this work offers
generalized insights that can be applied to understanding protein stability across

diverse solvent systems.

1. Multiple evidences for molecular level heterogeneity in a non-ionic
biocatalytic deep eutectic solvent
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Solvation
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Translational
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Tanmoy Khan et al. J. Mol. Lig. 2023, 389, 122882

Molecular-level heterogeneity has been identified as an intriguing feature of
DESs. In this study, we examine the spatio-temporal heterogeneity of a novel non-
ionic DES, acetamide/urea/sorbitol (0.5Ac¢/0.3Ur/0.2Sor), and the results are
compared it with corresponding binary acetamide/urea (0.6Ac/0.4Ur) DES, and
another related non-ionic ternary DES (0.55Ac/0.36Ur/0.09PEG). The excitation
wavelength-dependent emission measurement suggests an induction of spatial
heterogeneity upon sorbitol addition. Dynamic heterogeneity assessed via solvation
dynamics, dielectric relaxation, and diffusion studies shows clear length- and
timescale dependence, with acetamide/urea/sorbitol exhibiting the highest dynamic
heterogeneity. Importantly, the observed viscosity-decoupled dynamics offer insight
into how DESs, despite their high viscosity, can still support enzyme stability and
activity. Furthermore, component analysis of solvation dynamics reveals an
unperturbed immediate solvation shell around the probe. Extending this observation

to proteins, where the integrity of the local environment is critical for maintaining
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structure and function, suggests that DESs may preserve the hydration shell essential

for enzymatic stability and activity.

2.  Understanding the intricacy of protein in hydrated deep eutectic solvent:

Solvation dynamics, conformational fluctuation dynamics, and stability
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Tanmoy Khan et al. Int. J. Biol. Macromol. 2023, 253, 127100

In this study, we basically wanted to verify our previous hypothesis of how the
presence of DES modulates the hydration layer of the enzyme. Taking human serum
albumin (HSA) in varying concentrations of 0.5 Acetamide/0.3 Urea/0.2 Sorbitol
(0.5Ac/0.3Ur/0.2Sor) DES, we investigated solvation dynamics, conformational
fluctuation dynamics, and thermal stability to understand the intricacy of protein
behaviour in DESs. Notably, this represents the first experimental study of the
solvation dynamics of a protein in a hydrated DES. Despite a significant increase in
bulk viscosity, the associated water dynamics around domain I of HSA slowed only
marginally, suggesting that the protein experiences an aqueous-like local
environment even in the presence of high concentration of DES. This is probably the
first experimental attempt to delineate the role of the associated water structure of
the enzyme for maintaining its stability inside DES. However, our results revealed a
gradual decrease in side-chain flexibility and an increase in the hydrodynamic radius
of HSA at higher DES concentrations, leading to reduced thermal stability.

Extending this approach to other proteins, along with proper thermodynamic
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analyses, might offer deeper insight into how hydration layer modulation influences

protein stability in DESs.

3. Critical Role of Water beyond the Media to Maintain Protein Stability and
Activity in Hydrated Deep Eutectic Solvent

Associated water Bulk water

4 Fast associated Slow associated
water dynamics water dynamics

Differential stabilization

High activity Low activity

Tanmoy Khan et al. J. Phys. Chem. B, 2025, 129, 162—-175

This study aims to underscore the role of water in governing enzyme stability
and activity in DESs. Herein, using bromelain as the model enzyme and
0.5Ac/0.3Ur/0.2Sor as the model DES, we provide experimental evidence that
modulation of associated water plays a key role in dictating protein stability and
activity in hydrated DES. We specifically termed these findings as the associated
water stabilization mechanism (AWSM). Specifically, rigid associated water at
higher DES concentrations (beyond 40 % v/v) stabilizes bromelain through entropy
but destabilizes it through enthalpy. On the other hand, flexible associated water
dynamics at lower DES concentrations result in an opposite thermodynamic
outcome. Importantly, the bulk water dynamics cannot explain the stability trend,
which emphasizes the critical role of water near the protein surface. Strikingly,
associated water dynamics also correlates strongly with bromelain’s proteolytic
activity. An increasing flexibility of the associated water dynamics leads to the

enhancement of the activity. This is the first study to experimentally link associated
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water dynamics to enzyme behavior in hydrated DES, offering insights that could

guide future developments in solvent engineering for enzyme catalysis.

4. Unravelling the Role of Hydration Dynamics in Enzymatic Stability: A
Site-Specific Red Edge Excitation Shift (REES) Study of Human Serum
Albumin in Choline Chloride-based Hydrated Deep Eutectic Solvents
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Tanmoy Khan et al. Biophysical J., 2025, Just accepted
In this work, we wanted to generalize our hypothesis of the associated water

stabilization mechanism (AWSM) in the presence of different DESs. In this study,
we explore the role of associated water dynamics in modulating the thermal stability
of human serum albumin (HSA) within hydrated ChCl-Glycerol and ChCl-Ethylene
Glycol DESs. By employing domain-specific site-selective fluorescence labeling
and Red Edge Excitation Shift (REES) measurement, alongside circular dichroism
spectroscopy, the study reveals that modulation of hydration dynamics distinctly
alters the entropic and enthalpic contributions to protein stability. Flexible hydration
enhances enthalpic stabilization but promotes entropic destabilization, while
restricted hydration induces the opposite effect, providing a mechanistic basis for
entropy—enthalpy compensation. Our findings underscore the necessity of domain-
specific stability measurements in multi-domain proteins and highlight the pivotal
role of immediate hydration dynamics in protein stabilization within unconventional

solvent systems.
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5. Role of Associated Water Dynamics on Protein Stability and Activity in
Crowded Milieu
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Tanmoy Khan et al. J. Phys. Chem. B 2024, 128, 8672-8686

To further generalize the hypothesis that associated water modulation governs
protein stability and activity beyond DESs, this chapter explores a biologically
relevant system under macromolecular crowding. Using bromelain and Ficoll-70 as
models, we investigate how associated water dynamics influence protein stability
and activity in crowded environments. While traditional crowding theory attributes
stability to excluded volume effects and enthalpic interactions, our findings highlight
the critical role of hydration layer modulation. In this report, we generalize the
conclusion of our previous study and hypothesis, AWSM, i.e., rigid-associated water
stabilizes proteins via entropy and destabilizes them via enthalpy, while flexible
water has the opposite effect. Additionally, Michaelis—Menten analysis of enzyme
activity reveals that micro viscosity (not bulk viscosity) impairs enzyme—substrate
(ES) complex formation, while flexible associated water enhances product
formation. This study broadens the understanding of protein behavior under
crowding and emphasizes the universal role of associated water dynamics across

different media.
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1.1. Proteins: An Overview

Proteins are fundamental components of life, serving as the most abundant biological

macromolecules 2. They are involved in almost all essential biological functions,

such as facilitating DNA replication, catalyzing biochemical reactions, acting as

hormones to regulate physiological processes, transporting drugs and other

molecules to specific sites in the body, and many more ',

1.1.1. Structural Features of Proteins:

Proteins consist of long chains of amino acids, called polypeptides, which are

connected by peptide bonds. These chains exhibit four distinct levels of structural

organization '=:

Primary Structure: This is the linear sequence of amino acids in the
polypeptide chain.

Secondary Structure: After synthesis, the polypeptide chain folds
into specific shapes, forming regular patterns known as secondary
structures. The most common motifs include the a-helix, B-sheet, B-
turn, and random coil. The a-helix is the most tightly packed of these
structures.

Tertiary Structure: The tertiary structure refers to the three-
dimensional arrangement of protein. It forms as the protein folds into
its most stable state, known as the native state. It is also the active state
of the protein. This structure is stabilized by four types of interactions:
disulfide = bonds, ionic  bonds, hydrogen bonds, and
hydrophobic/hydrophilic effect. Disrupting the tertiary structure, often
through heat or chemical agents (denaturants), leads to denaturation.
This process typically disrupts both the tertiary and secondary
structures of the protein. My research explores the thermal

denaturation of proteins.
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e Quaternary Structure: Some proteins are composed of multiple
subunits, forming dimeric, trimeric, tetrameric, or oligomeric
complexes. The arrangement of these subunits in three-dimensional
space is referred to as the quaternary structure.

e Protein Domains: Domains are distinct regions within a protein, each
having its specific function. The number and size of domains can vary

widely among different proteins *°.

In my thesis, I have worked mainly with two proteins, plant enzyme bromelain and

human serum albumin.

1.1.2. Bromelain

Stem bromelain is a proteolytic enzyme derived from the stem of the pineapple plant.
It consists of 212 amino acids and has an isoelectric point (pH) of approximately
9.55, and the 3D structure has been shown in Scheme 1.1.1. Stem bromelain contains
seven cysteine residues, including one free cysteine (Cys-26) that plays a significant
role in its enzymatic activity ¢®. This single-domain simple enzyme also includes

five tryptophan residues, contributing to its structural stability and function 7,

This enzyme has long been used in food processing, particularly for meat tenderizing

%11 Beyond its culinary

and protein cleavage, due to its proteolytic properties
applications, bromelain has found use in the medical field, where it serves as a
therapeutic agent for reducing inflammation, treating thrombosis, and managing
conditions like arthritis '%!2-17. Bromelain’s ability to break down proteins makes it
versatile both in industrial processes and medical treatments, with growing research

supporting its efficacy in various health conditions %14,
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Scheme 1.1.1. 3D-structure of stem bromelain (PDB ID: 1W0Q).

1.1.3. Human Serum Albumin (HSA)

While many biophysical studies focus on single-domain proteins, multi-domain
proteins make up more than 70% of proteins in eukaryotes '®. Human Serum

Albumin (HSA) is one of the most studied multi-domain proteins.

HSA, with a molecular weight of ~66.5 kDa, is found in blood plasma and consists
of 585 amino acids and 17 disulfide bridges '>%°. It also contains one free cysteine.
Crystallographic studies reveal that HSA is composed of three distinct domains
(domain-I, domain-II, and domain-III), each with unique structural characteristics

and functions °2°, The 3D structure of HSA has been shown in Scheme 1.1.2.

e Domain-I: Binds fatty acids and heme, aiding in their transport 2!-22,
e Domain-II: Specializes in binding and transporting of bulky
heterocyclic anions like azapropazone, phentylbutazone, and warfarin

23,24

e Domain-III: Binds aromatic carboxylates such as ibuprofen and is

responsible for HSA's esterase activity 232,
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Domain-I11

Domain-11

Scheme 1.1.2. 3D-structure of human serum albumin (HSA) (PDB ID: 1HA?2).

Each domain behaves differently in response to various external factors. This
domain-specific behaviour makes HSA an excellent model for exploring complex
biophysical phenomena. The dynamic interactions between these domains could also
be crucial for understanding biophysical reactions, positioning HSA as a valuable

tool for further research into protein behaviour 2024,

1.1.4. Thermodynamic Insights into Protein Unfolding:

Protein folding is the process by which a linear chain of amino acids arranges itself
into a functional three-dimensional structure 263!, This process is essential because
a protein must fold correctly to perform its biological functions. Two key questions
arise when studying protein folding: (1) How to predict the protein's final structure
from its amino acid sequence? (ii) Levinthal's paradox: given the astronomical
number of possible conformations, how do proteins fold to the most stable native

form so quickly, in mere seconds, rather than millions and millions of years? 323

Christian Anfinsen proposed that the final, functional form of a protein is determined

solely by its amino acid sequence 2°. He also demonstrated that proteins could refold
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to their native state after being denatured, indicating that the folding information is
encoded in the sequence itself 324, The protein folding funnel hypothesis explains
the folding process 3*3. It is a model where the energy landscape of a protein is
represented as a funnel. The protein moves from an unfolded, high-energy state at
the top of the funnel toward a low-energy, native state at the bottom. Along this path,
the protein may pass through several intermediate states, represented by local
minima in the funnel (see scheme 1.1.3). The shape and slope of the funnel determine
the route and speed of folding. The theory suggests that instead of exploring an
overwhelming number of conformations, the folding process is kinetically
controlled, allowing it to happen in a biologically relevant timescale 3. As proteins
fold, there is a reduction in both energy and conformational entropy. Unfolding, the
reverse process disrupts secondary and tertiary structures due to external

disturbances like heat or chemicals.

Denatured State

\?‘\\:Xyl
J

Energy

Native State

Entropy

Scheme 1.1.3. Protein folding funnel of free energy. The protein transitions from its denatured
state to its native state (global minimum) by passing through several intermediate (local

minima) is accompanied by a reduction in conformational entropy.
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1.1.4.1. Understanding Free Energy in Protein Unfolding

In thermodynamic terms, protein unfolding can be simplistically considered as a

two-state transition:
N=D

Where N represents the native/folded state, and D represents the denatured/unfolded
state. The forward and reverse reactions can be described using forward and

backward rate, kr and k;, respectively.>®

Forward rate = k¢[N], and backward rate = k, [D]

At equilibrium, forward rate = backward rate

~ k¢[N] = k,[D] (1.1.1)

At equilibrium, the concentration of the folded and unfolded states reaches a balance,

and the equilibrium constant (K) defines this ratio.
g=4_0D (1.1.2)
The free energy change (4G) of the reaction can then be written as,

AG = —RTInK = —RTln% (1.1.3)

AG determines whether the unfolding process is spontaneous (4G < 0) or not
(AG > 0). In protein unfolding, a more positive AG indicates that the protein is
more stable in its folded state. Now, from an experimental point of view, the

determination of AG is very important.
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1.1.4.2. Calculating Free Energy from Experimental Data

In an unfolding experiment, the response of the protein to perturbation (such as
temperature, or denaturant concentration) is tracked by measuring a signal
(spectroscopic, in my case) that changes with increasing perturbation. The
denaturation of protein is considered a cooperative phenomenon, and thus, the
denaturation pathway follows a sigmoidal nature. Initially, the protein remains
folded, but as the strength of the perturbation increases, the structure starts to unfold
progressively (Scheme 1.1.4). Eventually, the unfolding reaches a saturation point,
beyond which no further change is observed in the signal, even if the perturbation

continues to increase.

The signal at any given point during the unfolding process can be represented as a

linear combination of the signals from both the folded and unfolded states.

Let y, and yy represent the signals from the denatured and native states, respectively

(see Scheme 1.1.4). The overall signal y can be expressed as a liner combination.”>’

y = yn[N1+ yp[D] (1.1.4)

Denatured
State (D)

Native
state (N)

Measurable Signal

Strength of perturbation

Scheme 1.1.4. A typical unfolding curve of a protein.
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From previous equations, we know that the ratio of unfolded to folded protein is

represented by the equilibrium constant, K, and thus (from equation 1.1.2),

[D] = K[N] (1.1.5)
~1—[N] =KJ[N] (1.1.6)
. [N] = ﬁ (1.1.7)

We can also derive:
K
[D] = e (1.1.8)

Substituting these into the equation 1.1.4:

=y K
Y=Inx T IpTik

This can be rearranged to solve for K as,

K =22 1.1.

Y=YD (1.1.9)
Since yy, Vp, and y are measurable quantities, this equation allows for the
calculation of K, and a simultaneous determination of the free energy of unfolding

is also possible using the equation 1.1.9.

1.1.4.3. Quantifying Entropy and Enthalpy of unfolding

Two components of this change in free energy: entropy (AS) and enthalpy (AH) which
are related through the famous thermodynamic equation,

AG = AH —TAS (1.1.10)

The entropic change of a process talks about the change of randomness in the system and

enthalpic terms account for the change in the extent of interactions. From the above
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equation, it is clear that a plot of AG vs T with a linear fitting can yield entropy and

enthalpy as the negative slope and intercept respectively.

I have used this analysis on many occasions in my thesis.

Also, a direct plot of InK vs. 1/T produces a straight line having an intercept of % and
slope of — ATH following the Van’t-Hoff equation:

Ink = -2 4% (1.1.11)
RT R

Basically, the equation 1.1.10 and 1.1.11 are same, with the latter calculates the

parameters directly from the temperature dependent equilibrium constants.

The thermal unfolding experiment is conducted both in the buffer and in the presence of
the perturbation to assess how the perturbation influences the unfolding process. From
these experiments, the corresponding changes in free energy, entropy, and enthalpy are
calculated. To quantify the effect of any perturbation on the extent of stabilization of the

protein, the differential change in free energy, entropy, and enthalpy were calculated as,

AAG® = AC"zg)erturbation - AGl())uffer (1'1'12)
AAH® = AH;g)erturbation - AHI())uffer (1'1'13)

AAS® = ASgerturbation - A‘S‘I?uffer (1-1-14)
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N De-
g Stabilization stabilization Stabilization
=
n
]
o,

AAS AAH

o
-
©
o
§ De- Stabilization De-

v stabilization stabilization

Scheme 1.1.5. Effect of positive/negative free energy, entropy, and enthalpy change of protein
unfolding compared to that in the buffer on the overall stability of the protein.

A positive value of AAG® signifies that the system is likely to be in the native state in the
presence of the perturbation compared to the buffer.
As AAG® = AAH® — TAAS?, a positive value of AAH® will be a stabilizing contributor,

and a positive value of AAS® will be destabilizing (see Scheme 1.1.5).

1.1.4.4. Consideration of Heat Capacity into Unfolding Thermodynamics

Note that, in the previous analysis, the temperature dependence of entropy and enthalpy
has not been considered. However, it's often found that both enthalpy (AH) and entropy
(AS) can vary with the temperature. This variation is linked to the difference in heat
capacities between the folded and unfolded states of the protein, termed the excess heat

capacity (AC,). The excess heat capacity is mathematically expressed as the difference

between the heat capacity of the unfolded state and the folded state:

AC, = C,° -, (1.1.15)
Excess heat capacity is related to AS and AH by

0
AC, = T=(AS), (1.1.16)
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5}
AC, = = (AH),, (1.1.17)

Combining equations (1.1.11), (1.1.16), and (1.1.17), one gets a modified version of the

Gibbs-Helmholtz equation.’® The equation considers AC,, which allows for more precise

calculations of Gibbs free energy (4G) at varying temperatures.*’

The general form of the equation is:
AG (T) = AH,, (1 - %) + AC,[(T —T,,) — TIn(T/Ty,)] (1.1.19)

Where:
o AG (T) is the Gibbs free energy change at temperature T,
« AH,, is the change of enthalpy at the melting temperature T,,,
« AC, is the change in heat capacity,
o T, is the midpoint temperature of the unfolding transition (where AG = 0),
« T is any temperature at which the free energy is being evaluated.

o Also, AS is just AH/T,,

A deviation from linearity in the Van't-Hoff plot indicates a nonzero change in heat
capacity, which can be calculated using the equation 1.1.19. However, in my thesis, |
have directly measured entropy and enthalpy and not considered the change in the heat
capacity between native and unfolded state. As, in my case considering the AC, while
fitting the denaturation curve does not improve the fitting quality much and both the
parameters AH and AS remain similar to the previous model (equation 1.1.10). Figure
1.1.1 is a representative case of the free energy change of bromelain unfolding in the
presence of buffer fitted with both equations 1.1.10 and 1.1.19. The maximal deviations

from linearity in this case is ~ 200 cal/mol, which demands <10% fractional uncertainties
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to observe. This level of accuracy is almost impossible to attain in such measurements.

The ability to perform such measurements for excess heat capacity AC, requires the

combination of a large temperature range and precise rate-constant measurements. That’s

why it is a general practice to measure AC, directly by calorimetry measurement. And

by fitting the denaturation data AC,, is not calculated.

2000 ACp=0 g ACp#0
~ 1000
o
g
3 7
2
< -1000
4
-2000
200 ®
—_ ] e o
g 100 ® i L] o
= 0'. I (N A [
é -100-® ° ol
-200 o
T T T T T T T T T T T T
315 320 325 330 335 340 315 320 325 330 335 340
Temperature (k) Temperature (k)

Figure 1.1.1. The free energy change of thermal unfolding of bromelain with temperature. In the
left panel, AG is fitted with the equation 1.1.10 where AC, is considered 0, that means not
considered. However, in the right panel through fitting with equation 1.1.19, a non-zero AC,, value

was extracted.

1.1.4.5. Physical Insights into Protein Unfolding

The folding funnel hypothesis suggests that the unfolding process is accompanied by
increasing randomness in the system which contributes to the feasibility of the process
by increasing the change in entropy.*® On the other hand, the stable interactions
(hydrogen bonds, ionic bonds, van der Waals forces, and hydrophobic effect) present in
the folded state are disrupted in the unfolded state, which requires energy.*'**> As a result,
heat is absorbed, and the enthalpy of unfolding is typically positive, contributing towards

the non-feasibility of the unfolding process.** Generally, the total energy difference



15
Chapter 1

between the folded and unfolded states is approximately 20-40 kJ/mol, with the

equilibrium constant for a small natural protein typically ranging between 10* and 1074

1.1.4.6. Role of Water in Protein Unfolding

Water plays an essential role in protein folding and stability, with the modulation of
water structure having profound effects on biophysical processes. Proteins carry out
their functions in an aqueous environment, and thus, water is central to their
behavior. In a typical biophysical experiment, the concentration of the biomolecule
is in the micromolar range, while the concentration of water is significantly higher
at 55.5 M. This stark difference underscores how even slight changes in water
structure can drastically influence the outcome of the experiment. It is well
established that the structure of water near a protein's surface differs from that of
bulk water, and these water molecules that are in direct interaction with the protein

45-50 The presence of any

surface are known as associated or biological water.
additives can further modify this structure and thus the unfolding-folding dogma as
well.>175% Despite this, the critical role of water in protein folding and unfolding

remains underexplored.

Pure water consists of a dynamic network of hydrogen-bonded molecules. However,
when nonpolar, hydrophobic molecules (such as proteins) are introduced into water,
they disrupt this network. Water molecules then form a highly structured shell, or
solvation layer, around these hydrophobic groups to maintain optimal hydrogen
bonding.! This structuring decreases the entropy of the water, meaning the system
becomes more ordered and less favourable from a thermodynamic perspective.
However, in the process of folding when the hydrophobic groups in a protein are
clustered together, the surface area exposed to water decreases, as the unfolded
protein is larger in size than the folded protein, thus reducing the extent of the
solvation layer and allowing the water molecules to become less structured and more

disordered.! This increase in entropy is thermodynamically favourable and acts as
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the primary driving force for the folding of the protein in water.! In short, because
of the decrease in the entropy of water molecules (not protein) during unfolding, the
natural tendency of water molecules near the protein is to protect the native form of
that protein. Any additives that further strengthen the water shell around the protein
will impart more stabilization to the system and can be considered as a stabilizing
agent to the protein. On the other hand, additives that weaken the water shell will
destabilize the protein. Consequently, this strengthening or weakening of the
hydrogen bonds leads to an enthalpic change. Specifically, the weakening of the
hydrogen-bonded network requires some energy, leading to positive enthalpic
changes, whereas in the other case, modulation to a stronger hydrogen bond network,
a negative change in enthalpy occurs. Thus, this modulation of the water in the
presence of any additive might not only influence the enzyme stability but also may
provide a physical basis for the entropy-enthalpy compensation that is observed

across many biophysical events.

In my thesis, I have tried to understand the water dynamics modulation in the

presence of additives and its impact on protein stability and activity.

1.1.4.7. Entropy-Enthalpy compensation

In many biophysical reactions, there is often a linear relationship observed between
entropy (AS) and enthalpy (AH), a phenomenon known as entropy-enthalpy
compensation.*®>” The famous thermodynamic equation, AG = AH — TAS, relates
the entropy and enthalpy change of any process. Thus, the entropy-enthalpy
compensation appears to be a thermodynamic consequence, and one might think of
the existence of a common source. However, the physical reason is not well known.
The previous discussion of the role of water somehow portrays the involvement of

water in attributing both the change in entropy and enthalpy, and thus it might be
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considered a common reason for entropy-enthalpy compensation. In my thesis, I

have tried to discuss this in detail.

1.1.5. Dynamics of protein:

As famously remarked by many scientists, the dynamics of biologically active
molecules are very important to understand any biological process.*® The functions
of enzymes or proteins, in general, can be comprehended to a great extent by
studying their motions. However, it was not until the 1980s that scientists truly began
to appreciate the dynamic nature of proteins.>® Rather than static entities, proteins
exist in multiple conformational states, constantly interchanging through various
motions, from bond rotations and side-chain shifts to loop movements.®*®! These
conformational changes occur over a variety of timescales, from picoseconds to
milliseconds, and involve displacements from as small as 0.01 A to as large as 10 A,

known as conformational fluctuation dynamics®*6293 (Scheme 1.1.6).

Beyond internal motions, proteins exhibit three other essential dynamics within
biological environments: translational motion (how the protein moves through a
solvent media), rotational motion (how the protein rotates in a solvent media), and
the dynamics of water molecules in the immediate vicinity of the protein
(scheme 1.1.6). The water molecules residing near to protein surface directly make
hydrogen bonding with the amino acid residues known as associated or biological
water. This biological water surrounding proteins has much slower dynamics, and
any alteration in its structure or dynamics can significantly impact the protein’s
stability and activity.*0-4853:64-67 The viscosity of the solvent media also plays a
significant role in controlling the translational and rotational dynamics of the

protein.®®% In scheme 1.1.6 different dynamics of proteins are represented.
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Scheme 1.1.6. Various dynamics of a protein and their tentative timescales.

S

In my thesis, I have measured the associated water dynamics and conformational
dynamics of bromelain and HSA protein in different perturbations (DESs,

macromolecular crowder).

1.1.5.1. Conformational dynamics of protein:

Conformational fluctuation dynamics, often referred to as side-chain dynamics, is
one of the most important due to its significant role in enzyme function.”®”° The
flexibility of side chains allows proteins to adapt their shapes to accommodate
substrates or interact with other biomolecules, thus enhancing specificity and

efficiency.’®””

Moreover, side-chain dynamics contribute to the protein's ability to
explore a range of conformations, essential for folding, stability, and interaction with
water or other molecules. The timescale of signal transduction, enzymatic activity,
and allosteric regulation generally occurs in microseconds, thus observing the
microsecond side-chain dynamics is necessary.’*’%7 Also, probably because of its
relative slowness, this side-chain dynamics is studied extensively. Recently, our
group also reported a direct correlation of this conformational fluctuation dynamics

in influencing the enzymatic activity of bromelain.”
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The conformational fluctuations in proteins do not occur at the same time or in the
same way across a group (ensemble) of protein molecules. Since each protein
molecule may undergo conformational changes at different moments or on different
timescales, it is challenging to capture a unified or consistent measurement of these
fluctuations in experiments. This lack of synchronization makes it difficult to
experimentally determine a precise timescale for these dynamic events using an
ensemble average technique. This problem can be resolved through single-molecular
techniques or at least through techniques at the single-molecular level. In such a
scenario, each protein molecule is studied independently, and the fluorescence
fluctuation from the protein due to conformational fluctuation can be measured.
Among the numerous single-molecule techniques available, two stand out as
particularly significant: fluorescence correlation spectroscopy (FCS) and single-
molecule fluorescence resonance energy transfer (smFRET).80-%3 Although not a true
single molecular technique, FCS offers advantages over sm-FRET, such as avoiding
protein immobilization, improved time resolution, and simpler instrumentation. >34
FCS has been applied to measure conformational dynamics of various proteins,
including cytochrome-c3>%, lysozyme®’88, papain®®, prion protein®®, spider silk
protein®!, apo myoglobin®?, photosystem-I°3, bromelain’4, glutamate receptor®,
human serum albumin (HSA)**"7, and so on. A detailed understanding of the FCS

can be gained through several available review articles and books”®1%,

In my thesis, I have also routinely used FCS and observed the modulation of

conformational fluctuation dynamics of proteins in different media.

1.1.5.2. Associated water dynamics of protein:

Generally, the dynamics of a solvent can be measured using many spectroscopic
techniques like nuclear magnetic resonance (NMR)!°1102) dielectric relaxation
(DR)®, quasi-elastic neutron scattering (QENS)'®, and time-dependent

fluorescence Stokes shift (TDFSS)®6:67.104-107  However, in the case of a protein
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where the immediate surroundings are of utmost importance, the TDFSS method
takes the lead due to its unmatched spatial and time resolution.*’>? In TDFSS, a
reporter molecule (fluorescent probe) is excited using a suitable excitation source,
and due to its difference in the dipole moment of the ground and excited state,
solvent molecules reorganize to stabilize the solute.!%1%% The time taken for this

rearrangement is a measure of solvation dynamics.

In a famous article in Nature, 1994, Fleming and his colleagues for the first time
using the TDFSS method employing femtosecond fluorescence up-conversion
technique with coumarin 343 as the probe, reported the solvation dynamics of water
to be ~ 1 ps.!® A year later Bright and co-workers studied the solvation dynamics
of a protein, acrylodan-labeled HSA inside a reverse micelle, and observed a
nanosecond relaxation time.'!? After that, the Zewail group, Bhattacharyya group,
and many others through a plethora of studies over the years proved the slow

solvation dynamics of water in the presence of proteins,66:67-104-106,111-121

The theory of this observation of slow solvation dynamics of water is given by
Bagchi and co-workers, famously known as the Nandi-Bagchi model.* It suggests
that the slow solvation dynamics arise because the water molecules near the protein
surface behave differently from bulk water, likely forming stronger hydrogen bonds
with the protein than those found in bulk water.*>*° This specialized water, referred
to as "biological water" or "associated water," consists of two main components: free
water (where water molecules bond only with other water molecules) and bound
water (where water molecules are H-bonded to the amino acid residue of protein
surface) (see Scheme 1.1.7).4464833 These two forms of water continuously
exchange, and according to the Nandi-Bagchi model, only free water contributes to
the solvation process.*> However, the timescale of solvation dynamics depends on
the equilibrium constant between free and bound water exchange, which is
influenced by the difference in the hydrogen bond strength between them.***” The
stronger the protein-bound water interaction, the slower the solvation dynamics will

be.
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Associated Water

Bulk Water

Scheme 1.1.7. Effect of positive/negative free energy, entropy, and enthalpy change of protein

unfolding compared to that in the buffer on the overall stability of the protein. This figure is

represented from the reference *®.

In the case of protein, the surrounding water that directly interacts with the protein
surface is of utmost importance as it influences important protein behaviour like
stability and activity.*$53:66:112.122 Haying a site-selective tagging with fluorescent
molecules, or if a single tryptophan is present, then the solvation dynamics can give
information about the dynamics and structure of the surrounding water molecules
(biological water or associated water) of that region of the protein.*’ Therefore, faster
dynamics will suggest the presence of free or less strongly bound water around the
protein, whereas slower dynamics suggest a rigid or strongly bound water structure
around the protein. Due to better spatial and time resolution, TDFSS can report
dynamics near the reporter molecule tagged in the protein.*”-'2* In contrast, NMR,
DR, or QENS captures signals from the whole solution and can give only an average
picture.*’” Thus, TDFSS has been extensively used to extract the dynamics of the
associated water of various proteins in the presence of different perturbations. Also,
the role of this associated water in influencing enzymatic properties like structure,
dynamics, stability, and activity is very axiomatic. It is because of the enormous
complexity present in the biological systems, delineating the exact role of water in

governing enzymatic behavior is still very scarce but of most importance. Attempts
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regarding the ability of water to influence stability and activity, are very limited in
the literature. In Table 1.1.1, we listed some reports of water structure modulation

in the presence of different perturbations.

Table 1.1.1. Water dynamics modulation of proteins in the presence of various
perturbations. This is not a comprehensive list of references; many more examples

can be found beyond those listed.

Protein Perturbations Observation Year|[Ref]
o- inactive state The associated water becomes faster 20026
Chymotryps (pH 3.6) and in the active form than in the
in the active state inactive form of the enzyme
(pH 6.7)
Monellin 6M guanidine Because of the involvement of the 2002'!!
hydrochloride protein backbone motions in the
(GnHCI) random-coiled state, a retarded

hydration dynamics in GnHCI
observed than in the buffer

Glutaminyl- 1.9 M Urea The water dynamics at two different 2003'1°

tRNA sites of the protein modulated
synthetase differently in urea. The dynamics
(GInRS) from covalently attached probes

become retarded, but the dynamics
extracted through non-specifically
attached probes become very

flexible.
Lysozyme sodium Solvation dynamics becomes slower 2003'!3
dodecyl sulfate in the presence of SDS.
(SDS)
HSA GnHCI In the unfolded state (6 M GnHCL) 2004''?

the water dynamics becomes very
fast with respect to the buffer.

Cytochrome 2mM SDSand The water dynamics become more 2005'%°
C 5 M urea flexible in the presence of both SDS
and Urea together than in only SDS
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HSA Change of pH With the changes in the pH 2006
(acidic to dependent  conformation, the
basic) hydration dynamics modulates. The
fastest dynamics and the loss of
globular structure was observed in
the basic pH.
GInRS 1- With the increase in  the 2006'**
glutamate+Ure concentration of urea, the hydration
a dynamics of the enzyme become
progressively faster because of the
conformational  changes  from
compact denatured states to fully
unfolded states.
No protein lactose The hydration dynamics of near 2006°°
used lactose =~ become  significantly
retarded than bulk water.
Apomyoglob native (pH~6) In all the mutant variations of the 2007!'%!
in and molten protein, the associated water
globule state becomes more flexible in the molten
(pH~4) with globule state than in the native state.
mutation at 16
different
positions
across the
whole protein
surface
N-acetyl- Glycerol, In glycerol, slower dynamics with 2009!2
leucine- DMSO two distinguishable relaxation times
methylamid were observed. However, in the
e peptide presence of DMSO, the hydration
water dynamics become faster and
more bulk-like, especially near the
hydrophobic regions of the peptide.
Flavodoxin  three  redox SQ protein has superior stability and 2010!2

states oxidized
form  (0X),
one-clectron
reduced

retarded water dynamics than OX
state. However, in HQ form the
solvation becomes faster again
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neutral
semiquinone
(SQ), and two-
electron fully
reduced
anionic
hydroquinone
(HQ)
HSA temperature Thermal unfolding disrupts this 2011!%7
hydration structure, leading to
faster, bulk-like water dynamics and
irreversible structural
destabilization at higher
temperatures.
a- PEG-400 Water dynamics become more 2011'%8
Chymotryps flexible with PEG-400 and
in correlating well with the activity
modulation.
HSA 1.5 M The solvation dynamics become 20125
[pmim][Br] progressively  faster from the
ionic  liquid presence of ionic liquid to GnHCI
and 6 M because of unfolding of the enzyme.
GnHCI
HSA PEG 200 and with PEG concentration, a 2015'%°
400 structured and less mobile hydration
shell forms
HSA  and Dextran-6k, Solvation dynamics modulates even 2015'3°
BSA 40k, 70k; at low concentrations of crowder. a-
Ficoll-70k; Synuclein slows the associated
PEG-200, 8k; water dynamics in BSA but speeds
a-synuclein up in HSA.
YS- Self-crowding The hydration shell remains 2016'"!
Crystallin, dynamic, but mutants show
vS-G18V dehydration at lower crowding
(mutant) levels.
HSA Sucrose and Sucrose mitigates the denaturing 2016'!”
(Domain-I) GnHCI impact of guanidine hydrochloride

(GnHCI). At lower concentrations
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of GnHCl, the presence of sucrose
leads to a noticeable slowing of
hydration dynamics. However, as
the concentration of GnHCI
increases, the influence of sucrose
on hydration dynamics becomes
negligible.
HSA Dextran-6k, Solvation dynamics remain 2016'3?
(Domain-I) 40k, 70k; unchanged for small crowders.
Ficoll-70k; Larger crowders slow down
PEG-200, 8k  dynamics beyond 100 gL'
RNase T1, CTAB  and Both proteins experience reduced 2018'33
(SH3) AOT reverse stability in their respective reverse
domain of micelle with micelle environments, and the
the protein different water hydration water becomes more
drk pool size ordered and less dynamic
Fish eye lens Mutation  at At a more buried probe position the 2020'%
protein different hydration dynamics become more
YM7- positions with retarded with respect to a exposed
crystallin different position.
surface
exposure
HSA Dextran-6k, Low concentrations induce faster 2020!3
(Domain-I) 40k, 70k; water dynamics; higher
Ficoll-70k; concentrations retarded the same.
PEG-8k, urea
Adenylate  PEG- Water dynamics slows down with 2021'3°
kinase 8k; Dextran- crowders. Ficoll-70k has the
40k, 70k; greatest effect.
Ficoll-70k
Adenylate  Ficoll-70k; Solvation dynamics slows down 202236
kinase Dextran-40k,  with crowders. Dynamics vary
70k; and PEG- across the domains, with a sharp
8k drop at 278-293 K.
bovine beta- SDS With the increase in the SDS 2022'%
casein concentration, a structural

compactness and retardation in the
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hydration dynamics of beta casein
protein was introduced.

RNase A Various Protein-stabilizing osmolytes are 2022°!
osmolytes typically associated with tightly
bound hydration water exhibiting
slow dynamics, whereas denaturing
osmolytes tend to accelerate the
collective rotational motion of
surrounding water molecules.

HSA Dextran-40k, At 100 gL', PEG speeds up water 2023%
(Domain-III  Ficoll-70k, dynamics, while dextran and Ficoll

&0 PEG-35k slow them down.

Mutated Urea (0-6 M); Water dynamics get hindered with 2023'38
adenylate Ficoll-70k; an increase in the crowder

kinase Dextran-40k,  concentration but show varying

70k; PEG-8k  effects with urea.

Adenylate  Ficoll-70k; The hydration dynamics of the 2024'%
kinase Dextran-40k,  enzyme is retarded with an increase
70k; PEG-8k  in the crowder concentration. The
water dynamics of the active site of
the enzyme is more affected than
other positions.

Most studies of hydration dynamics modulations are either in the presence of
osmolytes or macromolecular crowders. However, almost no studies have tried to
correlate this modulation of water dynamics with enzymatic properties like stability
and activity. Also, there is a clear lack of experimental evidence and understanding
of the modulation of associated water in the presence of DESs or hydrated DESs is
there. The term DES was introduced in 2003, and studies of protein behaviours in
DES came even after 5-6 years, which might be one of the reasons why no
experimental study deciphered the modulation of hydration dynamics of protein in
the presence of DESs. However, the previous studies taking osmolytes (many of

which are essentially the constituents of DESs) and macromolecular crowders



27
Chapter 1

strongly suggest the crucial role of the associated water in influencing protein

stability and activity in the presence of DESs.

1.1.6. Limitations in Enzyme Applications and Directions:

Generally, enzymes or proteins are thought of as the most efficient and effective
catalysts because every function going on inside a living body is done by some
specific proteins, and the smallest inconvenience in their functions leads to severe
disorders and diseases in the body. However, they normally lose their stability and
function in conventional organic solvents. Thus, limiting their practical applications

in various fields, including medicine, biotechnology, and industrial processes.

Proteins and enzymes are marginally stable in their native state, and thus, with the
slightest changes in the native environments (changes in temperature, pH, ionic
strength, etc.), enzymes easily lose their structure and function, limiting their use in

biocatalysis.

Enzymes have a short shelf life, and long-term storage of enzymes is difficult as they
degrade over time, requiring expensive and precise storage conditions like

refrigeration and lyophilization.

Addressing these gaps will require advancements in protein engineering and
formulation of novel solvents with tunable properties to improve the stability,

storage, and effectiveness of proteins and enzymes in various applications.

In my thesis, my work revolved around enzyme behaviour in complex solvents like
deep eutectic solvents (DESs), macromolecular crowder, etc. These solvents are
believed to be an alternative media where biocatalysis can be performed because of
their ability to keep or even increase the stability and activity of the enzymes. [ have
tried to explore the mechanistic understanding of why protein remains stable and

active in such complex solvents.
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1.2. Deep Eutectic Solvents (DESs): A brief overview

The field of chemistry has long relied on solvents to facilitate reactions, separations,
and other critical processes. However, many traditional solvents are toxic, volatile,
and environmentally damaging, driving the search for greener alternatives. Thus,
finding safer solvents is one of the most important points among the 12 principles of
green chemistry developed by Paul Anastas and John Warner.!? One of the key
objectives of green chemistry is to reduce waste generation, and catalysis plays a
vital role in achieving this.>* Enzymes, due to their remarkable efficiency and
specificity, make biocatalysis a natural choice for industrial processes, offering a
sustainable and highly selective approach to chemical reactions.”® However, water
is the main solvent for the living world, and most enzymes are stable only in water,

limiting the scope of biocatalysis.”!°

The approach of using engineered enzymes that are capable of functioning in organic
solvents has already been recognized through the Nobel Prize to Frances Arnold.!!-
13 However, this approach requires extensive biological expertise and time-
consuming trials.!!"!* An alternative approach would be to discover novel solvents
that are tunable and can maintain enzyme stability and activity, which would open
new possibilities for biocatalysis.”!%!> This is where deep eutectic solvents (DESs)
show great promise.!®!%-18 DESs offer advantages like simple and atom-efficient
synthesis, low vapor pressure, and tunability for product separation and extraction
but, most importantly, can keep enzymes/proteins stable and active therein.!®23
Moreover, many naturally occurring compounds can form deep eutectic solvents
(commonly referred to as natural deep eutectic solvent or NaDES) and are thought
to be environmentally safer, non-toxic, and biodegradable media than

conventionally used organic solvents.?>2*

1.2.1. Definition of DES
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The term ‘deep eutectic solvent’ contains two words, “eutectic” and “deep”, that
need to be explained to understand their meaning of it. The term eutectic refers to a
mixture of two or more components that, when combined, have a melting point lower
than that of any individual component. The word ‘deep’ in DES refers to the
significant depression in the melting point, often much lower than that of a simple
eutectic mixture.!*2>26 In 2003, Abott and co-workers pioneered this concept by
taking a mixture of choline chloride (with a melting point of 302 °C) and urea
(melting point of 133 °C) at 1:2 molar ratio, which results in a eutectic mixture with
a melting point of only 12 °C.2” This ability to dramatically lower the melting point
is what distinguishes DESs from ordinary eutectic mixtures, where melting point
depression is generally less pronounced (will be clarified in the next sections). This
occurs due to the specific interactions between the hydrogen bond donor (HBD) and
the hydrogen bond acceptor (HBA), such as choline chloride and urea, which results
in forming a liquid that remains stable at a temperature much lower than the melting
point of both the constituents.!*2” The specific interaction between its constituents,
generally H-bonding, distinguishes normal eutectic mixtures from deep eutectic

solvents.!?%

1.2.2. Thermodynamics of Eutectic Mixtures and DESs

Consider a solution that is in equilibrium with pure solid solvent. Then at equilibrium

condition [when freezing is occurring],

‘Ll(T, P,X) = nusolid(T' P) (121)

Where, u(T, P, x) is the chemical potential of the solvent in the solution, pg,;;4 (T, P)
is the chemical potential of the pure solid (as the solid is pure, it does not depend on
any composition variable), T is the equilibrium temperature, i.e., the freezing point
of the solution, and x is the mole fraction of the solvent in the solution. At constant
pressure, the freezing point of a solution is only a function of the composition of the

solvent.?®
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For an ideal solution,

u(T,P,x) = u°(T,P) + RT Inx (1.2.2)
Where, u°(T, P) is the chemical potential of pure liquid solvent

Replacing equation 1.2.2 in equation 1.2.1,

u°(T,P) + RTInx = pgiq(T, P) (1.2.3)
o RTInx = pgpq(T,P) — u°(T, P) (1.2.4)

—~(kO(T.P) ~ tsolia(T,P))
RT

~Inx = (1.2.5)

As, u°(T,P) is the chemical potential of pure liquid solvent, u°(T,P) —
Usotia (T, P) = AGpysion, where the AGpy oy, is the free energy of fusion of the pure

solvent.?®

Then equation 1.2.5 becomes,

Inx = ““CLuston (1.2.6)

. a
To discover how T depends on x, we evaluate (é) at constant P,

2 (Inx) = — [('AR%)]P (12.7)
o) @), 120
From Gibbs-Helmholtz equation,

50, - - 129

Then equation 8 becomes,

1i__1 [_ AHfus] (a_T)P (1.2.10)

x R T2 0x
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1 AHpys a_T
x  RT2 (ax)p (1.2.11)

AHp, s = the heat of fusion of the pure solvent

Rearranging and integrating the equation 1.2.11,

“dx_ (TMus gp (1.2.12)

1 x To RT?

When, x = 1, the solution is only pure solvent and T, is the freezing point of the

pure solvent.

Then the equation 1.2.12 becomes,

_ _Mpus(1 1

Inx = - (T To) (1.2.13)
_ AHpus (11

Inx - (To T) (1.2.14)

The ideal Solid-Liquid phase diagram for mixtures at different compositions can be

determined using Equation 14.26-28.2

g
B

Temperature

DES, experimental

Mole fraction
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Scheme 1.2.1.: Schematic representation of a simple ideal eutectic mixture (cyan) and a deep

eutectic mixture (green) of constituents A and B. T 4 and Ty p are the freezing points of pure

A and pure B. In the case of deep eutectic solvent, the depression of the freezing point (ATpgs)

should be higher than the ideal eutectic mixture (ATg).

Eutectic mixtures are characterized by a decrease in melting points. When two
compounds mix, it leads to a eutectic point. The ideal phase diagram for such a
system is V-shaped rather than a straight line between the melting points of the pure
compounds (just a linear combination of the melting points of the two pure
constituents, see scheme 1.2.1).262° This V-shape captures the natural melting point
depression of the components, signifying an ideal eutectic solvent. By comparing
the calculated ideal phase diagram with experimental data, one can assess the
system's behavior. If the experimentally observed melting temperatures are
significantly lower than those predicted by the ideal model, the mixture qualifies as

a deep eutectic solvent (DES).262°

DESs differ from ordinary eutectic mixtures by showing stronger interactions
between their components, leading to a greater drop in melting points than the ideal
eutectic point.2%?° This negative deviation from ideal thermodynamics (see scheme

1.2.1) makes a DES “deep”.

1.2.3. Common Misconception regarding DESs

A common misconception is that DESs are a type of ionic liquid. However, Abbott
et al. clarified that DESs, and ionic liquids are fundamentally different.!® DESs are
mixtures, whereas ionic liquids are pure compounds. Even cholinium chloride
(commonly referred to as choline chloride) salt, a common component in DESs, does

not qualify as an ionic liquid despite being made of ions.!%-2
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Although the most common description of DESs is that they are simply mixtures of
hydrogen bond donors (HBDs) and acceptors (HBAs), a small clarification is
required. The acidity differences between the constituents must be small; so that no
proton transfer occurs and forms a protic ionic liquid in place of DESs.?% Smith et
al. described DESs in their review article as “DESs are systems formed from a
eutectic mixture of Lewis or Bronsted acids and bases which can contain a variety
of anionic and/or cationic species”.!” This means that not all HBD-HBA mixtures,
rather specific acidity differences between constituents enable hydrogen bonding
without forming protic ionic liquids, qualify as DESs.2¢ Also, the acids and bases
must interact in such a way that the melting point drops significantly (negative

deviation) beyond what would be predicted if the mixture behaved ideally.?¢

1.2.4. Properties of DESs

Several key features of DES make this solvent a potential game changer in the field

of chemistry and biology.

(i) Significant melting point depression: Because of the significant depression in
the melting point, most of the deep eutectic solvents remain liquid over a long range
of temperatures, especially at room temperature which makes the applicability of

DESs wider.!9-23

(ii) Greenness and biodegradability: Many of the DESs are composed of naturally
occurring, biodegradable compounds such as choline chloride, urea, sorbitol,
sucrose, etc. The non-toxic and ability to break down into environmentally benign

byproducts make DESs a sustainable and green option of chemistry.?>2*

(iii) Easy and atom-economic synthesis: Simple mixing and heating of
an appropriate amount of components can make DES, which makes the synthesis
straightforward and atom-economic. However, ionic liquid preparation requires

complex synthesis and purification.°
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(iv) Tunability: The most appealing feature of DESs is their tunability. By adjusting
the mole fractions of HBD and HBA, or by varying the types of components used,
DESs can be customized to achieve desired solvent properties such as polarity,
viscosity, and thermal stability.!®?331-32 Also, note that the idea of DESs shouldn't
be limited to fixed ratios of HBD and HBA like 1:2, 1:1, etc. Instead, users should

be able to adjust the composition of the solvent to achieve the best performance.?®

(v) High Solubilization Capacity: Depending upon the chemical nature of the
constituents, DESs can dissolve a wide range of substances, including polymers,
organic compounds, and metal salts, which makes them useful in diverse fields such

as chemical synthesis, biocatalysis, and pharmaceuticals.?*3*

(vi) Safety and Stability: DESs are non-volatile, non-flammable, and also stable both
thermally and chemically. This makes them safer for handling, storage, and
transport, and ideal for high-temperature or harsh chemical processes like catalysis

and metal extraction, where traditional solvents may fail.!%33

(vii) Biocompatibility: DESs are particularly attractive in biocatalysis due to their
ability to maintain the activity and stability of enzymes. In many cases, enzymes

exhibit increased stability and activity in DESs compared to traditional solvents.?3->

42

(viii) Molecular Heterogeneity of DESs: DESs have been extensively characterized
to exhibit notable spatial and dynamic heterogeneity at the molecular level, where
distinct microenvironments arise due to specific interactions between hydrogen bond

acceptor (HBA) and donor (HBD).#3->°

In one of the chapters, I have identified molecular heterogeneity of the DES; I will
be discussing a little bit about heterogeneity here, and then go into the discussion of

protein behaviour in DESs and hydrated DESs.

1.2.5. Molecular Heterogeneity of DESs
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The presence of molecular-level heterogeneity has been identified as an intriguing
feature of DESs.# Heterogeneity refers to diversity or difference within a system
where not all molecules experience the same environment. This is easily observed
in mixtures of two solids, but within complex media like liquids, heterogeneity is
less perceptible at a macroscopic level. Although most solvent systems appear
homogeneous, molecular-level studies often reveal a heterogeneous environment
where molecular interactions and forces vary locally.>'=>3 This variation stems from
force imbalances among molecules due to differences in local interactions. However,
confirming the presence of heterogeneity in a system depends strongly on the time
and length scale of observation. Most systems will reveal heterogeneity at an atomic
scale, yet as the observation scale increases, such heterogeneity becomes “smeared

out” and appears homogeneous.

At the molecular level, heterogeneity becomes essential for understanding chemical
and biological systems, from solvents to cells and from nanoparticles to bulk
solids.#734-3¢ Generally, in literature, one encounters two terms of heterogeneity,

5157 The first one refers to variations in

namely spatial and dynamic heterogeneity.
molecular arrangements within a DES, forming distinct microdomains or regions
where the composition and interactions of molecules differ (see scheme 1.2.2).°8 The
dynamic heterogeneity pertains to variations in molecular motion and relaxation
rates across different regions of a DES (see scheme 1.2.2).58 If there is heterogeneity

157 whether we can observe it

in dynamics, there must be a difference in structure
or not and that is why spatial and dynamic heterogeneity is mainly used in literature
as per the methods of observation. Basically, if one can observe heterogeneity in the
system through some dynamical measurement, then it 1s called dynamic

heterogeneity and similarly spatial heterogeneity.
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Scheme 1.2.2. (a) Illustration of a homogeneous solvent medium, where all areas have an
identical relaxation rate, 11, (b) Representation of dynamic heterogeneity, showing Regions B
and C with distinct relaxation times (12 and 1) compared to the rest of the medium (Region A
with 11), (c) Depiction of spatial heterogeneity, with boundaries indicating separate dynamic
regions. Dynamic heterogeneity suggests that structural differences exist across regions,
regardless of whether they are directly observable. This figure has been reprinted from the
reference °®,

The go-to technique for detecting spatial heterogeneity in a system is steady-state
fluorescence-based red edge excitation shift (REES), because of its easy
instrumentation and wide availability.>**' Generally, the emission maxima or the
quantum yield do not depend upon the excitation wavelength.®> However, if a
heterogeneous distribution of the excitation and emission energy of the indicator
fluorophore exists in a solution, excitation at different wavelengths along the

absorption spectrum excites different subpopulations.6%-61-63

The photo-selection is possible only at the red edge because excitation at other
positions can also access lower energy states through other transitions,60:62:63
Individually, Galley and Rubinov, in the year 1970, first proposed this novel edge
effect.%%° Later, it was extended massively by Azumi in complex liquids and by
Demchenko in bio-systems.®-%° To detect the spatial heterogeneity of DESs or ionic

liquids, REES has been extensively used previously.4330-39.70-73

On the other hand, viscosity decoupled dynamics has been taken as a measure of
dynamic heterogeneity.#3—+71.72.74-82 Generally, any dynamics in a media should

follow the media viscosity. The translational dynamics and rotational dynamics
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depend on the medium’s viscosity in a linear manner according to the Stokes-

Einstein (SE) and Stokes-Einstein-Debye (SED) relationships, respectively.>®

kT :
D = p— (SE relation)

kT :
Dp = py—— (SED relation)

Here, D and Dy are the translational and rotational diffusion coefficients, k is the
Boltzmann constant, 7 is the viscosity of the medium, T is the system’s temperature,
and 7 is the radius of the molecule considering the sphere. As diffusion coefficients

are inversely proportional to the associated relaxation time, it can be linked as

n
TTorr OC;

Taking log on both sides,

log(tr oy ) = log (g) +logC; (1.2.15)

61T 8mr3
where C = — or —

The relation of dynamics with viscosity is generally expressed in a log-log plot of

Tror g and g, producing a straight line with a unitary slope.

Now, if the dynamics depend on the media viscosity fractionally, then

Trorg & (g)” (1.2.16)

~ log(trorr) = plog (g) + log C (1.2.17)
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log (g) ]

Scheme 1.2.3. (a) Illustration of the log-log plot of relaxation time (77 ,,-g) Vs temperature
reduced viscosity (g) The deviation of the slope from unity basically implies the presence of

dynamic heterogeneity in the system.

The slope is now denoted as p. A value of p = 1 will mean the dynamics strictly
follow the media viscosity in a Stokes-Einstein manner. However, p # 1 indicates
that the system no longer adheres to the Stokes-Einstein (SE) or Stokes-Einstein-
Debye (SED) relationship, signifying that diffusion is no longer directly coupled
with the media viscosity (Scheme 1.2.3).3® This phenomenon, known as viscosity
decoupling, is considered the key indicator of dynamic heterogeneity in the system.
Biswas and Co-workers and, subsequently, many other research groups over time
identified DESs and hydrated DESs as a dynamically heterogeneous

medium,43-44.50.71,72,74-78,82

Although DESs are proven to be heterogeneous by different studies, there has been
almost no effort to understand the implications of this heterogeneity in other DES-

related studies, especially in protein behavior in DESs.

1.2.6. Applications of DESs in Various Fields
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By offering advantages over conventional organic solvents, DES has gained
recognition as a promising green solvent. A quick search on Scopus with the
keyword “deep eutectic solvent” reveals rapid growth in DES-related research, with
a high surge in the last 5-6 years (See Figure 1.2.1a). There are many extensive
review articles enlisting various applications of DESs and out of the scope of this

19:20.2533.83.84 Qver the last decade, DESs has garnered substantial attention in

thesis.
biocatalysis, recognized as a potential game changer due to its tunability and

exceptional ability to maintain protein stability and activity (See Figure
1.2.1b).1821.23,36.85

3000
o, - 150
‘g:ﬂ 2500 ? gh °
55,1
X = X = C
< § 2000 £ &' 100+
S¢ Sg°
= 0 1500+ c o2 75-
o8 S8
- -
52 1001 r 822 =]
o 3 o $
25 500- 25 251 II
* 0+ - LAk * 0 = --llll
T T T T T T T T T T T T
2005 2009 2013 2017 2021 2025 2004 2008 2012 2016 2020 2024
Year Year

Figure 1.2.1. Number of research articles published each year involving deep eutectic solvents
(Source Scopus; Date: 25 April 2025; with Keywords: (a) TITLE-ABS-KEY (“deep eutectic
solvents”), (b) TITLE-ABS-KEY (“deep eutectic solvents” AND “protein” OR “enzyme”).

Here, I will try to very briefly discuss some of the applications of DESs and then

elaborate on the enzyme behaviour in DESs, as that is the primary topic of my thesis.

+» DESs as reaction media: The most extensive use of DESs was as a reaction
media. Many organic reactions, like esterification, polymerization, oxidation,

coupling, etc., have been successfully carried out even with better efficiency
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and selectivity in DESs.3¢% A recent review article by Hooshmand et al.
compiled many cross-coupling reactions along with popular name reactions
in DES media and tried to relate the efficiency of the reactions to the nature
of DESs.”® Other articles are available in the literature reporting different
classes of organic reactions in DESs.#6%° Apart from organic reactions, DESs
are becoming a popular choice for nanoparticle synthesis media.’’*> One of
the difficult tasks in the case of nanoparticle synthesis is the shape control,
which has been done by Liao et al. by employing DES as a solvent.”! More
interestingly, they have achieved size control as well just by controlling the

amount of water in the media.

DESs as extraction media: In recent times, DESs have shown significant
potential in various extraction processes. In desulfurization, DESs like formic
acid and tetrabutyl ammonium bromide effectively remove sulfur compounds
from fuels, offering a more efficient method than traditional approaches.®>*
DESs have been successful in metal extraction, like recovering metals such
as cadmium from rice flour and enhancing lithium extraction.”> DESs have
also demonstrated efficiency in water purification, extracting micropollutants
and heavy metals to provide cleaner water.”>*® More importantly, DESs
outperform conventional solvents in the extraction of bioactive molecules like
flavonoids, alkaloids, artemisinin, etc., from natural sources and keep the

biomolecules stable therein.?®-192

Greenhouse gas absorption: Many DESs offer a promising solution for
capturing greenhouse gases such as SOz and CO: due to their ability to form
strong interactions with these gases.!?-197 Studies have shown that DESs with
appropriate hydrogen bond donors and acceptors can efficiently absorb CO»,
with potential applications in carbon capture and storage technologies.!%4-1%6

The tunability of DESs allows for the optimization of gas absorption capacity,
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making them a viable alternative to conventional amine-based CO: capture

solvents.!08

%+ DESs in electrochemistry: DESs have gained attention in electrochemistry
as both solvents and electrolytes, owing to their high ionic conductivity and
ability to dissolve a wide range of electrolytes.!®!%%119 They are used in
batteries, supercapacitors, and energy storage devices, where high ion
concentration and stability are critical.'!'"!'* For example, DESs have been
used to improve the performance of lithium-ion batteries and supercapacitors,
showing enhanced electrochemical properties and better thermal stability

compared to traditional electrolytes.!!:112.115

* DESs as biocatalytic media: DESs provide a unique environment that

L)

stabilizes enzymes and maintains their activity, making them suitable media
for enzymatic reactions.!%18:2123.116 Generally, water, due to its poor solubility
towards organic solvents, limits the scope of biocatalysis. On the other hand,
organic solvents, in most cases, fail to retain the enzymes in their functional
state. DESs enable reactions that are difficult to perform in water or organic
solvents. Gorke et al., for the first time, used lipase enzyme for the
esterification reaction in deep eutectic solvents, which started biocatalysis in
DESs.!"7 Later, many groups reported that enzymes such as lipase and
protease exhibited increased stability and activity in DESs compared to
traditional solvents.3637-34L118-123 Thig opens new possibilities for industrial
biocatalysis, where enzyme-driven reactions can be performed more
efficiently and sustainably, employing DES according to requirements.
Consequently, growing interest in biocatalysis in DES is clearly visible in the
increasing number of publications with time (See Figure 1.2.1b).

In my thesis, I have worked mainly on the enzymatic behaviour in DESs and

tried to provide a physical insight into what actually controls the behaviour.
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The following section provides an in-depth analysis of protein behavior in

both neat and hydrated deep eutectic solvents.

¢ Other uses: Apart from that, DESs are explored in drug delivery systems for

124-126

better solubility of poorly soluble drugs. Their potential extends to

material science, such as biodegradable polymers and sustainable materials,

owing to their tunable, non-toxic, and biodegradable properties.!?’-130

1.2.7. Current Understanding of Protein Behaviour in DESs:

As discussed in the previous section, DES has been increasingly identified as a
potential biocatalytic medium due to its novel characteristics such as tunability,
greenness, and non-denaturant nature.!®?>3° DES serves as an alternative media,
offering unique interactions that may stabilize the protein and/or retain protein
activity under certain conditions. The study of protein behavior in deep eutectic
solvents (DES) focuses mainly on how these solvents interact with and influence
protein stability, structure, and function. Some recent review articles have tabulated
almost all the important studies related to DES and protein behavior.?3!16131 Here, 1
will only give a list of some important studies along with the most recent reports,

which will provide an overview and current understanding of the field.
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Table 1.2.1. Modulation of protein stability and activity in the presence of DES or

hydrated DES. The references provided are not exhaustive, and numerous additional

examples exist in the literature.

Protein

DES

Stability

Activity

Year

(ref)

Lipase

Choline  chloride
(ChCl):
urea/glycerol (Gly)

Long-term

stability in both
choline chloride-
urea and glycerol

DES.

high activity and
selectivity in
choline  chloride
urea and glycerol

DES

2012117

Lysozyme

ChCl: urea/Gly

Glycerol-based
DES stabilized,
but  urea-based
DES destabilized

the protein

Activity decreased
in neat DES and
was restored with

buffer dilution.

2013132

Lipase

ChCl: urea/Gly

DES act as the
media for the
enzymatic

reaction and kept

the enzyme stable

Activity of the
enzyme increased
in hydrated DES
than the neat DES.

20134

Lipase

ChCl: urea

Show good
thermal stability
with respect to
the  constituent
and buffer

solution

Retain the activity

2014133
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Lipase 24 DES formed | Enzyme gets | Activity increased | 20143°
using 3 different | more in ChAc-glycerol
molar ratios of | stabilization in | and ethylene
ChCl, and Choline | cholinium glycol DES
acetate (ChAc) with | acetate-glycerol
urea, glycerol, | DES
acetamide, and
ethylene glycol
(EG)
Lipase Various choline | half-life time of | activity of lipase in | 2016!3*
chloride based | lipase at 40 °C in | hydrated
binary and ternary | hydrated ChCl:urea:glycerol
DES ChCl:glycerol DES was 155%
was  enhanced, | higher than that in
also some DESs | buffer.
provided acid and
base stability.
Lysozyme | Trehalose  (Tre): | Stability - 201738
ChCl in different | increased
molar ratios dramatically in
the presence of
75% (w/w) Tre:
ChCl(1:3) DES
Lysozyme, | ChCl: Gly/urea No improvement | Neat DES reduces | 2017!%
bovine of thermostability | the activity.
serum for both the | Hydrated DES
albumin proteins. The | restore the

(BSA)

partially  folded

enzymatic activity.
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state to more
compact native
like state
transition occurs
with water
addition in neat
DES.

Lipase ChCl and N,N- | ChClbased DESs | lipase activity was | 2017136
diethyl ethanol | were superior | enhanced in
ammonium chloride | to EAC based hydrated DES,

(EAC) based DES | DESs. DESs | with the highest
showed long term | activity observed
thermal and | in hydrated
storage stability. | ChCI:EG DES.

Lipase Various choline | ChCl : glycerol : | ChCl-urea— 2019137
chloride based | EG (1 : 1 : 1).|formamide (1 : 1 :
binary and ternary | Showed the | 1) showed the
DES highest enzyme | highest catalytic

stabilization activity

Lysozyme | ChCl:Urea Protein partially 2020138

unfolds in both
neat and hydrated
DES, with the
lowest stability at

50% (w/w) DES.
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Bromelain | Acetamide:  urea: | The protein | The activity is [ 2021°°
sorbitol conformation increased at low
(0.5:0.3:0.2) becomes compact | DES

at low | concentrations
concentration but | than buffer but
become slightly | decreases at higher
unfolded at | concentrations.
higher Low viscosity and
concentration of | high polarity
DES. influence enhance
activity.

Lysozyme | ChCl: Polyols (Gly, | All DES enhance | At  10% (w/w), | 2022122
erythritol,  xylitol, | thermal stability, | activity was
sorbitol) and sugars | which increases | slightly increased,
(xylose, glucose, | with the number | then declined with
trehalose) of OH groups in | higher DES

their constituents. | concentrations.

Immunoglo | ChCl: Gly/EG/Urea | All DES 2022137

bulin G increased the

(IgG) protein’s melting

temperature, with
ChCl-glycerol
showing the
greatest  effect.
They also offered
long-term

stability for up to

20 days.
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BSA,

lysozyme,

Immunoglo

bulin

(1g6)

G

ChCl: Gly/urea

Water addition

induces a non-
monotonic
change in
structure and
stability. At <10
wt % and >40 wt
%  HO, the
protein remains
folded or
partially folded,
while
intermediate
hydration levels

lead to unfolding.

2022140

Cellulase
and

pectinase

ChCl:
urea/Gly/EG/1,2-

propanediol

Hydrated DES

offer greater
thermal and
storage
than neat DES,

though

stability

stability
drops at very
high-water

content.

The activity of the
enzyme is retained

in both neat and

hydrated DES.

2023141

Lipase

ChCl: Sorbitol(Sor)

/xylitol

(Xyl)/Gly/EG/trieth

ylene glycol /urea

DES introduced
protein

disaggregation.

Activity increased
18-fold in 25%
(v/v) ChCl:Sor
(2:1) and 10-12-
fold in ChClL:Gly

2023142
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(1:2), ChCLEG
(1:2), and
ChCl:Xyl (2:1)
DES.
Beta- Betaine: Sor The thermal 2023143
lactoglobuli stability in DES
n is increased with
respect to
the buffer
Cellulase ChCl: The thermal | Activity is [ 2023144
Gly/EG/lactic acid | stability of the | improved in the
(LA) enzyme is | presence of EG-
maintained in | based DES. Also,
ChCl-Gly  and | both the ChCI-Gly
ChCI-EG  DES | and EG DES retain
but decreases | most  of  the
with an increase | enzyme activity at
in ChCI-LA 50 °C.
DES.
Trypsin Trehalose: Dbetaine | Trehalose: All  the DES |2023%
with different mole | betaine (1:7) | improved the
ratio (from 1:3 to | DES improved | activity, and the
1:9) the thermal | highest was

stability of the
enzyme. All the
DESs gave pH
and storage

stability.

observed at 50 %

(v/v) of trehalose:

betaine (1:7) DES.
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BSA ChCl: EG, and | While a small 202314
benzyltrimethyl amount of
ammonium chloride | BTAmC:1EG
(BTAmMCI):EG fully unfolds the
protein, it
remains only
partially unfolded
even at high
ChCLLEG DES
concentration.
- 10 different ChCl- | ChCl:  EG:1,2- | the alcohol-based | 202346
Transamina | based DESs (with | propanediol DES | DESs (containing
ses (o-TAs) | urea, EG, Gly, etc.) | improves the | glycerol, ethylene
stability most glycol (EG) and
1,2-propanediol
(PG)) as HBDs
were more potent
in enhancing the
activity of the
enzyme relative to
the buffer.
Ubiquitin | Betaine-Gly-water | DES slowed 2024147
protein torsional
dynamics,
stabilizing  the
structure and

revealing a non-
monotonic

folding pattern
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water content.
Lysozyme | Hybrid Ionic Fluid | Stabilization Choline  Acetate- | 202448
(HIF) with ChCL: | was observed based HIF
Gly (1:2) DES + 1- | with both DES | improves
Butyl-3- and HIFs; | enzymatic activity
methylimidazolium | Choline Acetate- | after incubation;
chloride (BMIM- | based HIF shows | BMIM-Cl shows
Cl) or Choline | higher gradual
Acetate  (Chn-Ac) | stabilization than | improvement over
ionic liquids. BMIM-CI. time
Lysozyme | Hybrid Ionic Fluid | Stabilization Choline  Acetate- | 20244
(HIF) with Choline | was observed based HIF
chloride: Malonic | with both DES | improves
acid (1:2) + BMIM- | and HIFs. | enzymatic activity
Cl and Chn-Ac | Choline Acetate- | more than the other
ionic liquids. based HIF shows | HIF.
higher
stabilization than
the other.
B- Betaine-Gly Stability The activity of the | 2024!°
Glucosidase enhanced in the | enzyme increases
s presence of DES. | with the increase

of K,, and V4, of
the enzyme 13.2%
and 57.9%,

respectively.
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Peroxidase | Betaine:  sucrose: | Both DESs | The activity of the | 2024!3!
water (2:1:10), and | stabilized the | enzyme enhanced
betaine: trehalose: w | enzyme and | in presence of both
ater (4:1:14) retain activity at | DES.
75 °C and 80 °C.
Lipoxygena | Betaine:Sor:water | Enhanced Activity increased | 20242
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Glycol (13) BetSorW but | with BetGly.
(BetGly] fninimal
improvement
with BEtGly.
Lipase A ChCl:acetamide, Improved Up to 10-fold | 2024%
ChCl: EG thermostability | increase in
observed in both | catalytic efficiency
DES. (kcat/ Km) for a
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(v/v) ChCl-
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ethylene glycol.
Uricase Sucrose:  fructose: | At 5% (v/v) of | At 5% (v/v) of | 2025!3
Gly (2:2:4 weight | DES, both the | DES, substrate
ratio) enzyme half-life | binding  affinity
and the T, |and substrate

Increases.
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specificity of the

enzyme enhanced.

Lysozyme

ChCl: Gly (1:2)

Lysozyme shows
non-monotonic

size changes, the
radius of gyration
(Rg)
with water up to

40 wt.%,

Increases

then
gradually
decreases upon

further dilution.

2025134

(x_
chymotryps
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ChCl
with Gly or Sor
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The thermal
stability
enhanced  with
increasing

concentration of
the DESs, with
highest observed
with ChCl-

Sorbitol.

Activity was
improved in ChCl

based DESs.

202515

Treebean

seed protein

ChCl:Gly/
Sor/glucose/

sucrose/fructose

Highest thermal
stability was
observed n
Sorbitol

containing DES.

Activity was also
improved in
sorbitol-based
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The behavior of many proteins in the presence of different DESs are listed in Table
1.2.1, and the effects are not very generalized. In some cases, a DES shows some
positive impact on protein stability and function, and the same DES can show a
deleterious effect on another enzyme. For instance, while enzymes like lipase!!3134
and a-chymotrypsin®?, and IgG (Figure 1.2.2b)!* show improved thermal stability
in choline chloride—urea DES, lysozyme appears destabilized in the same solvent
system.!?>132.138 On the other hand, different DESs impact the protein differently:
glycerol-based DESs generally stabilize lysozyme, whereas urea-based DESs often
lead to destabilization, especially at high concentrations.!?>!32.138 Kist et al. have
also shown the deleterious effect of choline chloride-urea DES and the positive
effect of choline chloride-glycerol, respectively, taking RNase A as the enzyme
(Figure 1.2.2a).'>7 The thermal stability of @-chymotrypsin was retained or increased
in almost all choline chloride and betaine-based DES (Figure 1.2.2¢).4%!5 However,
DES's concentration-dependent behavior on protein has been found in some cases.
For example, a-chymotrypsin exhibits optimal stability at moderate ChCl-Urea DES
concentrations (up to 0.25 g-mL™") but shows decreased stability at higher DES
concentrations.*” The most used enzyme in DES is lipase, which demonstrates
enhanced stability and activity in choline chloride-based DESs, particularly those
combined with glycerol or urea, and the effect is more pronounced in hydrated forms
of DES.404LISI9,133,134,136,137,158-162 Dye to providing enhanced thermal stability,
DESs, especially choline chloride-based DESs, have been used as long-term storage

media for enzymes and other sensitive biomolecules.!3%163.164
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Figure 1.2.2. Some representative examples of enzyme thermal stability in different DES from
earlier reports. The name of the enzyme and the DES are mentioned in the plot itself. Note that
glyceline, ethaline, and reline are the common names of the choline chloride (ChCl)-glycerol

(1:2), ChCl-ethylene glycol (EG) (1:2), and ChCl-urea (1:2) DES, respectively. These figures

are represented from the references 13%15%:157,

The enzymatic activity in DES also varies in a DES and protein-specific manner.
Neat DES formulations often show limited or reduced enzyme activity, which can
be restored or enhanced upon dilution with water or buffer.#!:118:132.135.136 The water
dilution effect is also not very monotonous; recent studies show the optimal water
concentrations for hydrated DES being used as an efficient biocatalytic

medium.37,85, 140,153

A very recent study deciphered that very low concentrations of
DES even increased the enzymatic activity compared to buffer (Figure 1.2.3b).'%
Toledo et al., in their recent study, evaluated 16 different deep eutectic solvents
(DES) formed by combining various hydrogen bond donors—choline chloride
(ChCl), choline dihydrogen phosphate (ChDHP), choline dihydrogen citrate
(ChDHC), and betaine (Bet)—with hydrogen bond acceptors such as ethylene glycol
(EG), glycerol (Gly), erythritol (Ery), and xylitol (Xyl).?¢ Their findings revealed
that nearly all the DES preserved laccase activity, with the highest activity observed
in hydrated ChDHP:Xyl DES. Notably, the activity showed a positive correlation

with the increasing number of hydroxyl groups in the polyol component (Figure

1.2.3a).3¢ Similar to stability, concentration-dependent activity reversals have been
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reported for cytochrome c in multiple DESs, including choline chloride-based

systems with ethylene glycol, glycerol, and urea.'®
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Figure 1.2.3. Some representative examples of enzyme activity in different DES from earlier

reports. The name of the enzyme and the DES are mentioned in the plot itself. These figures

are represented from the references 36163166,

DES formulations with betaine and polyols, such as glycerol, have shown promising
thermal stability in proteins like peroxidase, laccase, and B-glucosidases, with
activity improvements following rehydration, which also highlights the role of
the presence of water for biocatalysis (Figure 1.2.4a).'2° Sun ef al. recently reported
the enzymatic activity of cytochrome p450 is influenced by the physical properties
like viscosity, density, and surface tension of the hydrated DES media (Figure
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1.2.4b).12! Proper control experiments with the individual constituents in many
studies of the DES further signify the role of DES and hydrated DES (Figure 1.2.3¢
and 1.2.4¢).3>166
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Figure 1.2.4. Some representative examples of enzyme activity in different DES from earlier

reports. The name of the enzyme and the DES are mentioned in the plot itself. These figures

are represented from references 3120121,

Although not included in this thesis, one of my earlier studies serves as a
foundational point for the present thesis and warrants mention. In that study, we
investigated the behavior of the enzyme bromelain in a novel hydrated DES
composed of acetamide, urea, and sorbitol (0.5Ac/0.3Ur/0.2Sor), marking one of the
first explorations of protein function in a non-ionic DES system.?* We correlated
bromelain’s proteolytic activity with both intrinsic protein characteristics and the
physical properties of the hydrated DES medium. Our findings revealed that
compact protein conformation and flexibility at the active site enhance enzymatic
activity (Figure 1.2.5).>° Additionally, media with higher polarity and lower
viscosity were found to be more conducive to activity (Figure 1.2.5).3° This study
offered mechanistic insight into how enzymatic performance is jointly governed by
protein structure and solvent properties, providing valuable guidelines for the

rational design of DESs as efficient biocatalytic platforms.

1.2
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Figure 1.2.5. A more compact structural conformation, higher active-site flexibility, lower
viscosity, and higher solvent medium polarity are found to facilitate enzymatic activity of
bromelain in a hydrated 0.5Ac/0.3Ur/0.2Sor DES.*.

Interesting recent examples reveal advancements with hybrid ionic fluids (HIFs),
where DESs are combined with ionic liquids to further stabilize enzymes under
stress conditions.!*®!4? For example, choline acetate-based HIFs demonstrate
superior stability and activity in lysozyme and lipase, even at higher temperatures or

in extreme pH conditions. #8149

However, most of these studies rely on getting a positive result by choosing a pair
of DES and protein. The choices are also getting biased by the availability of the
proteins and DES constituents. A logical way forward in this field is very much

missing because of the lack of mechanistic studies.

1.2.8. Knowledge Gaps in Protein Behavior in DES Systems:

Despite a significant upsurge in the number of reports deciphering protein and
enzyme behavior in deep eutectic solvents (DES), there are still several gaps in the
understanding of protein stability and activity in DES and hydrated media that need
to be addressed:

1. Limited knowledge of mechanistic interactions: While many studies

demonstrate changes in stability and activity, the underlying mechanisms
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through which DES and its components interact with proteins and influence
structure, stability, and function are very limited. More in-depth mechanistic

studies are necessary to elucidate these interactions at the molecular level.

2. Bridging Molecular Insights of DES to Enzyme Behavior: The synthesis
and measurement of the physical properties of deep eutectic solvents (DES)
have been extensively documented, alongside studies on their structural
dynamics and the molecular-level heterogeneity in DES and hydrated DES
systems. While these properties are supposed to significantly influence
enzyme behavior in DES, there has been little to no effort in correlating these
findings to derive a comprehensive mechanistic understanding of enzyme
behavior within these systems. Establishing such connections could provide
critical insights into the interplay between DES properties and enzymatic

behaviour, offering a pathway for advancing DES applications in biocatalysis.

3. Hydration dynamics and optimal hydration levels: Although it is
axiomatic that the water which is in direct interaction with the enzyme (known
as associated water) plays a critical role in influencing enzyme stability and
function. Even in many reports regarding protein behavior in DES,; it is found
that an optimum amount of water is necessary for protein function, indicating
the crucial role of water. However, there are no experimental studies reporting
the hydration dynamics of a protein in DES and hydrated DES. A deeper
understanding of hydration dynamics might lead to better control over

enzyme behavior in DES.

4. Variability across protein-DES types: Observations show that the effects of
DES are highly variable depending on the protein. For instance, the same DES
may stabilize one protein but destabilize another. The factors to generalize

DES applications for different proteins are necessary.

Addressing these gaps will be essential to fully harness the potential of DES as a

versatile medium for protein stabilization and catalysis, paving the way for both
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fundamental scientific advancements and practical applications in biotechnology

and industry.

In my thesis, I have extensively used the associated water dynamics of proteins and
tried to provide mechanistic insight into why proteins remain stable and active in

DES or hydrated DES systems.

1.2.9. Objective of the Thesis:

Traditionally, deep eutectic solvents (DESs) have been thought to stabilize proteins
primarily through specific interactions between their components and the protein's
amino acid residues. These interactions, particularly hydrogen bonding and ionic
forces, are believed to reduce electrostatic repulsion among charged residues, thus
promoting the maintenance of a near-native structure. Several studies have explored
how the nature of DES components and the strength of their intermolecular
interactions influence the structural integrity and functional characteristics of
various proteins. Recently, Sun et al. demonstrated that the physical properties of
DES, such as viscosity, density, and refractive index, can modulate both the catalytic
efficiency and thermal resilience of enzymes like cytochrome P450.2! Our own
previous work with bromelain further emphasized that protein behavior, including
hydrodynamic radius and internal mobility, is closely tied to the physicochemical
properties of the DES medium, particularly its polarity and viscosity.*® Moreover,
DESs are frequently proposed to form a protective shell around proteins, offering

resistance to thermal denaturation.

However, such generalizations do not fully explain the diverse and sometimes
contradictory effects observed across different enzymes, DES types, and DES

concentrations.

A careful introspection into the previous literature reveals that enzymes in hydrated

DES show superior stability and activity compared to the neat DES. Water is
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universally recognized as indispensable in biological function. Water in the
immediate vicinity of the protein surface (commonly termed associated or biological
water) is believed to govern the protein’s stability and activity. For instance,
terahertz spectroscopy studies by Heyden et al. revealed that less flexible hydration
water in the presence of disaccharides correlates with greater protein stability
compared to monosaccharides.'®” Our recent research demonstrated that papain
stability is enhanced by osmolytes that slow down water dynamics, whereas
destabilization is linked with increased hydration mobility.'®® This is consistent with
several findings from Zewail's group and others investigating protein stability in
crowded environments and non-aqueous solvents via molecular dynamics

169-177 The general consensus is that a reduction

simulations and theoretical models.
in the flexibility of hydration water surrounding proteins correlates with increased

thermal stability, while enhanced water mobility often leads to destabilization.

Collectively, these studies underscore the pivotal role of water dynamics,
particularly the behavior of water in the immediate vicinity of the protein, in
regulating their behaviour in complex solvent systems. Building on this foundation,
I propose that in hydrated DESs, it is not only the DES composition but also the
modulation of associated water dynamics that critically influences protein stability
and activity (scheme 1.2.4). To support the generalizability of this hypothesis,
experiments were conducted using various enzymes and DES systems. Furthermore,
to establish the robustness of our findings, my thesis includes a parallel investigation
involving a well-known macromolecular crowder, Ficoll-70k. This broader
approach demonstrates that our hypothesis concerning the modulation of associated
water dynamics extends beyond DESs and is also applicable to systems involving

macromolecular crowding and osmolytes.
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Scheme 1.2.4. Aim of the thesis. Influence of associated water modulation on the modulation

of activity and stability of the enzyme in the presence of hydrated DES.
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1.3. Macromolecular Crowders: A Short Overview

Most of our knowledge of biosystems comes from in vitro experiments in buffers
maintaining the physiological pH !. However, the intracellular environment is
densely occupied with various biological macromolecules like proteins, protein
complexes, nucleic acids, carbohydrates, etc 7. creating a crowded environment 4.
On average, 5-40% of the cellular environment is occupied by crowders, and the
concentration of macromolecules varies from 40 to 400 g.L™! inside various cell
compartments >’. The viscosity is typically 3-4 times higher than in dilute buffer
solutions ®°. The biological phenomenon inside such a crowded medium is expected
to be different from that in a dilute buffer. It is, therefore, necessary to alter the buffer

solution to resemble the cellular environment to understand the correct biology.

Because of the highly intricate architecture of the cellular interior, investigating in-
cell crowding or doing in vitro research with cell extracts is difficult. Adding inert
macromolecules like dextran, ficoll, and polyethylene glycol (PEG) can simulate
cellular properties such as limited space and increased viscosity. These studies are
essential for understanding the mechanism of crowding-induced alteration of
protein’s function, structure, and dynamics '°. Every biological phenomenon (like
structure, stability, dynamics, activity, folding, aggregation, association, binding,
cell culture, tissue engineering, and so on) is found to be modulated in a crowded

1120 "4 very brief

environment. As there are many available reviews on these topics
discussion on the modulation of protein stability and activity in the presence of

crowded environments is given.

1.3.1. Alteration of Protein Stability in the Crowded Milieu

Protein stability i1s generally characterized as the thermodynamic stability of the
protein. It remains stable and active in a particular conformation, known as the native
state of the protein. Various factors are responsible for altering this specific form of

the protein, and the ability of the protein to retain its original structural parameters
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against disruptive forces is called its stability. The more a protein can maintain its
specific structural motif against perturbation, the more its stability. Protein stability
in the crowded milieu is generally explained in terms of excluded volume theory 2!
This stems from the fact that two solutes cannot access the same space at the same
time; thus, in the presence of macromolecular crowder, a protein can access a lesser
volume compared to when no macromolecular crowder is present. The excluded
volume effect, which is purely entropic, tends to shift protein unfolding toward more
compact states, thereby promoting protein stabilization 2!-23. However, instances of
protein destabilization observed in the presence of crowding agents have prompted
researchers to account for potential direct interactions between the crowder and the
protein, which is enthalpic in nature and may contribute to either stabilization or

destabilization 2426

. Overall, the stability of a protein in a crowded environment is
now understood to result from a nuanced interplay between entropic forces and
enthalpic interactions. The theory considering excluded volume and interaction both
can explain most observations except a few, which will be discussed while
discussing the unresolved aspect of protein behaviour in the crowded milieu 273
Many recent reviews have described the trends and intricate aspects of the stability
of protein in the presence of macromolecular crowders, and it is beyond the scope

of this thesis !418:20.31.32,

In my thesis, | have tried to explain the enzymatic stability in the crowded milieu in
terms of associated water dynamics modulation. This also fulfills the purpose of
generalizing the role of associated water modulation in influencing protein stability

in the presence of any additive.

1.3.2. Alteration of Enzyme Activity in the Crowded Milieu

Despite numerous reports indicating alterations of protein function in crowded
conditions, our understanding of protein activity in such environments remains

limited. The very first study of enzymatic reaction in the crowded milieu was done
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in 1971 by Laurent *3. He studied three enzyme systems: (i) degradation of
hyaluronic acid by hyaluronate lyase in the presence of PEG; (ii) cleavage of benzoyl
DL-arginine p-nitroanilide by trypsin in the presence of HSA and (iii) lactate
dehydrogenase reaction in the presence of dextran. He finds that in all these cases,
both the Michaelis-Menten constant (K,,,) and turnover number (k.,;) decrease in
the presence of crowders. In 2017, Pielak and coworkers tabulated many works on
protein activity in the crowded milieu **. Many reports described the activity of
proteins in the crowded milieu. Unlike structural and stability modulation, activity
modulation does not follow any specific trend. In some reports, the activity
increases, whereas in some cases, the activity decreases; even in some cases, the
activity remains unaltered 33340, This is mainly because protein function typically
involves several sequential steps, each of which can be influenced by different
variables present in the crowded surroundings, making it difficult to pinpoint

specific effects.

In my thesis, I have tried to explain the enzymatic activity in the crowded milieu in

terms of associated water dynamics modulation.

1.3.3 Expanding the Hypothesis of the Role of Associated Water Beyond
Hydrated DES

The central focus of this thesis is to investigate protein behavior within deep eutectic
solvents (DESs). Although numerous studies have examined the stability and
activity of proteins in DES and hydrated DES environments, mechanistic insights
into how these solvents influence protein structure and function remain limited.
Drawing inspiration from earlier research, we formulated the hypothesis that
modulation of associated water dynamics plays a critical role in determining enzyme
stability and activity in the presence of DES. This hypothesis stems from the
understanding that associated water (the hydration layer directly interacting with

surface residues of proteins) can be modulated by external additives. When this
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hydration network is perturbed, it may lead to consequential shifts in protein
behavior, including folding, stability, and enzymatic activity. To explore this idea
more broadly and test its generalizability beyond DES systems, we incorporated
additional solvent environments into our investigation. In particular, I introduced
macromolecular crowding agents into our experimental design, as these represent
biologically relevant additives known to exert significant influence on protein
structure and dynamics. Ficoll-70k, an inert, high-molecular-weight polymer, was
selected for its ability to mimic the crowded cellular milieu and provide a platform

for probing protein behavior under near-physiological conditions.

Beyond serving as a comparative system, several intriguing observations reported in
crowded systems, such as the emergence of a negative entropy component in protein
stabilization and the phenomenon of entropy-enthalpy compensation, remain poorly
explained by classical crowding theories. In light of these inconsistencies, our group
recently proposed that changes in associated water dynamics, induced by crowding
agents, could provide a plausible explanation.*' This perspective is supported by the
work of the Pielak and Harries groups, who incorporated non-ideal water—crowder
interactions along with classical excluded volume and soft chemical effects into their

models 204244,

We hypothesized that the presence of macromolecular crowders could modulate
both the entropic and enthalpic components of protein stability by modulating the
associated water structure (see Figure 1.3.1). Taking human serum albumin (HSA)
in the presence of crowding agents such as Dextran-40k, Ficoll-70k, and PEG-35k,
we found that slower water dynamics in the presence of Dextran-40k and Ficoll-70k
correlated with entropic stabilization but enthalpic destabilization #!. Conversely, the
presence of PEG-35k led to more flexible hydration dynamics, resulting in the

opposite effect 4!.

In this thesis, I went a step further to resolve the shortcomings of the previous study,
and also tried to give a mechanistic understanding of the enzymatic activity, which

was very limited in the literature.
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Figure 1.3.1. Associated water dynamics might be key to protein stability in a crowded
environment: (a) Water reorganization might be pivotal in managing protein stability in the
crowded milieu. Any perturbation that increases the degrees of freedom of associated water
results in a positive entropy and enthalpy change. Positive entropy change destabilizes the
protein, whereas the positive enthalpic effect has a stabilizing impact. Similarly, when the
degrees of freedom of associated water decreases, the protein will be stabilized by negative
entropic change and destabilized by negative enthalpic change. One could measure the rigidity
of associated water by solvation dynamics measurement. Faster and slower solvation dynamics
correlate with how the distortion of associated water modulates the entropy and enthalpy
change. This scheme has been reprinted from the reference *'. (b) Modulation of differential
entropic and enthalpic part of thermal denaturation of HSA as a function of associated water
dynamics modulation around HSA with various crowders (Dextran-40k, Ficoll-70k, and PEG-
35k). With an increase in the rigidity of associated water, the entropic stabilization increases
and enthalpic stabilization decreases (J. Phys. Chem. B 2023, 127, 3151-3163). Figures a and
b have been reprinted from the reference *!.
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1.3.4. Unresolved Aspects of Protein Behavior in Crowded Milieu:

Apart from extending the hypothesis regarding the role of associated water in
enzyme stability and activity beyond hydrated DES, it also provides insights into
previously unexplored aspects of macromolecular crowding. Although most of the
observations in the presence of macromolecular crowders can be explained using the
traditional theories (Excluded volume and soft Interaction), some unresolved

questions remain.

Firstly, with individual recognition of entropic and enthalpic components, two

interesting observations, namely, negative entropic component and entropy-enthalpy
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compensation, cannot be explained by traditional crowding theory (excluded volume

effect + interaction).

Secondly, enzymatic activity in the crowded milieu does not follow a proper trend

and thus remains a mostly misunderstood parameter.

Thirdly, a concentration-dependent effect of the macromolecular crowding on the

enzyme’s properties can be found, which was not clearly interpreted.
Moreover, any claim cannot be true without generalizing it to different systems.

In my thesis, taking different DESs and crowder, I have tried to provide a

mechanistic insight into enzyme stability and activity.
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2.1 Steady-State Absorption and Emission Spectra:

All the steady-state absorption spectra were recorded using a Shimadzu UV-2450
UV-visible spectrophotometer (Japan). For measuring emission spectra, a
Fluoromax-4 spectrofluorometer (Horiba Jobin Yvon) was used. All the emission
spectra were corrected for the wavelength-sensitive efficiency of the detector and
the monochromator as SiC/R. Here, S is the uncorrected emission intensity, C is
the correction factor of the monochromator and detector, and R; is the lamp profile.
The sample concentration was carefully adjusted to ensure that the absorbance did
not exceed the value of 0.2, minimizing inner filter effects and self-quenching. Also,
proper control (blank) spectra are taken and subtracted when required. In the case of
temperature-dependent absorption/emission experiments, an external Peltier-based
temperature controller (TCC-100, Shimadzu, Japan) with an accuracy of 0.5 °C was

connected to the spectrophotometer/ spectrofluorimeter.

2.1.1. Estimation of Red edge excitation shift (REES)

REES is measured by scanning emission spectra along with the absorption profile.
The shift in the emission maxima with the change in the excitation wavelength is
quantified as the REES (Scheme 2.1) . However, one major concern for REES is
how much longer wavelength (red edge) one should excite so that total REES can
be measured. Azumi et al. suggested that the absolute value of REES can be
obtained by taking the emission spectra at very high temperatures where all the
emissions are expected to originate from a completely solvated state **. T have taken
this approach in the case of REES measurement in DES in the absence of protein

(Chapter 3).
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Scheme 2.1. Quantification of REES. Measuring emission spectra by exciting at different
wavelengths across the absorption spectrum and the shift in the emission maxima.

However, this approach is not very useful for systems like proteins and micelles, as
they can transform into different structural arrangements at very high temperatures
5. Given this challenge, I ensured consistency throughout the experiments with such
systems. In all experiments with protein, the emission was recorded up to ~10% of
the absorption spectrum intensity, as data quality significantly deteriorates beyond
this point. And this 10% threshold was set as the limit. Although changing the
limiting range would affect the value of REES, the overall trend with respect to any

perturbations remains consistent.

2.1.2. Mechanistic Basis of REES

The molecular origin of Red-Edge Excitation Shift (REES) lies in the heterogeneous
distribution of excitation and emission energies of the fluorophore coupled with the

126 In such a scenario,

dynamic nature of solvent-fluorophore interactions
excitation at different wavelengths across the absorption spectrum selectively
promotes distinct subpopulations of fluorophores to different excited states. Under
red-edge excitation, fluorophores in highly solvated environments are preferentially
excited ®. In contrast, when excitation occurs at the peak or blue edge of the

absorption spectrum, emission from the most populated state dominates, and the
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emission spectrum represents an average over all excited states ®. This phenomenon
results in an excitation wavelength-dependent shift in emission maxima, known as
REES !, The occurrence of REES depends on the timescale of solvent relaxation
relative to the fluorescence lifetime *5. When the stabilization of the excited state by
the surrounding solvent occurs faster than its fluorescence lifetime (75 < ),
emission predominantly takes place from the fully solvated state, regardless of the
excitation wavelength, and no REES is observed (Scheme 2.2). However, if solvent

relaxation is slower than the excited-state lifetime (75 > 1), emission occurs before

complete solvent stabilization, and REES can be observed (Scheme 2.2) °.
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Scheme 2.2. Schematic representation of red edge excitation shift (REES). In a heterogeneous
distribution of the environment around the fluorophore, photoexcitation at different
wavelengths excites molecules to different excited states (S1,S;,S;"). (a) When the solvation
dynamics (7s) is faster than the emission lifetime (7f), irrespective of the excitation
wavelength, emission originates from the completely solvent-relaxed state, and emission
maxima are independent of the excitation wavelength. Consequently, (b) no REES can be
observed. (c) When the solvation dynamics is slower than the emission lifetime, it does not
permit the solvent dipolar realignment before the emission, and in this case, the emission
originates from a partially solvent-relaxed state for the high-energy excitation and a fully
solvent-relaxed state for low-energy excitation. As a result, (d) red-shifted emission spectra
and REES can be observed.
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Since REES only manifests under conditions of restricted solvent mobility, it serves
as a sensitive probe for hydration dynamics around a fluorophore 7. Additionally,
changes in the magnitude of REES in the presence of an additive suggest modulation
of solvation dynamics within the system. Specifically, increased REES indicates
slower solvation dynamics, revealing critical insights into solvent-mediated

interactions °.

2.2. Circular Dichroism Spectroscopy

Circular dichroism (CD) spectra were recorded using a commercial J-815 CD
spectrometer (Jasco, Japan) with a 0.2 cm pathlength cuvette. A corresponding blank
(containing all components except the protein) was measured and subtracted from

the sample spectra. Each spectrum represents the average of three accumulations.

The principle of CD lies in the fact that chiral molecules absorb left- and right-
circularly polarized light to different extents, producing a distinct CD signal '°. This
technique is particularly useful for measuring the secondary and tertiary structure of
proteins and nucleic acids, as different secondary structures (a-helices, B-sheets, and
random coils) exhibit characteristic CD spectra !!. For instance, an a-helix exhibits

1213 In contrast, a B-sheet is

characteristic negative bands at 208 nm and 222 nm
identified by a negative band at 218 nm and a positive band at 195 nm 34, Several
well-established methods are available for extracting secondary structural
parameters from CD data. In my thesis, I have used freely available software,
CDNN, to analyze the CD spectra for quantifying the presence of different
secondary structural motifs in a protein '°. Additionally, the thermal evolution of the
CD signal at 222 nm has been taken as an indicator of the modulation of a-helicity,

and consequently, all the thermodynamic analyses have been done.
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2.3. Time-resolved fluorescence Measurement using Time-Correlated Single

Photon Counting (TCSPC)

Time-resolved fluorescence measurements are performed to determine the average
duration a molecule remains in its excited state, commonly referred to as its
fluorescence lifetime. Several techniques can be employed for fluorescence lifetime
measurements, including time-correlated single-photon counting (TCSPC),
fluorescence up-conversion, and streak camera methods. For my research, I utilized

a TCSPC instrument with a temporal resolution of ~160 picoseconds.

2.3.1. Brief Theory of TCSPC

One of the most widely used techniques for time-resolved fluorescence
measurements is TCSPC, with several dedicated books available on the subject !¢
18 This method records the arrival time (t) of the first photon detected after each
pulsed excitation. The likelihood of capturing this photon at a specific time, t,

corresponds to the fluorescence intensity at that instant.

Since fluorescence is a random process, photons are released from different
relaxation stages from the Franck-Condon state, leading to a time-dependent
distribution of emitted photons, known as fluorescence decay. By accumulating
numerous single-photon events post-excitation, the fluorescence decay profile is
reconstructed. This decay pattern is then analyzed to determine the average duration

a fluorophore remains in its excited state.

2.3.2. Schematic Representation of the TCSPC Setup

A schematic representation of the Time-Correlated Single-Photon Counting
(TCSPC) setup is illustrated in Scheme 2.3. This technique measures the arrival time

of emitted photons following sample excitation with a pulsed light source. Upon
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excitation, a signal is generated and processed through electronic components,
beginning with the constant fraction discriminator (CFD), which precisely
determines the pulse's arrival time. The CFD then triggers the time-to-amplitude
converter (TAC), initiating a linear voltage ramp within a capacitor. Simultaneously,
the detector captures fluorescence photons, and the corresponding signal is sent to
the CFD, which instructs the TAC to halt the voltage increase. A monochromator
(MC) directs the emitted photons to a multichannel plate photomultiplier tube (MCP
PMT) for single-photon detection. Accurately measuring photon arrival times in
TCSPC is complex due to amplitude jitter in the detector signal and instability in the
excitation source, leading to a time jitter that impacts the instrument response
function (IRF). To address this, the CFD splits the incoming signal into two
components—one is delayed, while the other is inverted. These are then recombined,
ensuring that the zero-crossing point remains unaffected by amplitude variations of

the pulse .

In TCSPC measurements, conditions are optimized to ensure that, on average, only
one photon is detected per 100 excitation pulses. The voltage output from the TAC,
which is proportional to the time difference between excitation and emission events,
is amplified and digitized via an analog-to-digital converter (ADC). This digital
value is recorded as a single detection event. The photons are then sorted into
different time bins by a multichannel analyzer (MCA) based on their arrival times.
The instrument used in this thesis supports up to 4096 channels, offering a time

resolution of 4.88 picoseconds per channel for a TAC range of 20 nanoseconds.

To achieve high-precision fluorescence lifetime measurements, a histogram is
generated by compiling photon count data against time. This histogram represents
the fluorescence intensity decay curve. For accurate lifetime determination, the
emission polarizer is positioned at the magic angle (54.9°) relative to the excitation
polarizer. In my thesis, all measurements were performed using a commercial

TCSPC system (LifeSpec II, Edinburgh Instruments, U.K.).
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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 fluorescence intensity decay profile obtained from TCSPC measurements can
be analyzed using appropriate models to extract the fluorescence lifetime of a
sample. However, before fitting the data, it is crucial to correct for the influence of
the excitation laser pulse and any errors arising from the finite response time of the
electronic components. Ideally, fluorescence decay analysis assumes that the laser

pulse acts as an instantaneous delta function, but in reality, it has a finite width.

To account for this, the instrument response function (IRF) is recorded using a
scattering medium, such as colloidal silica (Ludox solution) or milk, which acts as a
zero-lifetime reference. This IRF is then deconvoluted from the fluorescence decay
profile of the sample to correct for distortions. The deconvolution process assumes
that the finite-width excitation pulse can be represented as a sum of multiple delta
pulses of varying amplitudes. Consequently, the overall fluorescence intensity at a
given time (t) is modeled as the cumulative response of the sample to all these delta

pulses, mathematically expressed as '6-18:

N(t) = [ LIt —t") dt’ (2.1)
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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 equation,
known as the convolution integral, forms the basis for determining the best-fitting
decay function for the measured data. Single-exponential decay models are
straightforward to fit, whereas multi-exponential decay functions add complexity.
Higher-order exponential fitting should only be attempted when simpler models fail

to provide an accurate representation.

Deconvolution follows an iterative least-squares regenerative convolution approach
16,1719 " After acquiring both the IRF and the fluorescence decay profile, a projected
decay function is combined with the IRF to generate a new reconvoluted function.
This function is then compared with the recorded decay to calculate the y? value

which quantifies the goodness of fit:
1
x? = Zl:o;’% [F (i) — Fp(ti)]? (2.2)

where, F(ti) and Fp(t) represent the experimental and projected fluorescence
intensities at two different times, # is the number of data points and oy, is the standard
deviation of each data point. Since TCSPC follows Poisson statistics, the standard

deviation is given by

1
or = [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 (y,) is computed as:

2

=4 (2.4)

2 x*
r n—f v

X

where v is the degree of freedom, which is the difference between the number of data

points (n) and the floating parameters (f). The software, FAST (provided by the
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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, also known as fluorescence optical
gating, is a powerful technique that allows for the investigation of ultrafast
photophysical and photochemical processes. This method provides a unique
opportunity to study the dynamics of excited-state molecules with sub-picosecond
time resolution, offering insights into fundamental processes such as energy transfer,
charge separation, and relaxation mechanisms. In one of my works (Chapter 5),
Fluorescence up-conversion with a femtosecond resolution (IRF~300 fs) has been

used.

2.4.1. Basic principle of Fluorescence up-conversion

The basic principle of femtosecond fluorescence up-conversion relies on the
nonlinear optical process of sum-frequency generation 2°22, The second harmonic
of'a femtosecond oscillator (a mode-locked Ti:Sapphire laser) operating at frequency

20-23

(wq) 1s used to excite the sample . This time at which the pulse excites the sample

marked as time zero which generates an emitted light (w,) from the sample itself.

A second pulse (a portion of the fundamental pulse), referred to as the gate pulse, is
temporally delayed (arriving at the time, t = 7) and then combined with the
fluorescence emission from the sample. The two pulses interact in a nonlinear beta
barium borate (BBO) crystal, resulting in the up-conversion of the fluorescence (sum

frequency, w3, generation) to a higher-energy photon that can be detected.

(1)1 + (1)2 == (1)3 (25)
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A mechanical delay stage controls the time of arrival of the gate pulse to the non-
linear crystal. As fluorescence intensity is a function of its lifetime, the intensity of
the emitted light and, consequently, the intensity of the sum frequency light will also
be proportional to that. Mathematically, the intensity of the sum frequency light
(Isum) 1s proportional to both the intensity of the fluorescence (If;) and of the gate

pulse (Iygee) as®,

Isum x f_-l-ozo Ifl(t)lgate(t - T)dt (2-6)

The sum frequency light is only generated when both the fluorescence and the gate

pulse are present in the crystal.

2.4.2. Schematic Representation and a Brief Explanation of the Fluorescence

Up-conversion Setup

The femtosecond fluorescence up-conversion setup typically includes a
femtosecond laser, a mechanical delay stage to control the temporal delay between
the excitation and gate pulses, a nonlinear crystal, and a detection system, such as a

monochromator and a photomultiplier tube or a CCD camera (see scheme 2.4).
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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, M2, M3, Ma, Ms: Mirror, RR: roto reflector used to control
delay, Fi, F2, 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, w;: Sum frequency light.

The experiment begins with a mode-locked Ti:Sapphire laser (Mai-Tai HP, Spectra
Physics, USA), which emits ultrafast pulses wavelength (w:). This laser operates at
an 80 MHz repetition rate, with a 100 fs pulse duration, providing high temporal
resolution for capturing fluorescence events. The fundamental light (w,) is directed
to a 0.2 mm thick B-barium borate (BBO) crystal through the lens (L1), which
doubles the frequency to generate the second harmonic (2w, ). This second harmonic
(2wq) light is used as the excitation source to excite the sample. The second
harmonic (2w:) passes through a lens (L2) and a dichroic mirror (DM), which splits
the light into two beams, namely the excitation beam and a gate beam. The excitation
beam is further refined by passing through a cut-off filter (Fi) to remove the
remaining excitation light, a neutral density (ND) filter for controlling the intensity,
and a Berek polarizer (P) to adjust the polarization of the excitation pulse. This
excitation light is then guided and focused through mirror (M1) and lens (L3) to the
rotating sample cell. When the sample absorbs the excitation pulse (2w, ), it moves

to an excited state and then emits fluorescence at a longer wavelength (w,) which is

LA
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collected by lens L4 and passes through a cut-off filter (F2) to remove any excitation

light 2w,).

The gate pulse (w;) is directed separately using mirrors (M2 and M3) to a retro-
reflector (RR) on a mechanical delay stage controlled using software, which allows
precise control over when the gate pulse meets the fluorescence. Both the
fluorescence (w,) and the delayed gate pulse (w,) are focused together on a second
BBO crystal using lens Ls. In this nonlinear BBO crystal, the two beams mix to
generate a new signal with a sum frequency (w; + w, = w3). To ensure only the
sum-frequency light reaches the detector, I used a lens (Ls), an appropriate cut-off
filter (F3), and an iris (not shown in the scheme) to eliminate any remaining
excitation and gate beam components. The sum-frequency light (w3) is then focused
into a monochromator using lens L7. The monochromator selects the desired
wavelength and directs it to a photomultiplier tube (PMT) coupled with a photon-
counting device for detection. The entire system, including data acquisition,
monochromator control, and optical delay adjustment, is managed by LUMEX

software (CDP Corp).

2.4.3. Data analysis of fluorescence up-conversion

To accurately determine fluorescence lifetimes, it is necessary to characterize the
IRF of the experimental setup. The IRF represents the system’s temporal response

and accounts for pulse-broadening effects introduced by optical components.

The IRF was measured using the Raman scattering signal of water, which appears at
a frequency shift of ~3300 cm™ from the excitation wavelength 23-2°. Replacing the
sample cell with a water cell, the system recorded the IRF at a chosen wavelength.
Raman scattering is an instantaneous process with zero intrinsic time delay, making
it an ideal reference. By measuring the sum-frequency signal generated from the
Raman signal of water and the gate pulse, the temporal profile of the excitation and

detection pulses was obtained. The IRF was best described by a Gaussian function
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with a full-width at half-maximum (FWHM) of approximately 300 fs.
Mathematically, the IRF is represented as,

—(x-p)?
G(x) = %e 202 2.7)

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

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

calculated as, H = 20V2 In2 ~ 2.3548 0.

The excitation pulse is assumed to occur at zero time, so for data analysis, the

function is simplified by setting 4 = 0.

In femtosecond fluorescence up-conversion spectroscopy, the recorded fluorescence
intensity decay is not a direct representation of the actual molecular relaxation.
Instead, the measured decay curve is modified due to the finite-width IRF. Thus,
analyzing fluorescence lifetime, especially for those in the sub-picosecond range, it
is crucial to apply deconvolution techniques to extract the correct decay parameters.
To extract the fluorescence lifetimes, the experimental decay data were fitted using
a convolution function of the IRF with a sum of exponential decay functions.

Relaxation of multiple exponentials can be extended easily from this.
The convolution function is,

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

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

T

I(t) = ﬁfooo exp (— %) exp <— (- X)Z/ZO-Z) dx (2.9)
1 e <x2+t2+¢—2tx)
2 () = ——= J, exp|— — dx (2.10)

Let’s assume,
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zZ = G (2.11)
<x2+t2+ﬂ—2tx> 2
. T — 241, _o
— =22+t -2 (2.12)

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

I(t) = \/%exp (0—2 — E) fw(t_az) exp(—z?)dz (2.13)

212 1
V2

The error function can be introduced as,

erf(x) = % J; 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,

10 = e (=) (1-erf (59)) 219

The above equation is used in my works to fit a fluorescence transient recorded using
(femtosecond) fluorescence up-conversion. Although the equation involves only a
mono exponential decay, practically in my case multiexponential function has been
used. As convolution is a linear operation, the distributive and additive property of
convolution has been used in the case of multiexponential data fitting. Equation 2.15
was expanded in terms of summation of different exponential lifetime components
convoluted with the same gaussian function with definite weightage coefficients. All
the fittings of the transients have been done using IGOR Pro (WaveMetrics, Inc.)

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

Time-resolved emission Spectra (TRES) can be indirectly reconstructed using
wavelength-dependent fluorescence decay measurements '®!1°. This method is based
on the fundamental principle that, upon excitation, the probe molecule experiences
a substantial change in its dipole moment '°. As a result, the surrounding solvent
molecules reorganize to stabilize this new dipole moment. This reorientation process
is experimentally observed through a time-dependent red shift of the emission
maximum, known as the Stokes shift, which continues until the solvent reaches

equilibrium (refer to Scheme 2.5) 1926,

To generate TRES, fluorescence decay measurements are recorded at multiple
wavelengths across the steady-state emission spectrum. These decay profiles are
analyzed using the previously discussed methods. The intensity of TRES at a given

time t and wavelength A is expressed as the product of two independent functions:
I(A,t) = AL)B(t) (2.16)

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

time and can be written as,

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

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

Iss = A(D) f, 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 (— i) (2.20)

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

we obtain,
Iss = A(D) X a;T; (2.21)
_ Iss
A(L) = S (2.22)
Therefore,
I t
I, t) = ﬁzi a; exp (— T—i) (2.23)

This equation describes the intensity distribution across different wavelengths at a
given time. A widely used approach to track the temporal evolution of TRES is by
monitoring the time-dependent shift in the emission peak, commonly referred to as

the Stokes shift. This shift, v(t), can be modeled using the lognormal function:

ln[l+w]
g(v) = goexp [— In(2) (T)ZI (2.24)

fora>1,g(v) =0 (2.25)
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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 (i) 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 t3), reflecting the time-dependent nature of the Stokes shift as
solvation proceeds toward equilibrium.

2b(v-vp)

for a <1, where a = a

(2.26)

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

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

_ v(®)-v()
O =lomm (2.16)
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The function C(t) is typically modeled using either a single exponential or a sum of

exponentials to determine the average solvation time ({7)).

2.6. Transient Absorption Spectroscopy (TA)

In my thesis, transient absorption spectroscopy is minimally used. The solvation
dynamics of the buffer and different concentrations of hydrated DES (in the absence
of protein) were only investigated using transient absorption (TA) spectroscopy.
Since the relaxation times in both pure buffer and hydrated DES fall within the 1—
30 ps range, they cannot be accurately captured by TCSPC. While fluorescence up-
conversion could, in principle, resolve such ultrafast processes, our TA setup offers
a superior temporal resolution of approximately 70—80 fs that is significantly faster
than the 300 fs instrument response of our up-conversion system. Additionally, the
data curation in TA is much faster, and solvation dynamics can be extracted more
directly through the stimulated emission profiles, which directly yield time-resolved
emission spectra (TRES) without the complex analysis involved in fluorescence up-

conversion %7,

2.6.1. Fundamental Concept of TA

Transient absorption (TA) spectroscopy, a classic pump-probe technique, enables
the observation of excited-state dynamics with ultrafast time resolution. In this
method, an ultrashort laser pulse (typically in the order of tens of femtoseconds)
initiates a non-equilibrium population in the system. A second pulse, referred to as
the probe, monitors the subsequent evolution of this transient state at a controlled
time delay 2%°. By choosing a sufficiently short excitation pulse (e.g., 50 fs), it
becomes possible to resolve most of the primary events occurring on ultrafast

timescales in the excited state 2839,
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The setup I used has a pump pulse operating at 400 nm, which selectively excites a
fraction of the molecular population to the electronically excited state. The probe is
a broadband white-light continuum spanning the visible region (450—750 nm), which
intersects the same region of the sample at variable time delays. These delays are
introduced via a computer-controlled mechanical delay stage. The probe intensity is
intentionally kept low to minimize the possibility of inducing nonlinear effects or

multiphoton absorption (see Scheme 2.6).

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

Detection is performed spectrally across the entire range of the probe beam at each
chosen delay time, and the process is repeated for successive delays to construct a
time-resolved picture. As TA is fundamentally an absorption-based method, the
principles of the Lambert-Beer law are applicable to describe how the probe intensity

changes upon interaction with the sample.

I(A4,t) = I,(A) x 107EDN@! (2.17)
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Where, I,(4) is the initial probe intensity at a given wavelength and I(A4,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. €(A) 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% = e(DN(D)I (2.18)

However, in TA measurements, what is typically observed is the difference in
absorbance between the excited and unexcited states of the sample. This differential

absorbance is denoted as:

AAL ) = A(A 1) — AQL) (2.19)
gl ® W 1)
AA(At) = log 0 log D log T (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
A, ) = logj:fm 2.21)

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

pump is blocked (usually using a mechanical chopper). I probe

pump 18 the intensity when

both pump and probe interact with the sample.

As the excited-state population N (t) changes with time due to relaxation processes,
the differential absorbance AA(A,t) evolves accordingly, thereby encoding the

dynamics of the system following photoexcitation.

Being an absorption-based method, transient absorption spectroscopy can
simultaneously track both radiative and non-radiative relaxation processes,
depending on the spectral features being probed 2°2°. This makes it an extremely
versatile tool for studying a wide range of ultrafast photo-physical and

photochemical events.

2.6.2. Insights from TA

Transient absorption (TA) spectroscopy provides access to several distinct photo-
physical processes, four of which are commonly detected and are illustrated in

Scheme 2.7. and described below.

ESA PA

GSB SE

AA (mOD)
©
o

Wavelength (nm)

Scheme 2.7. Representative contributions of various transient signals observed in TA spectra.
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Ground state bleaching (GSB): - When a sample is excited by the pump pulse, a
portion of the molecules is elevated from the ground electronic state to an excited
state. As aresult, the ground-state population is partially depleted, leading to reduced
absorption of the probe light at wavelengths corresponding to ground-state

transitions. Since less probe light is absorbed compared to the unpumped state (i.e.,

[probe < 15;‘;5’; ) the absorbance change AA becomes negative. This decrease in
signal, known as ground-state bleaching, reduces over time as the molecules relax

back to the ground state, typically through radiative or non-radiative pathways.

Stimulated Emission (SE): - Molecules in the excited state can return to the ground
state by emitting photons. While spontaneous emission occurs randomly, if the probe
pulse contains photons with energies matching the emission transition, it can induce
stimulated emission. These stimulated photons travel in phase and direction with the

probe beam, increasing the overall probe intensity at those wavelengths. Thus,

similar to GSB, P7°P¢ < Ig;f,gf and a negative AA signal appears. The spectral
shape of the SE contribution often mirrors the molecule's fluorescence spectrum and
appears red-shifted relative to the GSB band. SE intensity also decays over time in
sync with the depletion of the excited-state population. Importantly, the probe
intensity is kept low enough to avoid significantly perturbing the excited-state

population.

Excited-state absorption (ESA): - 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 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
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Iprobe

ot robe
excitation, and I? > Lyymp

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 can undergo various
secondary processes, including photochemical transformations, electron or proton
transfer, or structural rearrangements, resulting in the formation of new transient
species. These reaction products may possess their own absorption characteristics
and can interact with the probe light. Since these new species are not present prior

to excitation, their absorption leads to a positive change in the probe spectrum

([probe > Ig;f,f; ), contributing to a positive PA signal.

The ability to simultaneously observe all these processes with a single instrument is
what makes TA spectroscopy very powerful in the field of physics and chemistry.
However, it is important to recognize certain factors, such as limited spectral
coverage of the probe pulse and the temporal resolution defined by the instrument
response function, and analyzing a complex spectrum containing much information

altogether can restrict the ability to resolve all these processes simultaneously.

2.6.3. Instrumentation of TA setup

All transient absorption experiments in this work were carried out using a
commercially available femtosecond broadband transient absorption system (Femto-
Frame-II, IB Photonics, Bulgaria). The complete optical configuration is depicted in

Scheme 2.8. The system is powered by a Ti:Sapphire regenerative amplifier (Spitfire
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Pro XP, Spectra-Physics, USA), which delivers pulses at 800 nm with a duration of
approximately 80 fs and a repetition rate of 1 kHz. This amplifier is 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 width was

confirmed using a commercial autocorrelator.

The output beam 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 generation is 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
M6 and M7. The other arm of the fundamental 800 nm light, after reflection off
mirror M5, is routed through a series of mirrors (MB1-MB3) 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 BS2 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 (ND1), 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
(MBS5), passed through two notch filters (N1, N2) to remove residual 800 nm light,
and redirected via mirrors MB6 and MB7. It is then focused onto the sample using
another parabolic mirror (MB10). Meanwhile, the pump pulse, after passing through

a chopper for modulation, has its polarization adjusted with a half-wave plate to
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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 MB12. The typical excitation spot diameter at the sample
position ranges from 100-200 pm. 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 fiber optic cable using mirror MB11. 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 uW 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 application of transient absorption (TA) spectroscopy has been
totally limited to probing solvation dynamics 7. Specifically, the focus has been on
the 450-550 nm spectral range, where the differential absorbance spectra for C-343
in both buffer and hydrated DESs predominantly display stimulated emission (SE)
features. The use of C-343 to measure the solvation dynamics is purely based on the

solubility of the dye in both buffer and hydrated DES.

Unlike fluorescence lifetime measurements using TCSPC and fluorescence up

conversion, where the time-resolved emission spectrum needs to be reconstructed
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from decay traces, TA offers the advantage of directly yielding time-resolved
emission spectra in terms of evolution of SE signal (provided the SE band is well-
separated and not significantly influenced by overlapping contributions such as ESA
or PA). To extract the precise SE peak positions at each time point, the
corresponding AA spectra were individually fitted using a log-normal function
restricted to the SE-dominated region. By monitoring the temporal evolution of these
maxima of the SE signal, the solvent response function was constructed using
equation 2.16. Subsequently, solvation times were determined by fitting the solvent

response with a multiexponential function.

Because of the complications stated above (overlapping of another signal to SE
signal) and limited availability of the instrument, TA is very minimally applied to
extract solvation dynamics 273%3°, The study by Poizat et al. (2002), is one of the
earliest demonstrations of solvation dynamics measurement using TA 3. Since then,
only a limited number of publications have adopted this technique for such studies.
However, recent work by Xia et al. has shown that the solvation times obtained from
TA 33 are in strong agreement with those derived by Maroncelli and coworkers using
conventional time-resolved emission spectroscopy (TRES) 37. These findings
support the idea that with careful experimental design and minimal signal
interference, TA can provide a valuable complementary route for accessing

solvation dynamics.

2.7. Fluorescence Correlation Spectroscopy (FCS)

This thesis incorporates fluorescence measurements at the single-molecule level,
offering insights that conventional ensemble average technique, such as steady-state
absorption/emission or time-resolved fluorescence spectroscopy, often misses out.
While these traditional methods, such as steady-state absorption, CD, and emission
or time-resolved fluorescence spectroscopy, are well-suited for uniform, isotropic

systems, they miss out important information when the system exhibits
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heterogeneity in molecular properties or behavior. In such cases, observing and
analyzing individual molecules becomes critical to unravel the underlying

complexity.

Certain dynamic or structural features of biomolecules, particularly those related to
conformational fluctuations, can only be probed meaningfully through single-

38-42

molecule approaches . In addition to their analytical advantages, these

techniques provide a major experimental benefit: they operate effectively at
extremely low concentrations, typically in the nanomolar to picomolar range 4344,
This is particularly advantageous where higher concentrations (in the micromolar

range) might lead to aggregation of the protein.

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 ¥8 FCS is centered
on analyzing time-dependent fluctuations in fluorescence intensity within a confined
optical volume *4%47_ These fluctuations predominantly originate from molecular
diffusion. However, contributions from photophysical transitions, chemical
reactions, or conformational changes occurring on comparable or faster timescales
than diffusion are also significant ¥*#*. FCS interprets such fluctuations using
temporal correlation functions, autocorrelation, and cross-correlation to extract

kinetic and dynamic parameters relevant to the fluorescent species under study #*.

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.
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2.7.2.1. Fluctuations

FCS aims at extracting information about molecular processes that are occurring in
a system. The system can be a simple buffer solution, complex mixtures like proteins
or enzymes, live cells or organisms, etc.*>*°2, Any molecular process in such a
system is constituted by molecular events that lead to changes in some observable
parameters. The temporal deviations in the observable parameter from the average
value are called fluctuations. In Fluorescence Correlation Spectroscopy (FCS),
fluctuations refer to the temporal deviations in fluorescence intensity from its

average value, observed within a very small detection volume #+%3,

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,

c¢) Chemical reactions or conformational changes affecting fluorophore brightness.

If F(t) is the fluorescence intensity at time t, then the fluctuation (6F(2)) is defined

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

(6F(t)) = (F(t) = (F())) = 0 (2.23)

Even in systems that appear to be in equilibrium, molecular motion and reactions
continue to occur, producing subtle variations around the average state. These
fluctuations are not just background noise; they encode valuable information about
the kinetics, mobility, and interactions of molecules and are the foundation upon

which the analytical power of FCS is built 44,
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2.7.2.2. Idea of Correlation and Correlation Function

To explore how these fluctuations are analyzed to uncover molecular-level

processes, it is essential to introduce the concept of correlation.

In general terms, the correlation between two variables implies that the value of one
1s, to some degree, influenced by or linked to the value of the other. The strength of
this dependency reflects the degree of correlation #4. In cases of perfect correlation,
the value of one variable can be predicted precisely from the other. A classic example
is the relationship between mass and volume for a solid under standard conditions—
if the mass of the solid is increased or reduced, its volume changes proportionally,

reflecting a direct 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 product is not equal to the product of their individual averages.*

In other words:

(a(w).b(w)) # (a(w)).(b(w)) (2.24)

The correlation coefficient is defined as,

_ A{a().b(w))

~ la@)b) (2.25)

Whenever, g > 1 : the data is correlated, g < 1 : the data is anti-correlated, and g =

1 : the data is not correlated **.

Correlation fundamentally refers to the degree of similarity or association between
quantities. In the context of this thesis, the focus is on the autocorrelation function,
which specifically describes the correlation of a signal with a time-shifted version

of itself. More precisely, autocorrelation evaluates how the value of a variable at one
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point in time relates to its value at a later time, separated by a defined time interval
44

In Fluorescence Correlation Spectroscopy (FCS), the variable under study is the
fluorescence intensity, which changes over time as molecules move in and out of the
detection volume #*. This intensity corresponds to the number of emitted photons
detected from a minute confocal volume. When a fluorescent molecule is within this
volume, its emission is captured efficiently by the detector; once it diffuses out, the
signal contribution from that molecule vanishes. These fluctuations in detected
photon count form the basis for calculating the autocorrelation function, allowing

insight into molecular motion and dynamics at single-molecule sensitivity 449,

If F(t) i1s the fluorescence intensity at time t, and if we want to write the
autocorrelation function after a time t + 7,

G(1) = (F(£).F(t+1))

= O FErD) (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 + 7))

_(F(0).F(t+1))

(D) == (2.27)

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

Up to this point, it’s important to note that the correlation function is defined in terms
of the fluorescence intensity rather than the fluctuations themselves. This is logical,
as the signal, 1.e., the time-dependent fluorescence intensity, is the actual observable
collected during the experiment and is directly available for correlation analysis.

However, since fluctuations are defined as deviations from the average signal,
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computing them requires prior calculation of the mean fluorescence intensity. Only

then can the autocorrelation of these fluctuations be determined.

As the definition of fluctuation is deviation from the mean, fluctuation (6F (t)) can

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

(6F(8)) =(F(t) = (F®)N =(F(O) = (F®ON =(F@) —(F)) =0
From equation 2.28, we can express the signal F(¢) in terms of fluctuation,
F(t) = 6F(t) + (F(t)) (2.29)

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

(equation 2.27),

_ {(SF(&)+(F (O)))(6F (t+T)+(F (t+7))))
G(7) = O (2.30)
__ {8F(t).6F (t+1)+8F (t)(F (t+1))+(F (t)).6F (t+1) +(F ()).(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,

(8F(£).8F (t+7) +(F () {F (t+T)))
(F(1))?

G(t) =
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_ (SF().8F (t+1)+(F(£))?)

=~ G(7)

(F(t))?
. __ (8F().6F (t+7))+(F (t))?
+G(1) = (F(0)?
(7 = SFOSFE+D)
SO =g 1

That means we have proved that,

__(F(t).F(t+T)) _ (8F(t).6F(t+7))
TOF@? (F(b)?

G(7) +1 (2.34)

This analysis leads to the conclusion that the autocorrelation function (ACF)
calculated from the raw signal and the one derived from the fluctuations share the

same functional form. The only distinction between them is a constant offset of 1.

Therefore, aside from this offset, both functions, whether by correlating the signal
or its fluctuations, contain identical information about the system's dynamics. By
convention, the correlation function derived directly from the signal is denoted as

G (1), while the autocorrelation of the fluctuations is represented as g(7).

(F(£).F(t+1)) _

~G(T) = —roZ g(®) +1 (2.35)
And. (1) = S (2.36)
Att =0, g(0) =%

Andatany 7 # 0, g(7) = W

(6F (t))? is always positive as it is a square term, however (8F (t)6F (t + 7)) can be

both larger and smaller than zero, which is expected for fluctuations.

Thus,



156 Chapter-2

(6F(t)?) = (6F(t)SF (t + 7)) as the term “(SF(t)6F(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 (7 —» o) g(7) will become
0. This means a plot of g(t) versus 7 will give us a decay curve of self-similarity

with time.
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Scheme 2.9. 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 at increasing lag times (7, 27, 37, 47). 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(7)

as a function of lag time on a logarithmic scale.

Previously in FCS, to detect the fluorescence signal or the fluctuations of the

fluorescence intensity, one detector was used. Thus, the autocorrelation function
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needs to be generated to extract information about the processes that caused
fluctuations in the intensity, which is, in general, free diffusion of the fluorophore
through the detection volume *4. However, with the modernization of the instrument,
two detectors with a 50:50 beam splitter are used. Basically, the fluorescence is split
equally into two channels using the beam splitter and detected separately but
simultaneously using two detectors. In this way, the signal-to-noise ratio was
improved a lot by eliminating detector-specific noise, which is uncorrelated across

the two channels *.

This allows the measurement of a cross-correlation function between the two
independently recorded fluorescence signals, F; (t) and F,(t) as*,

_ (ROF(t+D) (2.37)

L2 7 (R (6)) 4Ry (t41))

Scheme 2.9 visually demonstrates how the autocorrelation function decreases with
increasing lag time. A similar curve is expected for cross-correlation as well. To
interpret this decay meaningfully, particularly in terms of molecular diffusion or any
other dynamic process that drives fluorescence fluctuations, it is essential to have a
well-defined understanding of both the optical detection volume and the system
under study. The mathematical model used for curve fitting must be carefully chosen
to reflect the underlying source of the fluctuations. Only then can the resulting fit
yield accurate and physically relevant parameters that describe the system's

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
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fluorescence signal detected at any given time. Let ‘v’ represent the position in space

and ‘t’ time. The key factors determining the signal include*:

(a) The excitation intensity distribution (I(r,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(r).

(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 encompasses the 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) = [I(r).CEF(r).S(r).8C(r, t)dr (2.38)
As we already know, from equation 2.36,

k2 [ [1(r).1(r")CEF (r).CEF(r")S(r)S(r' }(&C(r,t)5C(r t+7))drdr’
k2{[ I(r).CEF(1r).5(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,
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- g(0) = [ [1).1(r")CEF(r).CEF(r")s(r)s(r'(sC(r,)sC(r! t+7))drdr’
~ g\ = (c)2([ 1(r).CEF (r).S(r).dr)?

(2.40)

In confocal fluorescence correlation spectroscopy (FCS), the combined effect of the
excitation focus and the spatial filtering imposed by the pinhole can be approximated
using a three-dimensional Gaussian profile. This simplification is widely adopted
because it closely resembles the actual shape of the detection volume, especially

when a tightly focused laser beam is used in conjunction with a confocal pinhole.

If P denote the laser power, the spatial profile of the detection volume, denoted as
W (r), is given by the product of the excitation intensity distribution (/(r)) and the
collection efficiency function (CEF (r)) #*. Under the 3D Gaussian approximation,

this function can be written as**:

—2x2 —2y2 —222

W(r) = I(r).CEF(r) = %ew_oz' wo? zo? (2.41)
0

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

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

—(x—x')2 +(y—y')2 +(z—z’)2
4Dt

(5C(r, t)6C(r' t + 1)) = (C).2

242
8(nD7) /2 (2.42)

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

g()

—(x—x')2 +(y—y')2 +(z—z’)2
4Dt

2
_2( 2+x’2) —2<y2+y’2) —z(zz+z’ )e
22

_JSJfffe Yo e W e o 8(nD7) /2

—2x2 —2y2 -272 2
©)| [[[eW?0ew?o e %0 dxdydz

dxdx’ dydy’dzdz’

(2.43)
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Integrating and simplifying, we get,

90 = (142 () T ()T g

3
(C)r /2wq2z 0? wo?
0°Zo

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,

-1

g(@) =%(1 +%)_1 (1 + = ) /2 (2.45)

K?tp

In this equation,

N = (C)n2wizy = (C). Vs,

2

. . . w Z
Tp = dif fusion time = ﬁ; K = structure factor = ==

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

as,

Vorp = 1 12wz, (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,

1 1

g(0) === Ver @

(2.47)
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So, equation 2.45 can be rewritten as,

-1
T 1\% 1) 2

g(™) = g(0) - (1 + (—D)> : (1 +(3) ;) (2.48)

In the case where T = 1, the function (equation 2.48) will become,

g(p) = g(0)- <1 + C—Z)>_1 - (1 + (%)2 z_z) 2

1

g(TD) = g(O)Z\/m

Replacing a typical value of K in a confocal FCS setup, K~5, in g(tp),

g(0) 1

g(Tp) 204 204N

So, T 1s 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.

Up to this point, the derivation of the autocorrelation function assumes that the
fluorophore’s fluorescence intensity only fluctuates due to translational diffusion
within the observation volume. However, in actual experimental conditions, this is
rarely the case. Photophysical or chemical processes, triplet state transitions, or
conformational changes can also contribute significantly to the overall fluctuation

pattern 434450

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

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

Ytotal (T) = Ytotal (T) 'innetics (T) (2-49)
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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

Xpg()=1—-A+A-e (2.50)

Where A is the fractional contribution of the photophysical process to the overall
fluorescence fluctuation, Ty 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

Xpg(®)=1+a-e = (2.51)

Where, a = A/l _ 2

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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In some cases, anomalous diffusion (e.g., hindered or subdiffusive motion in
crowded environments) must be considered *3°. This is accounted for by

introducing an anomaly exponent «, modifying the autocorrelation function as>*3°,

- (1 (&) (iD)a> ’ (2.53)

9@ =g (1+ (L))

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

diffusion for o> 1 5439,

For more than one particle diffusing normally (i.e. a = 1), the ACF can be written

as44

G(D) = ——— 5. N,D;(1); Dy(z) = (1 + TLD)_l (1 + —L>_ (2.54)

XiNi)? ;

2.7.4. Structural Information Extraction Employing FCS

Once the diffusion time (zp) is obtained by fitting the autocorrelation curves using
appropriate models (discussed above), and diffusion coefficient (D;) of the particle
1s determined, one can extract structural information, the hydrodynamic radius (r#),
of the particle by applying the Stokes-Einstein equation 7-*®. The Stokes-Einstein
equation describes the diffusion of a spherical particle of hydrodynamic radius ()
undergoing Brownian motion in a viscous fluid at a constant temperature. The
mathematical form of the equation is,

_ kgT
67T1’)Dt

(2.55)

Ty
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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 our system and accurately determine the confocal volume (specifically,
K), we performed a series of FCS measurements using Rhodamine 6G (R6G) at
varying concentrations in water. The autocorrelation curves were fitted globally,
and the value of K was extracted under the assumption that the diffusion coefficient
of R6G in water is known, D, = 4.14 x 107 cm?s~1 °. Once calibrated, the
parameter ‘K’ kept fixed for all subsequent fittings of a particular set of experimental

data using any appropriate fitting models.

2.7.5. Accounting for Medium-induced Refractive Index and Viscosity

Alterations

When external perturbations such as temperature shifts, some additives like DES, or
macromolecular crowders are introduced, they can significantly alter the viscosity
and refractive index of the solution. To isolate the viscosity-induced effects from
those due to molecular size or structure, we implemented a control experiment at
every condition tested by using Rhodamine 6G (R6G) as a reference fluorophore.
R6G is a small, rigid dye whose structure remains unaffected by environmental
changes such as the addition of DES or crowding and changes in temperature. Thus,
any shift in its measured diffusion time reflects solely the change in solution

viscosity.

Using the known hydrodynamic radius of R6G (r5°%) in buffer, and its measured
diffusion time under the same experimental conditions, we calculated the
hydrodynamic radius of the protein or any dye at every experimental point according

to the following equation.
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tei _L_protein
protein __ _ R6G D
T =150 X g (2.56)

H

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

crowder, confinement, and so forth #0-3152.60-67,

Regarding refractive index variations, we compensated for these changes by
adjusting the objective collar. At each experimental condition, the collar was fine-
tuned to maximize the G (0) value, which ensures the smallest effective observation

volume and consistent optical alignment across all measurements.

2.7.6. FCS Setup

One of the primary challenges in single-molecule fluorescence detection is
eliminating interference from background signals, such as Raman scattering from
the solvent '°. The solution lies in minimizing the observation volume to the
femtoliter scale, which drastically reduces background noise and enhances signal
specificity. Achieving such a confined detection volume is the central goal of
Fluorescence Correlation Spectroscopy (FCS) instrumentation !°. This can be
realized through two major optical approaches: (i) confocal microscopy, and (ii) total

internal reflection geometry (TIRF) 448,

In this thesis, a home-built confocal FCS setup has been used for performing single

molecular level fluorescence experiments (see scheme 2.10).
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sample

Correlator card

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.

Figure 2.1. Image of home-built FCS setup.
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The schematic diagram has been shown as scheme 2.10. and the photograph of the

actual setup has been shown in Figure 2.1.

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 unit comprises the laser source, a beam expander
(telescope), a sequence of mirrors (M1-M4), and irises (I11-14). The laser delivers a
collimated beam with an initial diameter of 2.5 mm. Since forming a small focal spot
requires a broader input beam, the laser beam is expanded nearly 8-fold using the
telescope before being directed into the microscope using strategically positioned
mirrors. To regulate excitation intensity, a neutral density (ND) filter is placed in the
optical path. The beam width is finely adjusted using an iris positioned just before
entering the microscope, and maintained nearly at 10 mm, optimized for the
objective’s aperture. The collimated beam is then directed through a dichroic mirror,
which reflects the excitation light toward the objective lens. The objective is actually
a collection of lenses which is used to focus the collimated beam onto the sample

that is placed on a clean coverslip mounted on the microscope stage.

(b) Detection unit: Following excitation, the sample emits fluorescence, which is
collected only from the portion directed back into the objective lens. These photons
are collimated by the same objective, transmitted through the dichroic mirror and an
emission filter to cut any excitation light mixed with the emitted light, and finally
fall onto a cubic (50:50) beamsplitter. This emitted light is then focused into two
pinholes placed perpendicular to each other. These pinholes (realized via a fiber tip)
plays a critical role by acting as a spatial filter, ensuring that only photons originating

from the focal volume are detected. Photons emitted from outside this volume are
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effectively blocked, thus maintaining confocality. The pinhole size directly controls

the effective observation volume (see Scheme 2.11 and Scheme 2.12 for illustration).

Dichroic
mirror

Objective lens ) Lens

Confocal
pinhole

Excitation
source

Scheme 2.11. Schematic representation of the confocal detection system.

The optical fiber, held in place by a five-axis positioner, precisely guides the photons
to a single-photon avalanche photodiode (APD), which converts them into an

electronic signal suitable for time-resolved detection.

Scheme 2.12. Gaussian-shaped observation volume.
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(c) Analysis unit: The detected fluorescence signal through the two pinholes and
optical fibre, in the form of photon counts, is transmitted from the avalanche
photodiodes (APD) to the autocorrelator card. This card’s primary function is to
segment the intensity time trace into discrete bins and compute the degree of cross-
correlation within the two signals detected by two APDs based on varying time
delays (lag times). The autocorrelation curve of fluorescence intensity collected

through each APD can also be observable just by switching off the other detector.

To form the correlation curve, it first determines the mean fluorescence intensity of
one channel (F;(t)) and the corresponding fluctuation &§F;(t). The fluctuation
profile of the other channel, 6F,(t) is then shifted incrementally in time, with the
magnitude of the shift defined by the time resolution capabilities of the correlator

hardware.

In our setup, the correlator card supports a minimum lag time resolution of 0.2
microseconds, allowing it to resolve events as fast as 0.2 ps. Its maximum lag time
extends up to approximately 3435969984 microseconds, which is equivalent to
nearly one hour, enabling the observation of dynamic processes across a broad
temporal window. The range of dynamic events that can be studied is inherently

bound by these minimum and maximum lag values.

Once the correlation curve is computed, the result is transferred to a graphical user
interface based on the LabVIEW platform, where it can be visualized in real time.
The data is simultaneously saved in ASCII format, which facilitates further

quantitative analysis and model fitting using Igor Pro software.

2.7.6.1. Specification of the Components of the FCS setup

Laser: MGL-III-532-5mW (532 nm), CNI, China
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Telescope: BEIOM-A, Thorlabs, USA
Mirrors: KM100, Thorlabs, USA
Microscope: Inverted confocal microscope, [X-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

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

Fitting the experimental auto/cross correlation curves yields the diffusion time of
molecules through the detection volume. However, this diffusion time is influenced
by several factors such as the observation volume and the medium’s viscosity,
making it an extensive property **. Therefore, to extract meaningful size-related
information from the diffusion time, calibration of the focal volume is essential.

Additionally, the theoretical models used to analyze FCS data assume a Gaussian
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excitation beam profile. For this reason, proper calibration of the system is a

prerequisite before starting any measurements.

Alignment of the Detector:

The fiber patch cord, which also functions as the confocal pinhole, must be precisely
positioned at the focal point of the emitted photons to ensure accurate photon
detection from the defined Gaussian volume. This alignment is achieved using a
five-axis positioner, which allows adjustment in X, y, and z directions as well as

angular tilts in two planes. It is aligned as follows:

(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.

(i1) 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.

Achieving the minimal Detection Volume

Once proper alignment is ensured, the next objective is to reduce the volume of
excitation to the smallest possible extent. This is crucial for improving spatial
resolution and signal-to-noise ratio. The diameter of the excitation beam plays a key
role in defining the focal volume, and larger beam diameters result in tighter focal

volumes (see Scheme 2.13). The calibration involves recording the diffusion time of
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a low-concentration dye solution (~1-5 nM) while systematically varying the

objective collar setting and adjusting the focal plane height above the coverslip.

Objective
backaperture

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

The collar ring of the objective allows correction for spherical aberrations due to
mismatches in refractive indices between the immersion medium, the cover glass,
and the sample. It is essential to determine the optimal collar position for each
refractive index and excitation wavelength. Figure 2.2 illustrates how the diffusion

time of rhodamine 6G in aqueous solution changes with collar position.

Diffusion time (us)
[=2]
(=]
L

1 T T 1 1
13 14 15 16 17
Collar Position

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.

The vertical control (z-axis) of the focal plane is provided in the microscope as a
rotating knob. The height of the focal point from the surface of the cover slip can be
controlled by the knob provided in the microscope to vary the z-axis of the objective.
Both the upper and lower surfaces of the cover slip can be located by finding a
sudden jump in the detected photon counts. The upper and lower interfaces of the
coverslip can be identified by a sudden increase in detected photon counts. For
consistent measurements, the focal plane is typically positioned about 40 um above
the coverslip surface to avoid optical interference, which has been found optimal in

the system used in this thesis.

Measurement of the dimension of the observation volume

The observation volume, typically Gaussian-shaped (Scheme 2.12), is determined
using a dye (R6G in most cases) with a known diffusion coefficient. Several
autocorrelation curves are recorded at different dye concentrations (Figure 2.3). The
parameter 'K' is defined as the ratio of the axial to radial dimensions of the
observation volume, which characterizes the volume and remains constant across all
concentration-dependent measurements. Only the number of particles within the
observation volume varies with dye concentration. The resulting autocorrelation
curves are globally fitted (from 1 ps) using a one-component diffusion model,
incorporating an additional exponential term to account for the known triplet-state
photo physics of the rhodamine dye. However, the characteristic timescale for this
photophysical process in buffer is approximately 1-2 ps. Thus, fitting the
autocorrelation curves from 10 ps onward effectively eliminates any contribution

from photo physics and then can be fitted with only a one-component diffusion
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model. Importantly, the observation volume parameters obtained in these two ways

remain consistent.

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
‘K’ which is the ratio of the axial and radial diameters of the observation volume,

2

=%

K = 2

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

The value of the transverse radius (7) is can then be calculated using the equation,

2 ) ) 3 .
D= :}TO‘ By employing another equation, V¢ = / 2wéz,, the effective
D

observation volume of our setup was estimated to be ~ 0.7-0.9 fL.
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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.

Checking the effect of power

Fluorescence correlation spectroscopy (FCS) is highly sensitive to fluctuations in
fluorescence intensity. However, at elevated excitation powers, additional sources

of fluctuation, such as photobleaching and transitions to non-emissive triplet states
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can distort the signal and complicate data interpretation. To minimize such artifacts,

the excitation power must be carefully tuned prior to data acquisition.

To determine the optimal laser intensity, a preliminary power-dependence check is
conducted. The sample system is exposed to a range of excitation powers, and the
resulting fluorescence autocorrelation curves are recorded and compared. Robust
fluorophores like rhodamine 6G exhibit high resistance to power-induced effects,
showing minimal distortion in their correlation curves across a wide power range. In
contrast, more sensitive systems like tagged proteins show deviations in the
correlation profiles once a certain power threshold is crossed. For these less
photostable systems, all subsequent measurements are performed at an excitation
power slightly below this previously optimized critical threshold, ensuring minimal

photophysical interference while maintaining adequate signal strength.

Temperature-Controlled FCS Measurements

To enable FCS measurements at varying temperatures, our group developed a
custom-designed thermal chamber 4%-52%4 Temperature-dependent FCS studies are
relatively uncommon, and to the best of my knowledge, such configurations are not
widely implemented in other laboratories. In one of the investigations for this thesis,
I employed this setup to explore thermally induced changes in molecular diffusion

and structural dynamics.

The temperature-controlled unit comprises a sample-holding chamber enclosed by a
water jacket (Scheme 2.14). This jacket features inlet and outlet ports to allow
continuous water circulation. The bottom of the sample chamber is in direct contact
with a microscope-compatible coverslip on which the fluorescent sample 1s placed.
The temperature of the circulating water—and hence the sample—is precisely
regulated using a programmable water circulator (Lab Companion, JEIO TECH,

Billerica, MA, USA). This setup ensures stable and uniform thermal conditions
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across the detection volume during FCS measurements, allowing reliable analysis of

temperature-dependent molecular behavior.

Scheme 2.14. Temperature-dependent FCS. (a) sample cell, (b) holder, (c) temperature cell
attached to the FCS setup. DM: dichroic mirror, EF: emission filter, IR: iris, M: mirror, BS:
beam splitter, ND: neutral density filter.

2.8. Other Instruments

In addition to the primary techniques discussed in detail, a few supplementary
instruments were employed on a limited scale. To begin with, the dynamic viscosity
of both the prepared deep eutectic solvents (DESs) and their hydrated counterparts
was assessed using a rolling-ball viscometer (Lovis 2000 M, Anton Paar, Austria),
which features a built-in temperature regulation system. Moreover, as DESs are
typically composed of hygroscopic materials, it is a standard practice to evaluate
their inherent water content. For this purpose, we utilized Karl Fischer titration
(KAFI LABINDIA KF Titrator) to accurately quantify the moisture present in the

DES samples. For freshly prepared (from overnight vacuum dried constituents)
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0.5Ac/0.3Ur/0.2Sor DES, the water content is measured to be 0.3 % (w/w), whereas
for 0.55A¢/0.36Ur/0.09PEG DES, the water content is found to be 0.4 % (w/w).

2.9. Protein Tagging

In this thesis, two proteins, Human Serum Albumin (HSA) and Bromelain, were
studied. Site-specific fluorescent tagging was carried out to probe distinct structural
and dynamical features of these proteins. Both of these proteins were tagged

following previously published reports ©-73.

For HSA, selective labeling was achieved in two distinct regions (Scheme 2.15):

Domain I (free cysteine residue) was labeled with CPM (7-diethylamino-3-(4’-
maleimidylphenyl)-4-methylcoumarin), and TMR (tetramethylrhodamine-5-

maleimide) according to requirement.

Domain III (tyrosine residue) was tagged using the fluorophore NPCE.

NPCE
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Scheme 2.15. Schematic representation of labelling of Cys-34 (domain-I), and Tyr-414
(domain-III) of HSA by CPM and NPCE fluorophore.

However, the bromelain enzyme possesses a single free cysteine (Cys-26) at its
catalytic site (Scheme 2.16). This thiol group served as a labeling site, and CPM was

employed for site-specific conjugation.
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Scheme 2.16. Schematic representation of labeling of Cys-26 of bromelain by TMR
fluorophore.

Generally, for the FCS study, I have used TMR-tagged proteins. However, in other
fluorescence experiments like emission spectra and time-resolved emission, I have

used CPM or NPCE-tagged proteins as per the requirement of the study.

Labeling of HSA with CPM/TMR

Cys-34 of HSA was covalently tagged to CPM and TMR following the previously
described method. Briefly, two 10 ml, 90 uM stock solutions of HSA in the buffer
of pH 7.4 were taken in round-bottom flasks. Separately, each of the labeling dyes
was prepared in DMSO and was added dropwise to one of the HSA solutions under
stirring conditions such that in the final solution, the molar ratio became HSA: dye
= 1:1.2. The reaction mixtures were then stirred for 12 h at 25 °C. Two reaction
mixtures were then separately dialyzed against 1:20 (V/V) DMSO: buffer solution
at 5 °C. The dialysis medium was changed 3 times a day for 4 days and then twice
in 24 h till the complete removal of untagged dye (as measured by the absorption
spectrum of the dialysis medium). The labeled proteins were concentrated using a
10 kDa centrifugal filtration unit. The site-selectivity of the tagging is confirmed
through control experiments. The tagging efficiency of TMR-tagged HSA and CPM-
tagged HSA 1s calculated to be ~72%, and ~ 88 % from the ratio of the concentration
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of HSA to dye in the CPM tagged-HSA, using €289, €237 and €229, values of 36,500
M~tem™1, 75,000 M~1cm™1, and 33,000 M~1cm™1, respectively ©.

Labelling of HSA with NPCE

40 mg of HSA was dissolved in 9 mL of 50 mM phosphate buffer (pH=8.0), and 1
mL of NPCE in DMSO was added slowly into it such that the molar ratio of protein
and dye in the reaction mixture is 1:0.9. There are altogether 19 tyrosine residues
present in HSA. However, Tyr-411 is the most accessible one at pH 8 for the

@ yalue. The ratio of the

esterification reaction owing to its considerably low p%
protein and the dye (NPCE) is taken as 1:0.9 to avoid tagging of NPCE at multiple
sites. The reaction mixture was then stirred at room temperature for 24 hrs. Upon
completion of the reaction, the reaction mixture was dialyzed against DMSO:buffer
mixture (having the same DMSO: buffer ratio as in the reaction mixture) at 4°C to
remove the unreacted dye. The dialysis solution was replaced four times in two days.
Then the solution was replaced with pure phosphate buffer (50 mM, pH 7.4) several
times during the next week. The dialysis solution was checked through absorption
and emission studies each time for the presence of unreacted dye molecules. When
the dialysis solution was found free of any dye, dialysis was stopped, and the labelled
protein was collected from the tubes. The labelled protein was further washed and
concentrated using the 10 kDa cutoff centrifugal filtration unit and lyophilized to
obtain the solid labelled protein. The tagging efficiency was calculated to be 70%

using the standard procedure 772,

Labeling of Bromelain with CPM

Briefly, 192 mg of bromelain was dissolved in 19 mL phosphate buffer (50 mM, pH
7.4). Following continuous stirring, 3.8 mg of CPM in 0.5 mL of DMSO was added

dropwise to the protein solution. The reaction mixture was stirred for 12 h at 20 °C,
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followed by dialysis at 5 °C using 1000 mL of phosphate buffer (50 mM, pH 7.4)
and the same concentration of DMSO as in the reaction mixture. The dialysis
medium was changed four times a day for the first 4 days, and after that, dialysis
was carried out with two times medium change until the dialyzed solution showed
no appreciable fluorescence. The CPM-tagged bromelain was then concentrated
using the 10 kDa-cutoff centrifugal filtration unit. The tagging efficiency is
calculated to be ~70%, from the ratio of the concentration of bromelain to dye in the
280 390

CPM tagged bromelain, using €£°),.14in and €2py; values of 63,500 M~*cm™! and

33,000 M~1cm™1, respectively ©.

2.10. Some Control Experiments Related to Tagging:

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

Human serum albumin contains 35 cysteine residues. However, only Cys-34 in
domain I is free, and all the others are connected through a disulfide bond with
another cysteine residue. Thus, a site-specific tagging of CPM or TMR to the Cys-
34 residue is very much possible. For this purpose, we have used HSA and dye in a
1:1.2 ratio for efficient tagging. The absorption spectra of CPM do not change upon
tagging to HSA. CPM itself is a very weakly fluorescent molecule with its emission
maximum lying around 480 nm. When tagged to HSA, it shows a blue shift of 17
nm (Figure 2.4). This hints that upon tagging CPM goes inside the protein core.
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Figure 2.4. Intensity-normalized absorption and emission spectra of free CPM and CPM
tagged to HSA.

Due to considerable absorption of the acetamide-urea-sorbitol DES in the absorption
region (~400 nm) of the dye CPM, single molecular measurement with that probe
was not possible. Thus, to measure the FCS, we have used a different probe TMR.
TMR is not a solvatochromic dye, so after it covalently binds to cys-34 of HSA, the
absorption and emission spectra of the dye do not change observably. However, this
non solvatochromicity of the TMR dye is not a problem for conducting experiments
through FCS. Also, the confirmation of TMR tagging has been done using FCS
itself (see Figure 2.6). This change of probe is not going to alter our observations as
the probe TMR is attaching to the protein in the exact same place where CPM is
covalently bound. To be sure about that, we have measured the thermal stability of
unlabelled HSA, TMR-tagged HSA, and CPM-tagged HSA using CD spectroscopy
(Figure 2.5). All the CD signals and the nature of melting curves are very much

similar, confirming the same.
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Figure 2.5. (a) Circular dichroism spectra of untagged, TMR tagged, and CPM tagged HSA at
room temperature (298 K), (b) Melting curves of untagged, TMR tagged, and CPM tagged
HSA

Table 2.1. Secondary structural parameters from CD spectra of untagged HSA,
TMR tagged HSA and CPM tagged HSA at room temperature (calculated using
CDNN software).

%- of secondary structural contents
a- helicity - sheet B- turn Random coil
Untagged 67.1 5.7 12.8 14.4
HSA
TMR tagged | 65.5 5.4 13.0 16.1
HSA
CPM tagged | 66.8 6.0 12.5 14.7
HSA

Now, we measured the diffusion time of free TMR dye and TMR tagged HSA, and
the diffusion time came as 45us and 228 us, respectively. (Figure 2.6) This
increments in the diffusion times while attaching with the protein also confirms the

attachment of the probe with the protein under investigation. A similar FCS

experiment (as that of free TMR and TMR tagged HSA) with free CPM and CPM
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tagged to HSA suggests the tagging, and we have already proved that in our previous

publications.

TMR tagged HSA
TMR

Normalized G (t)

Lag time (us)

Figure 2.6. Fluorescence intensity autocorrelation curve of free TMR, and TMR tagged to
HSA in phosphate buffer. The autocorrelation function of TMR fits well with equation 3. The
fitting lines and the residuals are shown in the figure. The autocorrelations of TMR tagged to
HSA cannot be fitted with equation 3 satisfactorily, but an extra relaxation term is required and
can be fitted by equation 4 (see the fitting lines and residual). Autocorrelation trace of TMR-
HSA was fitted from 5 ps due to the known inherent photo physics of rhodamine dye ina 1 ps
timescale.

2.10.2. Conformation and perturbation related to tagging of fluorophores to

bromelain:

Bromelain possesses a total of five cysteine residues, among which two form
disulfide bridges, leaving a single cysteine, Cys-26, in its unbound, reactive form,
which is labeled using the fluorophore CPM. Interestingly, as this free Cys-26 is
located within the enzyme’s active site, any site-specific information will be from

the active site of the enzyme.

The fluorescent probe CPM exhibits minimal fluorescence in aqueous environments,

typically emitting at around 482 nm (Figure 2.7b). Upon binding to bromelain,
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however, its fluorescence becomes significantly more intense, with the emission
peak shifting slightly towards the blue region at 476 nm (Figure 2.7b). This spectral
shift and enhanced emission are likely due to the limited rotational freedom of the
7-diethylamino group when nestled within the protein’s hydrophobic interior,
indicating successful conjugation. However, the absorbance characteristics of CPM
remain largely unchanged after tagging (Figure 2.7a). Prior research on proteins such
as human serum albumin and B-lactoglobulin has used CPM emission behavior to
infer structural details near the labeling site. To extract any such information
employing this labeled protein, one needs to confirm that the labeling process does
not compromise the structural integrity of bromelain. For that, we analyzed the
circular dichroism spectra of both the untagged and CPM-tagged bromelain. The
nearly overlapping CD profiles confirm that the overall secondary structure remains

intact following the modification (Figure 2.7¢).
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Figure 2.7. (a) normalized absorption, (b) emission spectra, and (c) circular dichroism spectra
of free CPM (grey) and CPM tagged to Bromelain (red). Although absorption spectra (in a) do
not alter with labelling, a huge increment in the intensity and blue shift of the emission spectra
(in b) confirms the labelling of CPM dye to the enzyme bromelain. The CD spectra (in c)
confirm no significant alteration in the conformation after tagging.
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2.11. DESs Preparation
2.11.1. Acetamide-Urea-Sorbitol DES preparation

Acetamide and urea were dried under vacuum for overnight before the synthesis.
Sorbitol was used as received commercially. Acetamide/urea/sorbitol DES was
prepared by mixing the appropriate amounts (mole fractions, 0.5 Ac, 0.3 Ur, and 0.2
Sor) of the constituents in a sealed container and slowly heating to 75 °C while
stirring. After one hour of heating and stirring, a clear solution of DES was obtained,
which remained liquid even at 280 K and was used for all the experiments.

Precautions for external water incorporation were always taken care of.
2.11.2. Acetamide-Urea-PEG DES preparation

Acetamide, urea and PEG-300 with a molar ratio of 0.55:0.36:0.09 was used to form
the (0.55A¢/0.36Ur/0.09PEG) DES following the published procedure -74. This
DES is not liquid at room temperature (at 298 K) and becomes solid, however, at the

experimental temperature range, a clear liquid state was observed.

2.11.3. Choline chloride (ChCl)- Glycerol (Gly) /Ethylene glycol (EG) DES

preparation

Choline chloride was recrystallized in hot ethanol (60 °C) and vacuum dried because
of its highly hygroscopic nature before use. For both the ChCl-Gly (1:2) and ChCl-
EG (1:2), the constituents in appropriate amount have been taken in a glass container
with a magnetic bead and then sealed immediately. The mixture was then heated at

80 °C for around 1-2 hours until the clear liquid was observed.

2.12. Materials Used

Here I have provided a list of materials used in this thesis along with their purity and

suppliers’ information.
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Table 2.2. List of materials used in this thesis

Chapter-2

cutoff)

Material Supplier Purity
Acetamide Sigma Aldrich >99%

Urea Sigma Aldrich >99%

Sorbitol Sigma Aldrich >98%

Choline chloride Sigma Aldrich >98%

Glycerol Sigma Aldrich >99.0%

Ethylene glycol Sigma Aldrich ~99.8%
Rhodamine 6G (R6G) Sigma Aldrich Dye content 99.0%
PEG-300 TCI No data available
Coumarin 153 (C153) Exciton No data available
7-diethylamino-3-(4’- Sigma Aldrich >95% purity (HPLC)
maleimidylphenyl)-4-

methylcoumarin (CPM)

tetramethylrhodamine-5- | Sigma Aldrich >85% (HPLC)
maleimide (TMR),

coumarin 343 (C343) Sigma Aldrich Dye content 97 %
Bromelain Sigma Aldrich >3 units/mg protein
Human Serum Albumin | Sigma Aldrich >98%

(HSA)

Ficoll-70 Sigma Aldrich No data available
4-nitro-phenylacetic acid | Sigma Aldrich 99%

(PNPA)

disodium hydrogen | Merck, India >99.0 %
phosphate dihydrate

(Na2HPO4.2H>0)

sodium dihydrogen | Merck, India >99.0 %
phosphate dihydrate

(NaH2P0O4.2H>0)

Dialysis membrane tubing | Sigma Aldrich -

(12 kDa cutoff)

Centrifugal filter units | Merck Millipore, | -

(Amicon Ultra, 10kDa | Germany
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dimethyl sulfoxide | Sisco Research | HPLC grade (99.8%)
(DMSO) Laboratories Pvt.

Ltd.
casein Sigma Aldrich 87-94%

2.13. Sample Preparation

Our experiments were done in phosphate buffer (of concentration 50 mM) of pH 7.4
which was prepared by mixing the appropriate amount of disodium hydrogen
phosphate and sodium dihydrogen phosphate solution in double distilled water. All
the protein samples were prepared in this buffer and incubated overnight to reach
equilibrium before measurement. In the case of steady state fluorescence, steady
state absorption, CD experiment, and time resolved fluorescence experiment, the
protein concentrations were kept around ~5 uM. For steady state fluorescence study
of bromelain, both untagged protein and CPM tagged were used. Similarly for HSA,
both the CPM tagged and NPCE tagged HSA were used depending upon the
requirement. For CD experiments of both the proteins, untagged proteins were used.
In the case of time resolved fluorescence measurement, always the tagged proteins
were used. In single molecular level experiments employing FCS, the concentration
were kept ~5 nM. In all the cases the concentrations were measured by using the
reported molar extinction value of the protein at 280 nm. In experiments with DES,
[ used % v/v concentration scale and prepared the sample by mixing the synthesized
DES with required amount of buffer. For experiments involving macromolecular
crowder, Ficoll-70k, a concentrated stock solution was prepared at 300 gL' in the
buffer solution of pH 7.4. Throughout my thesis, the concentrations of the Ficol-70k
have been consistently reported in units of g-L™'. It is important to note that
representing crowder concentrations in grams per liter rather than molarity or

normality is a widely accepted convention in the field.

In the case of heterogeneity study of acetamide-urea-sorbitol DES (chapter 3), a
portion of the synthesized DES is transferred into a quartz-cuvette (path length 1
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cm) pre-stained with the required dye (R6G or coumarin-153) and is sealed

immediately. We took care to ensure the complete dissolution of the dye into DES.

In the case of Transient Absorption measurement of hydrated DES (chapter 4), the

concentration of the fluorophore, coumarin 343 is kept much higher. We maintained

OD~0.5 at 400 nm wavelength in a 1 mm pathlength cuvette.
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Abstract:

Deep eutectic solvents (DESs) are new-generation solvents with exquisite and
tuneable properties. Molecular-level heterogeneity has been identified as an
intriguing feature of such solvents. Herein, we examined the spatio-temporal
heterogeneity of a potential non-ionic biocatalytic DES, acetamide/urea/sorbitol
(0.5Ac/0.3Ur/0.2Sor), and compared the result with corresponding binary
acetamide/urea (0.6Ac/0.4Ur) DES, and another related non-ionic ternary DES
(0.55A¢/0.36Ur/0.09PEG). The effect of the addition of a third component on the
spatio-temporal heterogeneity of a DES was investigated. The excitation
wavelength-dependent emission measurement suggests an introduction of spatial
heterogeneity in acetamide/urea/sorbitol compared to spatially homogenous
acetamide/urea and acetamide/urea/PEG. The dynamic heterogeneity measurements
in terms of solvation dynamics, dielectric relaxation, and rotational and translational
diffusion dynamics indicate a length and timescale dependency. Overall,

acetamide/urea/sorbitol is dynamically more heterogenous than the other two related

DESs.
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3.1. Introduction

Structure and dynamics control chemistry and biology. Modern science has
identified molecular level heterogeneity as one of the intriguing aspects of structure
and dynamics '*. The heterogeneity of a medium is relative to the observation
dimension. For the sub-atomic length scale of observation, every system will appear
to be heterogeneous and with a bigger dimension of observation this heterogeneity

will tend to smear out as unobservable.

In the literature, one would invariably encounter two terms, spatial and
dynamic heterogeneity, which are often used interchangeably >°. Heterogeneity
mainly originates from the presence of different interactions in terms of spatial
arrangement or relaxation rates. The first one is defined as spatial heterogeneity, and

the latter is described as dynamic heterogeneity >’.

The molecular-level picture of heterogeneity both in terms of structure and
dynamics mainly comes from studies of glass-forming liquid that shows viscosity
decoupled relaxation rates near glass transition temperature (7;) due to microdomain
formation '2. These locally preferred clusters facilitate local structural relaxation
but do not facilitate the relaxation of the entire system 1314, Even if the Stokes-
Einstein (SE) relationship is locally satisfied within these microdomains and bulk,
their spatial averages might indicate a deviation from the SE relationship due to
preferential sampling from the microdomains '°. A unique breakthrough in this field
comes when viscosity decoupled relaxation rates were identified for polar and non-
polar liquids at a much higher temperature than the 7 '°. In the case of polar and H-
bonded solvents, minimal decoupling was observed 6. Consequent research proved
that such dynamic heterogeneity, even at ambient room temperature might well be a

common phenomenon for ILs and DESs 1723,

DESs are already touted as the next game-changer in various fields of
chemistry and biology owing to their green character, easy and atom-economic

synthesis, exceptional tunability, biocompatibility, low volatility, etc 26-2°. Many
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recent reviews are available that summarise various uses of DES in many different
fields 26273935 However, from the viewpoint of a physical chemist, we are more
interested in the molecular level insight of such systems. Most of the works in this
direction are with ionic DESs. Only a handful of reports are available deciphering

the structure and dynamics of non-ionic DESs 3673,

Biswas group has explored various acetamide-based ionic DESs, and they
showed the presence of substantial dynamic and spatial heterogeneity in these
systems 7184044 Replacement of electrolytes by the non-ionic urea makes the
system almost homogeneous, both in relaxation rates and spatial arrangement 193843,
However, this DES is not liquid at room temperature, thus limiting its use. Recently,
a third component (PEG-300) is added to the acetamide/urea DES to lower its
freezing point down to 303 K 2°. Moreover, this system is spatially homogeneous,

but its rotational relaxation shows considerable viscosity decoupling 2°.

In this context, herein we have chosen sorbitol as the third component, which
itself is solid. The ternary 0.5A¢/0.3Ur/0.2Sor DES is liquid even at 253 K, making
it an interesting non-ionic DES for practical applications . We have already shown
the positive effect of 0.5A¢/0.3Ur/0.2Sor DES on protein structure and activity #’.
Herein we employed steady-state/time-resolved fluorescence and fluorescence
correlation spectroscopy covering a broad range of lengths and time scales to
decipher the microscopic heterogeneity of this DES. We have also used dielectric
relaxation spectroscopy to understand the inherent medium dynamics and associated
heterogeneity of the system. Our results demonstrate that the system is highly
heterogenous both spatially and dynamically, and the extent of heterogeneity
depends on the length scale of the measurement. We also compared the
heterogeneity of this DES with the corresponding binary acetamide/urea
(0.6Ac/0.4Ur) DES, and another similar non-ionic ternary DES
(0.55Ac/0.36Ur/0.09PEG), and investigate the effect of the addition of a third

component on the spatio-temporal heterogeneity.
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3.2. Results and Discussion:
3.2.1. Steady-state Measurements

At 298 K, the absorption and emission maxima of C153 in 0.5A¢/0.3Ur/0.2Sor non-
ionic DES were measured to be 433.7 nm (23057.4 cm™) and 534.5 nm (18709.1
cm!), respectively. Interestingly, with an increase in the temperature (298 K to 343
K) we observed a very small blue shift of ~1.5 nm in the absorption spectra
(Figure 1a and Table 1). Such a surprising blue shift with increasing temperature
might be due to decreasing dielectric constant of the medium with increasing
temperature *8*°. Similar observations were also made with other ionic liquids and
DESs 7. In the emission spectrum, we observed a red shift of 9.5 nm with the

increase in the temperature (298 K to 343 K) (Figure 1b, Table 1).

Table 1: Temperature dependent absorption and emission maxima of coumarin 153
in 0.5Ac/0.3Ur/0.2Sor DES.

Temperature Absorption Absorption Emission Emission
(K) Maximum Maximum maximum maximum
(nm) (em™) (nm) (em™)

298 433.7 23057.4 534.5 18709.1
303 433.2 23084.0 536.6 18635.8
308 433.0 23094.7 538.4 18573.5
313 433.0 23094.7 539.8 18525.4
318 432.7 23110.7 541.2 18477.4
323 432.5 231214 542.0 18450.2
328 432.3 23132.1 542.7 18426.4
333 432.2 23137.4 543.1 18412.8
338 432.0 23148.1 543.6 18395.9
343 431.9 23153.5 544.0 18382.4

The observation could be explained as follows. The medium here is highly viscous
(Table 1). At low temperatures, emission originates from an incomplete solvated

state. But with an increase in temperature, viscosity decreases, and emission is
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expected to originate from a more solvated state with a gradual red shift, which is
nothing but the origin of the red edge excitation shift (REES) %!, Furthermore, a
competition between solvation time and probe lifetime critically controls the

detection of heterogeneity through REES 324,

We measured the excitation wavelength (4,,) dependent emission maxima
(Agm) of C153 dissolved in 0.5Ac/0.3Ur/0.2Sor DES and observed a REES of 10 nm
(346.3 cm™!) at 303 K (Figure l¢ and section S4 of Supplementary Material).
However, as the transition did not get saturated, it was difficult to comment on the
actual value of REES. Azumi et al. suggested that the absolute value of REES can
be obtained by taking the emission spectra at very high temperatures where all the
emissions are expected to originate from a completely solvated state 6. In this
way, a REES of ~11.5 nm (~400 cm’) was calculated for C153 in
0.5Ac/0.3Ur/0.2Sor DES that indicated the presence of moderate spatial
heterogeneity, with respect to the lifetime of C153 at 303 K (Table 2).

Temperature (K) Temperature (K) Excitation Wavelength (nm)
300 310 320 330 340 298 308 318 328 338 375 395 415 435 455 475 495 515
1 L L 1 X 1 1 I | 1 PR S
1.0 436 1.0 1.0 (at 343 QL
3 a 434= 3 b s4 g El s mE
= f/ ]

5 0.8 g 5087 5423 808 542§
S 4323 2 é - 2
2 0.6 g 2064 /) 5405 £0.6 s40g
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Figure 1. Steady-state (a) absorption and (b) emission spectra of C153 dissolved in
0.5A¢/0.3Ur/0.2Sor DES. (c) Excitation wavelength-dependent emission of C153 in this DES
at 298K. Here axes are colour-coded. Similar colour axes imply the respective X and Y axis
for the data plotted. In the case of excitation wavelength-dependent emission, the red data
points are plotted concerning red axes.
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Table 2: Excitation dependent emission maxima of coumarin 153 in
0.5A¢/0.3Ur/0.2Sor DES.

Aex (NM) Aem (nm) Vem " (em™)
375 5324 18782.9
385 5324 18782.9
395 532.8 18768.8
405 533.1 18758.2
415 533.6 18740.6
425 533.9 18730.1
435 534.5 18709.1
445 534.6 18705.6
455 534.9 18695.1
465 535.0 18691.6
475 535.9 18660.2
485 537.0 18622.0
495 537.3 18611.6
505 539.8 18525.4
515 5424 18436.6

3.2.2. Solvation dynamics study: We constructed time-resolved emission spectra
(TRES) from the collected wavelength-dependent fluorescence decays (see Figure
2). We measured the solvent response of C153 in 0.5Ac/0.3Ur/0.2Sor DES at
different temperatures using the time-dependent fluorescence Stokes shift (TDFSS)
method.

TRES in two representative temperatures are shown in Figures 3a and 3b. The
calculated S(7) at different temperatures along with the bi-exponential fitting are

shown in Figure 3¢, and the parameters are tabulated in Table 3.
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Figure 2: Fluorescence transients at the blue and red edge of steady-state emission of C153 in
0.5Ac/0.3Ur/0.2Sor DES at two extreme experimental temperatures.
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Figure 3. Representative time-resolved emission spectra at (a) 318 K and (b) 343 K. Emission
spectra at various times are colour-coded and mentioned in the respective plots. Each steady-
state emission spectra at that temperature exciting at the same wavelength as the time-resolved
study are represented with a black dashed line. (c) Solvent response functions at different
temperatures. Solid lines represent fittings by a bi-exponential function.

Table 3. Bi-exponential fitting parameters of solvent response function S(#) of
0.5Ac/0.3Ur/0.2Sor DES and its viscosities at different temperatures. Note that SS
means stokes shift.

Temp b, Ts1 b, Tgy (tg) SS(ecm™ n(cP) %
(K) (ps) ) () missed
318 0.65+0.02 150+40 0.35+0.02 950+40 430+50 670+70 482.3+9 47
323 0.67+0.02 100+20 0.33+0.02 690+30 280+30 760+70 307.2+5 41
328 0.75+0.02 110+20 0.25+0.02 730+30 265+35 670+60 202.0+8 51
333 0.77+0.02 80+10 0.23+0.02 670+20 215425 770+80 141.0+8 44
338 0.83+0.02 90+10 0.1740.02 670+10 190+20 650+50 90.3+6 353
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343 0.85£0.02 70+10 0.15£0.02 640+10 155+20 650160 66.3+8 54

The average solvation time of 0.5Ac/0.3Ur/0.2Sor DES at 318 K was found
to be 430 ps, which decreases to 156 ps at 343 K. The solvent responses are
characterized by a fast component (~150-70 ps) with 65-85 % contribution and a
relatively slower component (~950-640 ps) with 15-35% contribution. The
amplitude of the fast component increases, whereas the slow component decreases
with an increase in temperature. The missing percent, calculated from the Fee-
Maronceli method 7, was around 40-50 % for temperature values. Previously, DESs
were also reported with a missing percentage in this range or higher using the
picosecond TDFSS method %38, The estimated large missing percentage is
probably due to the presence of ultrafast solvation component in 0.5A¢/0.3Ur/0.2Sor
DES. Measurement with better time resolution may catch the information that was

missed here.

It can be observed from Figure 3¢ that with an increase in temperature, the
temporal decay of solvent response function becomes faster, which may be thought
to be solely associated with the viscosity drop of the medium. However, solvation
time decreases about 2.7 times on raising the temperature from 318 K to 343 K,
while viscosity decreases ~7.3 times. It hints that the medium viscosity does not
solely control the solvation of C153 in 0.5Ac/0.3Ur/0.2Sor DES. To see the
relationship between medium viscosity and solvation time, we plotted the average
solvation time as a function of temperature-reduced viscosity in a double logarithmic
fashion, and the slope (p-value) is 0.45 (Figure 4a). If simple diffusion controls the
solvation, then a near unity p-value should have been observed. That is the case when
Jin et al. examined the solvation dynamics of C153 in normal H-bonded solvents
and 21 room-temperature ionic liquids *°. In the present case, a pronounced
fractional viscosity dependence indicates the existence of dynamic heterogeneity in
the medium. We also estimated the activation energy (E&) associated with the

solvation dynamics as 33.27 kJ mol™! (Figure 4b), which is ~2.2 times less than the
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activation energy of viscous flow (Ef = 72.35kJ mol™") (Figure 4c¢). This result also

shows the deviation of solvation dynamics from the medium viscosity.

2.7 p=045 E,=33.61 kJ mol " E,=72.35 kJ mol”
5.0} - a
a b & 6.0 c
2.6
E 2.5 _ 5.5
£ g =
¥, 241 £ 5.0
o
o
= 2.3
4.5+
2.2
T T T T T T T T T T T T T T T T T T T T
08 -06 -04 -02 0.0 0.2 350 355 360 365 370 375 380 350 355 360 365_1 370—5 375 380
log[(n/T)/(cP/K)] 1/RT (J mol x 10%) 1/RT (J mol” x 10°)

Figure 4. (a) Log-log plot of average solvation time ({z,)) vs temperature-reduced viscosity,
(g), with a linear fit (solid black line). (b) Arrhenius plot of average solvation time and (c)

activation energy of viscous flow plot.

3.2.3. Dielectric relaxation study

Dielectric relaxation spectroscopy (DRS) is an extensively used technique to
measure the frequency-dependent dielectric response of a dipolar system by
applying an external electric field. The interaction of the electric field with a dipolar
system in the broad frequency range gives information about the collective
reorientation dynamics. DRS is a non-invasive technique and complements
fluorescence spectroscopic results in a better way. We have performed temperature-
dependent (318-343 K) DRS measurements to collect information about the
relaxation dynamics of the dipolar constituents of 0.5A¢/0.3Ur/0.2Sor DES system
in the GHz region.
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Figure 5. (a) Representative real (') and imaginary (') parts of the complex dielectric spectra
of 0.5A¢/0.3Ur/0.2Sor DES at 343 K with 2-Debye fit (solid black lines). (b) Log-log plot of

average DR time (Tpg) vs temperature-reduced viscosity, (g) with the linear fit represented by

the solid black line. (c¢) Arrhenius plot of average DR time.

As representative data, we show the real (¢') and imaginary (&) parts of the
complex dielectric spectra at 343 K with a 2-Debye fitting in Figure 5a. All the
temperature dependent dielectric spectra along with their respective 2-Debye fitting

lines are given in Figure 6.

The necessary parameters obtained are summarized in Table 4. Two-time
components are obtained from the fitting, one in the range of sub-nanosecond ()
and another in the picosecond (7,). As expected, the long-time component
dominates the relaxation (amplitude ~90%) and decreases with increasing
temperature. The short-time component is found to be temperature insensitive. The
average DR time also decreases with temperature, and to explore the relationship
with the medium viscosity we plotted it against temperature-reduced viscosity in a
log-log graph in Figure 5b. The obtained p-value 0.41 indicates substantial dynamic
heterogeneity. The estimated activation energy (E5g) associated with the dielectric
relaxation dynamics is 30.1 kJ mol! (Figure 5¢), which is ~2.4 times less than the
activation energy of viscosity (Ey = 72.3 kJ mol ). This difference in activation
energy associated with reorientational dynamics (DR dynamics) and viscosity is

reflected in the p-value as well.



210

Chapter-3

318 K 323 K 328 K
61‘07 ﬁ1.07 E‘I.Of
5 0.5 S 0.5 S 0.5
=] . o o ol O s =] ey P
7 0.0 T T % 0.0 VYL T L S % 0.0
205 805 805
1.0~ —— Residual 1.0 = -1.0-
404 —— Fit Curve 407 — Residual 40 —— Residual
--== Experimentel Data — Fit Curve — Fit Curve
m Debyel ---- Experimentel Data ---- Experimentel Data
30 m Debye2 30 m Debyel 30 = Debyef
_ . m Debye? | Debye2
© £ e
Q i
o 20— 7w 20 —
10 ‘ 10
0 T 0y SRR 0y SRR
s7eol 2 2 458780 s739’ 2 3 456780 8780 23 458788
10 10 10 10 10 10
Frequency /Hz Frequency /Hz Frequency /Hz
= 1.0 — 1.0 — 1.0
305+ . S05+ | 2054
5 00 ——r w % 00 oy & 0.0 =ty
8.0'5 Bos-| T Bo5-| AT
i i [i4
-1.0- -1.0 -1.0 —~
25 25 — 25—
— Residual — Residual — Residual
b 20 — Fit Curve 20 — — Fit Curve 20 — — Fit Curve
o ---= Experimentel Data -=--= Experimentel Data| -==-= Experimentel Data
c —— Debye1 — Debyet —— Debye1
S 15 - — Debys? 15 - —— Dehye? 15 | — Debye?
o “w )
e 10 10
5 - 5
D m— ——— S —— —
56789g 2 3 4 58739|0 2 587899 2 3 4 567(—1910 2
10 10 10 10
Frequency /Hz Frequency /Hz Frequency /Hz
333K 338 K 343K
40 .
—— Residual —— Residual — Residual
— Fit Curve — Fit Curve — Fit Curve
---- Experimentel Data ---- Experimentel Data ---- Experimentel Data
30 = Debyel m Debye1 m Debye1
— m Debye? m Debye2 = Debye2
© € £ £
& = 20 il w20 a

0 —— R L 0 ———1 T 0 A B A |
55759'3 2 3 455739‘") 2 5&?&9'3 2 3 455739‘10 2 56788 2 3 4568780
10 10 10 10 0 10
Frequency /Hz Frequency /Hz Frequency Hz
25 25 25
— Residual — Residual — Residual
- 20 — FitCurve 20 - — FitCurve 20 - — Fit Curve
fa ---- Experimentel Data ---- Experimentel Data ---- Experimentel Data
© —— Debye1 —— Debye1 —— Debye1
c 15 — Debye2 15— — Debye2 15 —— Debye2
% = %, 5
E 10 10 — 10 -
5 5 | 5
MR TLE S A S ST MR S A S L T N S B 23
10 10 10 10 10° 10"
Frequency /Hz Frequency /Hz Frequency /Hz

Figure 6: Fitting of real (¢') and imaginary (&¢'") part of the complex dielectric spectra of
0.5A¢/0.3Ur/0.2Sor DES at different temperatures with the 2-Debye fit. The upper panel for
each temperature represents the real part whereas the lower is the imaginary part.
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Table 4. Temperature-dependent fitting parameters obtained from simultaneous 2-
Debye fits to real (¢') and imaginary (€") components of the measured DR spectra
for 0.5A¢/0.3Ur/0.2Sor DES.

Temp A&y 7, (ns) As, 7, (ns) (Tpr) €6
(K) (ns)
318 33.6 £0.19 0.69+0.02 3.9+0.16 0.053+0.002 0.62+0.02 6.37
323 38.5+0.08 0.61+0.02 4.5+0.12 0.053+0.002 0.55+0.02 6.54
328 41.7+0.08 0.53+0.01 5.2+0.08 0.053+0.001 0.48+0.01 6.68
333 43.8 £0.25 0.444+0.01 6.0+0.08 0.053+0.001 0.39+0.01 6.89
338 442 £0.26 0.37+0.01 6.9+0.09 0.053+0.001 0.33+0.01 7.10
343 44.0+0.12 0.31+£0.01 7.7+0.09 0.052+0.001 0.27+0.01 7.19

3.2.4. Rotational dynamics study:

Temperature (318 K < T < 343 K) dependent fluorescence anisotropy
decays (r(t)) of C153 in 0.5A¢/0.3Ur/0.2Sor DES along with its fitting line with a

-t -t
bi-exponential function, r(t) = c,e™1 + c,er2, are depicted in Figure 7a and the

fitting parameters are tabulated in Table 5. The initial anisotropy value of C153 was
taken as 0.376 'S. r(t) is characterized by a fast sub-nanosecond time component
and a dominant slow component (~90%) of a few nanoseconds. With an increase in
the temperature, both the amplitude and the component of the faster time constant
increase, while, the slower time component and its amplitude decrease. As a result,
with increasing temperature, the average rotational time (< 7, >) decreases from ~5

ns to ~1.5 ns from 318 K to 343 K.
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Figure 7. (a) Fluorescence anisotropy decays of C153 in 0.5A¢/0.3Ur/0.2Sor DES at different
temperatures with a bi-exponential fit (solid black lines). (b) Log-log plot of average rotational
diffusion time (t,.) vs temperature-reduced viscosity (#/T) with the linear fit represented by a
solid black line. (c) Arrhenius plot of average probe rotational time.

Table S. Biexponential fitting parameters of fluorescence anisotropy decays r(z) in
0.5A¢/0.3Ur/0.2Sor DES at different temperatures.

Temp (K) €1 T, (PS) C2 T, (P8)  (T) (p9)
318 0.04+0.02 110440  0.96£0.02  4960+150  4770+240
323 0.04+0.02 110430  0.96£0.02  4160+130  4000+210
328 0.09+0.02  290+60  0.91£0.02  3360+110  3080+170
333 0.08+0.02 220440  0.9240.02  2700£120  2500+160
338 0.16+0.02  580+30  0.84+0.02 2170+100  1920+120
343 0.2040.02  610£20  0.80£0.02  1640+120  1430+120

We plotted the average rotational time (t,) as a function of temperature-
reduced viscosity (n/T) in log-log fashion (Figure 7b) to identify how extensively
the medium viscosity controls the solute (C153) rotation in 0.5Ac/0.3Ur/0.2Sor
DES. Interestingly, we found a substantial decoupling of rotational motion from the
viscosity with p=0.61. Such fractional viscosity dependence might arise from
various factors like the non-spherical shape of the probe molecule, the non-

continuum nature of the solvent medium, specific interaction between solvent and
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solute, and non-Brownian motion like large angle jumps and inertia-driven motion
especially in a viscous liquid, apart from the dynamical heterogeneous
characteristics of the media. Normally, the formation of DES is explained by strong
H-bond formation between its constituents 2%?7. In the present case, where all the
constituents are non-ionic, the solvent could be identified as an H-bonded solvent.
For typical H-bonding solvents, Horng et al. demonstrated that the rotation of C153
exhibits a power-law dependency on the viscosity with p=0.96 '6. This study
eliminates the possibility of non-sphericity and specific interaction induced break
down on SED relationship. In another study, Jin et al. demonstrated that there is no
specific interaction between C153 and 21 ionic liquids >°. Using these data, Guchhait
et al. calculated a near unity p-value of the system 4. This observation somewhat
eliminates the probability of fractional dependence of viscous liquids (like in our
case) due to non-Brownian motion. Although it is very difficult to ascertain how
much of the decoupling between average rotational time and viscosity originates
from the violation of the assumptions stated in the SED relationship or from the
underlying microscopic heterogeneity, the preceding discussion strongly hints
toward the presence of dynamic heterogeneity in corresponding length (nm) and

time (ns) scale.

The estimated activation energy (E;) associated with rotational dynamics of
C153 is ~46 kJ mol! (Figure 7¢), which is ~1.6 times smaller than the activation
energy (Ey) associated with the viscous flow of the system. This observation also
supports that the fractional viscosity dependency of rotational dynamics leads to the

dynamic heterogeneity of the medium.

3.2.5. Translational dynamics study

We measured the fluorescence intensity autocorrelation function of R6G in
0.5Ac/0.3Ur/0.2Sor DES at various temperatures (318 K to 343 K) (Figure 8) to

investigate translational diffusion dynamics through FCS ¢!, To begin with, we
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fitted our data by simple Stokes-Einstein diffusion (normal diffusion model with one
diffusion coefficient). The fitting quality is found to be reasonably good, and the

fitting parameters are tabulated in Table 6.

— 2-diffusion
— 1-diffusion

318 K
323K
328 K
333K
338K
343 K

Autocorrelation

T T
2 3 4

10 10
Lag time (ps)

Figure 8. Translational dynamics via single molecular level FCS. Normalized fluorescence
intensity autocorrelation curve of R6G in 0.5Ac/0.3Ur/0.2Sor DES at different temperatures.
Fitting lines using the model of single-particle normal diffusion, single-particle anomalous
diffusion, and two-component normal diffusion are shown by solid black, green, and red lines,
respectively. The respective residuals of fittings are also shown with the same colours.

Table 6: Fitting parameter of fluorescence intensity autocorrelation function of R6G
in 0.5Ac/0.3Ur/0.2Sor DES at different temperatures with single component
diffusion model and anomalous diffusion model.

Temp (K) T1p (1s) Tanamotous (US) | &
318 19043 17670 0.73
323 17838 16830 0.76
328 16500 16000 0.8
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333 13345 12726 0.85
338 11992 11303 0.85
343 9671 9027 0.86

In this case, the observed p-value from the log-log plot of the average
translational diffusion time ({7p)) and temperature-reduced viscosity (see Figure 9)
is 0.33, which is quite low compared to the p-value obtained from solvation
dynamics, dielectric relaxation, and fluorescence anisotropy studies. This suggests

the existence of higher decoupling in translational dynamics in 0.5A¢/0.3Ur/0.2Sor
DES.
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a b :
4.3 -9.2- E,=25.5KJ mol”
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E,=24.7K |
9 42- . ~ 941 . 2 9
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Figure 9. (a) Log-log plot of average translational diffusion time (7p) obtained using different
fitting models vs temperature-reduced viscosity (n/T) with the linear fit represented by a solid
black line. (b) Arrhenius plot of average probe diffusion time obtained from different fittings.

One self-contradicting point is that the fitting parameters that are used in p-
value calculation are obtained from normal diffusion, yet the p-value showed a
significant deviation from normal diffusion. A close inspection of the fitting lines
and fit residues reveals that the fitting is not perfect. Generally, diffusion in a
complex environment is described by anomalous diffusion. For such diffusion,
another parameter known as anomalous coefficient is required to describe the

autocorrelation traces. The fitting results with anomalous diffusion are shown in
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Table 6. As can be seen, the introduction of the anomalous coefficient does not
significantly improve the quality of the fitting (Figure 8). Except for the first two
experimental temperatures, the values of anomalous exponent are also close to 1,
hinting that the diffusion is primarily normal SE diffusion. The p-value obtained in
this way (0.32, Figure 9a) is also very similar to what was obtained using the normal
diffusion model (0.33, Figure 9a). In the case of heterogeneous distribution, a probe
can show multi-diffusion phenomena. This is not rare in complex liquid systems
41.62-64 Tnspired by this fact, we fitted our autocorrelation functions with a two-

diffusion equation (described in the experimental section) (see Figure 8 for the

fitting result and Table 7 for the fitting parameters).

Table 7. Fitting parameters of fluorescence intensity autocorrelation functions of
R6G in 0.5Ac/0.3Ur/0.2Sor DES at different temperatures with two component
diffusion model.

Temp (K) Tp1 (ps) N,y Tp2 (ps) N, (Tp) (us)
318 500+60 0.18£0.02  26900+1400 0.82+0.02 22150+1700
323 520£50 0.15+£0.02  23500£1200 0.85+£0.02 200501500
328 100090 0.07£0.02  19400£600  0.93+0.02  18110£930
333 1430+120 0.14+0.02  17000£500  0.86+0.02  14820+760
338 1200430 0.14+0.02  15400+400 0.86+0.02  13410+630
343 980+60 0.17£0.02  13100£300  0.83+0.02  11040£500

It is clear that the fitting quality improved greatly. The slower diffusion component
is very much like what we obtained from the fitting by one diffusion equation and
shows somewhat similar temperature dependence. Another diffusion component is
fast and surprisingly remains more or less constant with changes in
temperature/viscosity (Table 7). The log-log plot with the average diffusion time vs
temperature-reduced viscosity yielded a similar p-value of 0.33 (Figure 9a).

Arrhenius's analysis with the average diffusion time also yielded similarl Ey =

25.5 k] mol™! as in the case of average diffusion times with 1-diffusion and
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anomalous fitting (Ef ~ 24.7 k] mol™", Figure 9b). To the best of our knowledge,

the origin of the two-time constant cannot be assigned confidently. However, the
need for the second diffusion component might have arisen from the inherent
heterogeneity of the system, which was reflected in the excitation wavelength
dependence of the fluorescence emission in this DES. This kind of bimodal diffusion

62-64 Patra et al. reported a similar kind of bimodal

was observed in various ILs
diffusion in methylimidazolium ILs of different chain lengths and commented on
the presence of dynamic heterogeneity therein 2. Hu ef al. showed the presence of
spatial heterogeneity in IL with the help of an excitation wavelength-dependent
emission study %°. With the help of MD simulation, Wang et al. proved such different
domain formations in IL lead to heterogeneous environment formation, which
smears out in the higher temperature range and behaves homogeneously 4. Our data
also somehow follows this kind of behaviour as with the increase in temperature the
ACFs become better fitted with one diffusion than the lower temperature ACFs. In
a work by Guo et al. with [C,MPy][Tf2N] RTILs of varying alkyl chain length two
diffusion components were observed using FCS . The authors argued that
mesostructure heterogeneity is responsible for this phenomenon following

the analogy that the translational diffusion rate of R6G differs depending upon the

spatial region of the RTIL the probe molecule is experiencing .

The significant deviation of the p-value from unity suggests a breakdown of
hydrodynamic viscosity dependence of solute diffusion. This deviation may be
attributed to dynamic heterogeneity resulting either from spatially different diffusive
relaxation rates due to inhomogeneous solution structure or from accessing the
nonhydrodynamic modes owing to large angular jump, hopping, etc %¢-%°. In 2018,
Gan et al. showed that the breakdown of SE relationship in supercooled water can
arise from the temperature dependency of the effective hydrodynamic radius instead
of being a constant as assumed in the SE model 7°. Very recently Shao et al. also
showed that the deviation of SE relationship in aqueous ionic solution might be

appreciated by accounting the change of hydrodynamic radius of the ions 7!
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However, keeping aside the reason for such viscosity decoupling, one needs to be
sure if the decoupled diffusion dynamics is a characteristic feature of DES or can be
invariably seen in other molecular liquids as well. In a cross-experiment previously
reported by our group with DMF !, a decoupled diffusion with a p-value of 0.82
was obtained. The aspherical positively charged nature of R6G dye and DMF not
being a structureless continuum was suggested for such observation #!. In the present
case, the p-value is much lower than 0.82, which can be taken as an indication of the
presence of dynamic heterogeneity in the system. Overall, this high decoupling
(»p~0.33) in the case of translational motion of the dye in this medium hints that the
dye molecule does not feel the medium viscosity while diffusing. This result can be
extended to understand the enzyme/substrate diffusion in case of enzymatic activity

inside such viscous DES media or any alternative media in general.

3.2.6. Comparison with Similar DESs

We collected results from various acetamide-based DESs because a
comparison might provide additional insight. Many acetamide-based ionic DESs
were studied previously, and all of them showed considerable spatial and dynamic
heterogeneity!”-134044 unlike 0.6Ac/0.4Ur DES !°38, Replacing urea with
electrolytes introduces substantial heterogeneity both in terms of spatial and
dynamical arrangement !7-1840-44_ Recently, Mukherjee et al. studied the microscopic
heterogeneity of a DES made of acetamide, urea, and PEG-300
(0.55A¢/0.36Ur/0.09PEG) 2°. The introduction of PEG-300 introduces a mild
dynamic heterogeneity in the system 2°. Here, for the comparison between non-ionic
acetamide-based DESs, we have taken the previously reported data and measured
them, if needed, and introduced all of them in a normalized log-log plot to show the
extent of deviation in terms of dynamic heterogeneity with the present system. We
have measured temperature-dependent solvation dynamics of

0.55A¢/0.36Ur/0.09PEG DES, which was previously absent in the literature. The
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details of those temperature-dependent solvation dynamics measurements are

provided in Figure 10 and Table 8.

The log-log plot of average solvation time ({)) vs g of the two acetamide-based

non-ionic DESs along with the presently studied system is shown in Figure 12a.
From the figure, it is clear that solvation dynamics is almost coupled with medium
viscosity in 0.6Ac/0.4Ur DES (p=0.85), but the introduction of PEG-300 (in
0.55A¢/0.36Ur/0.09PEG DES) induces a mild decoupling (p=0.74) which become
more pronounced (p=0.45) in the case of addition of sorbitol (in 0.5A¢/0.3Ur/0.2Sor
DES).

The extent of decoupling in the case of inherent dynamics (in GHz region) for all
three DESs follows a similar trend as in solvation dynamics (Figure 12b). In the case
of 0.55Ac/0.36Ur/0.09PEG DES, the previous work reported the decoupling in
dielectric relaxation using only the first component of relaxation time 2°. To keep the
uniformity in the comparison, we plotted the first component of relaxation time 7,
(using the 2-Debye model) instead of () in Figure 12b. However, in our case, the

p-value obtained for (Tz) or T, are almost similar.
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Figure 10. Representative time-resolved emission spectra of 0.55A¢/0.36Ur/0.09PEG DES at
(a) 308 K and (b) 333 K. Emission spectra at various times are colour-coded and mentioned in
the respective plots. (c) Representative solvent response functions at different temperatures are
shown in color-coded manner. Solid lines represent fittings by a bi-exponential function. (d)

Log-Log plot of average solvation time (7) vs temperature reduced viscosity, (g), with a linear
fit (solid black line).

Table 8: Biexponential fitting parameters of solvent response function S(t) of
0.55A¢/0.36Ur/0.09PEG DES and its viscosity at different temperatures.

Temp b, Ts1 (pS) b, Tsz (ps) (Ts) 1 (cP)
(K) (ps)

318 0.76+£0.02 151+50 0.2440.02 920+70 335+44 84

323 0.80 101 0.20 820 246 60

328 0.82+0.03 102+20 0.18+0.03 780+50 222428 44

333 0.86 78 0.14 700 162 33

338 0.87+£0.03 67+£10 0.13+£0.03 660+50 142421 25
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The heterogeneity in terms of rotational dynamics for 0.55A¢/0.36Ur/0.09PEG DES
is characterized by p=0.74, which is substantially lower compared to the
0.6Ac/0.4Ur DES (p=0.96, Figure 12c). In the case of 0.5A¢/0.3Ur/0.2Sor DES, we
estimated p=0.61 from fluorescence anisotropy. We had to measure the temperature-
dependent translational dynamics of the 0.55A¢/0.36Ur/0.09PEG DES employing
FCS. Related normalized intensity autocorrelation functions with fitting and the time

components extracted can be found in Figure 11 and Table 9.

Normalized Autocorrelation
Log[<tp>/us]

102 10° 10* 10° -1.2 -1.0 -0.8 -0.6
Lag time (ps) Log[(n/T)/(P/K)]

Figure 11: Translational dynamics via single molecular level FCS. (a) Normalized
fluorescence intensity autocorrelation curve of R6G in 0.55Ac/0.36Ur/0.09PEG DES at
different temperatures. Fitting lines are shown by solid lines. (b) log-log plot of average
translational diffusion time (tp) vs temperature reduced viscosity (n/T) with the linear fit
represented by the solid black line.

Table 9: Fitting parameters of fluorescence intensity autocorrelation function of
R6G in 0.55A¢/0.36Ur/0.09PEG DES at different temperatures with two component
diffusion model.

Temperature | N No Tp1 (Us) Tpz (Us) (tp) (us)
(K)

308 0.344+0.02 | 0.66+0.02 | 68750 85851500 | 59264368
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313 0.33+0.02 | 0.67£0.02 | 811+60 63961400 | 45344290
318 0.22+0.02 | 0.78+£0.02 | 662450 49374400 | 39871323
323 0.29+0.02 | 0.71£0.02 | 339+40 40561350 | 29724259
328 0.1940.02 | 0.81+0.02 | 4001+40 3368+250 |28174+212
333 0.15+0.02 | 0.85£0.02 | 15020 2390+£200 |2056+176

The viscosity decoupling, in this case, is pronounced compared to 0.6Ac/0.4Ur DES

but less compared to the system under investigation (Figure 12d). Taken together,

one sees that the introduction of a non-ionic third component to an already known

DES introduces substantial microscopic heterogeneity.
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Figure 12. Log-log plots of normalized (a) average solvation time, (b) average DR time, (c)
average rotational time, and (d) average diffusion time, with temperature-reduced normalized
viscosity. Here normalization has been done by taking the lowest experimental temperature;
average time and viscosities at that respective lowest investigated temperature. Grey broken

lines indicate the dynamics guided by the Stokes-Einstein equation(i.e. p=1).
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Overall, an additive-induced heterogeneity is somehow prominent in this study. One
very interesting but contradicting study from the Abbott group needs to be cited here
where they have investigated diffusion in ethaline (0.33 choline chloride / 0.66
ethylene glycol) DES in presence of various additives 72. They have chosen the
additives as glucose, 1-pentanol, and phenol among which glucose is a room
temperature solid and pentanol is a liquid and phenol is a liquid only above 313 K.
The interesting finding was that adding glucose increases the bulk viscosity of the
system whereas the other two additives reduce it. The addition of glucose to the DES
makes the choline ion (Ch") diffusion Stokesian type, whereas, in the case of both
phenol and 1-pentanol Ch* diffuses in a phase that is more viscous than the bulk
viscosity, indicating heterogeneities in the mixture. In the case of phenol, a change
in the slope for the diffusion trend after 313 K has also been observed 72. This finding
suggests that solid additives favour the formation of a homogenous mixture, whereas
liquid additives favour the formation of a heterogeneous mixture. The authors
assumed that the hydrogen bonding strength between the solute and the solvent
(DES) has a major role to play. A similar study by Agostino ef al. showed that when
water was added to ethaline, a heterogeneous liquid was formed 7. In the present
case, both sorbitol (solid additive) and PEG-300 (liquid additive) induce a higher
heterogeneity in the Ac/Ur DES, though, in the case of sorbitol, the heterogeneity is
much more prominent than that of PEG-300. However, such a conclusion cannot be
conjectured from the smaller number of available studies, and more research is

needed.

3.3. Potential Implications of Dynamic Heterogeneity in Reactions/Biocatalysis

inside DES:

Our report deciphers the molecular-level heterogeneity of the non-ionic
0.5Ac/0.3Ur/0.2Sor DES in various lengths and timescales. Though such
heterogeneity has been routinely observed for many ILs and DESs for many years,

implications of such studies in explaining biocatalysis or any reaction are uncommon
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in the literature. As we already showed this DES to be a potential biocatalytic
medium’#, we tried to contemplate if this study has some implications in explaining
the enzyme’s activity in such a medium. All the dynamics measured in this medium
are very much decoupled from the medium viscosity and the most pronounced
decoupling can be observed in the case of diffusion dynamics. Normally,
biocatalysis involves the reaction of large biomolecules, which is mainly guided by
the diffusion of enzymes and substrates towards each other. The less p-value (~0.33)
in the case of translational motion of the dye in this medium hints that the molecule
does not feel the medium viscosity as such. This result can be extended to the
enzyme/substrate to explain the enzymatic activity inside viscous DES media. On
the other hand, solvation dynamics tells how fast the probe is being solvated by the
medium. For a reaction, especially in the case of biocatalysis, it is thought that the
associated water dynamics plays a major role in controlling the enzymatic activity
7576 In the present case, the biocatalytic medium shows a strong viscosity decoupled
solvation dynamics (p=0.45), suggesting that the probe is surrounded by much

flexible solvent molecules compared to what one expects from the bulk viscosity.

To have a better insight we estimated the viscosity decoupling of the two solvation
components individually (Figure 13). Normally, the origin of the short component
is believed to be from the immediate solvation shell of the probe, whereas the
contribution from the extended solvation shell reflects upon a long component of the
solvation dynamics. Our analysis reveals that the faster time components are
severely viscosity decoupled (p=0.16) suggesting that the first solvation shell
remains almost intact in this DES (Figure 13c). It might have a huge implication as
to why DES, being so viscous, can still be so efficient as a solvent media for various
reactions. In the case of the other two DESs under investigation (Ac/Ur and
Ac/Ur/PEG), the p-values for individual components are given in Figures 13a and
13b. One can see that the p-value of the first component is more viscosity decoupled
than the second one in all cases. However, the extent of decoupling is much less in

these cases compared to Ac/Ur/Sor DES. It suggests that 0.5Ac/0.3Ur/0.2Sor DES
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might be a better choice as a potential reaction/biocatalytic media than the other two
as the probe is experiencing much lesser viscosity than the other two DESs.
Obviously, more work is needed in this regard, especially in understanding these
systems in the presence of enzymes. Our future studies, taking actual enzymes, may

provide further useful insights into this speculation.
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Figure 13. Log-log plots of time components of solvation dynamics along with its contribution
vs temperature reduced viscosity (n/T), with a linear fit (solid black line) for (a) 0.6Ac/0.4Ur
DES, (b) 0.55A¢/0.36Ur/0.09PEG DES, and (c) 0.5Ac/0.3Ur/0.2Sor DES. The black dashed
line here represents the fitting line with average solvation time and the corresponding p-value
is written in the same colour.

3.4. Conclusion

One important way to fine-tune DESs properties is the addition of a third component
in binary DESs. The addition of sorbitol in the binary acetamide/urea DES forms a
ternary 0.5A¢/0.3Ur/0.2Sor DES that has a much lower melting point *°, and is found
suitable for practical application 7. The present work demonstrates spatial and
dynamic heterogeneity in 0.5A¢/0.3Ur/0.2Sor DES using steady-state, time-resolved

fluorescence, dielectric relaxation, and single molecular level FCS studies.

We observed a considerable shift in the excitation wavelength-dependent emission
maxima of a solvatochromic dye (C153) suggests that the system possesses
considerable spatial heterogeneity. The fractional viscosity decoupling (p~0.4) of

average solvation time suggests the presence of dynamic heterogeneity in the system
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in the length (nm) and time (ps-ns) scale of solvation dynamics. The inherent
dynamics of the medium explored using DR measurement also show a substantial
decoupled dynamic (p~0.62). The average rotational time of the probe also shows a
medium viscosity decoupling (p~0.6) suggesting a definitive but probably weaker
dynamic heterogeneity in the length (10 nm) and time (ns) scale of anisotropy
measurement. For translational dynamics, which provides information at a much
larger length (um) and timescale (us-ms), we observed the strongest decoupling
(p~0.3) from medium viscosity suggesting a very strong dynamic heterogeneity at
this higher length and time scale. Using the Arrhenius equation, we determined the
activation energy of viscous flow and various dynamics that also reinforce the
conclusion of strong dynamic heterogeneity of the system, which depends on the
length and timescale of the measurement. The addition of PEG instead of sorbitol
introduces mild dynamic heterogeneity both in translational (p~0.41) and rotational
(p~0.74) motion, but no spatial heterogeneity. One possible reason might be the
physical state of the third component (sorbitol is solid, while PEG is liquid). Future
studies are necessary to understand the actual reason for the differential behaviour
of these two additives, in which neutron scattering and MD simulation might help
immensely. Overall, the present study might be beneficial to understand the
transition of binary to ternary DESs and how the addition of a third component

controls the macroscopic and microscopic properties of the DESs.
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Abstract:

Deep eutectic solvents (DESs) are potential biocatalytic media due to their easy
preparation, fine-tuneability, biocompatibility, and most importantly, due to their
ability to keep protein stable and active. However, there are many unanswered
questions and gaps in our knowledge about how proteins behave in these alternate
media. Herein, we investigated solvation dynamics, conformational fluctuation
dynamics, and stability of human serum albumin (HSA) in 0.5 Acetamide/0.3
Urea/0.2 Sorbitol (0.5Ac/0.3Ur/0.2Sor) DES of varying concentrations to
understand the intricacy of protein behaviour in DES. Our result revealed a gradual
decrease in the side-chain flexibility and thermal stability of HSA beyond 30% DES.
On the other hand, the associated water dynamics around domain-I of HSA
decelerate only marginally with increasing DES content, although viscosity rises
considerably. We propose that even though macroscopic solvent properties are
altered, a protein feels only an aqueous type of environment in the presence of DES.
This is probably the first experimental study to delineate the role of the associated
water structure of the enzyme for maintaining its stability inside DES. Although
considerable effort is necessary to generalize such claims, it might serve as the basis

for understanding why proteins remain stable and active in DES.
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4.1. Introduction

Enzymes are the most efficient and selective catalysts that play a significant role in
diverse biochemical transformations and industrial processes ™. However, the
utilization of the enzymes is limited as they are only stable in water. Targeted enzyme
mutation can overcome this issue to some extent . Further, obtaining designer
solvents that can keep enzymes stable and active is also very important for industrial
applications 12, Tonic liquids (ILs), owing to their non-volatility, high thermal
stability, and a broad spectrum of solutes dissolving capabilities, become the most
studied solvents in this regard '-!>-'6, More importantly, IL can be engineered by
changing the constituent cations and anions 718, However, in recent times, deep
eutectic solvents (DESs) have been identified as the new choice for biocatalysis
because of their additional advantages over ILs in terms of cost-effectiveness, easy
(only through mixing and heating and no further purification required) and atom-

economic preparation °-2!

. A huge number of naturally occurring/synthetic
constituents and their different mole fractions can form DES, which provides a broad
spectrum of engineered solvent media 2>?°, Many recent reports and review articles
have highlighted that proteins remain stable and active in DESs 243°, However,
incorporation of proteins into neat DES is very difficult as their solubilization rate is
extremely slow, and also incorporation through heating is inappropriate owing to the
thermolabile character of proteins 3733, Adding water to the DES system in order to
overcome this hindrance was found to be quite fruitful as it also offers an extra
degree of freedom for tailoring solvent properties like viscosity and polarity that

improves the dissolution rate of macromolecules 3%

. More interestingly, the
stability and activity of some enzymes are reported to get enhanced in hydrated DES
media compared to that in the buffer 3%, This makes hydrated DESs an exciting
choice as a biocatalytic medium.

However, most of the research in this field relies on getting a positive result by
choosing a pair of DES and protein. The choices are also getting biased on the
availability of the proteins and constituents of DES. A logical way forward in this

field is very much missing. Nevertheless, some recent reports proposed that DESs
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properties like H-bond strength, interaction strength between DES constituents and
protein, solvent polarity, viscosity, and density might influence the enzymatic
activity and stability in such media ®*’. Our group contributed to this understanding
by carrying out the proteolytic activity of bromelain in the presence of a DES at
various degrees of hydration . We suggested that compact structural conformation,
flexible active site dynamics of the enzyme, lower viscosity, and higher polarity of
the solvent media primarily affect the biocatalytic activity of bromelain 4.

However, the mechanistic understanding of why proteins/enzymes are stable and
active in these alternate media (DES) is still in its infancy. One aspect that has been
completely ignored in the literature is how the associated water dynamics of an
enzyme is modulated in the presence of a DES. It is well proven that the water in the
immediate vicinity of an enzyme (known as associated water) is quite different from

48-51

the normal bulk water . This associated water is directly hydrogen bonded to the

protein surface, making it dynamically retarded **4°>1-3 and can influence many

cellular processes 0457

. The role of water dynamics in influencing protein
properties has mainly been reported in the case of osmolytes ¥, Although there
are some reports through MD simulation/theoretical studies in the case of different
non-aqueous solvents pointing out the role of hydration 6%, to the best of our
knowledge, there are no experimental studies in DESs.

A variety of techniques are available to measure the dynamics of associated water,
namely, NMR 667 dielectric relaxation (DR) 8, quasi-electron neutron scattering
(QENS) %, and time-dependent fluorescence Stokes shift (TDFSS) 30-33:55,36,70-74,
However, in the case of proteins, where the immediate surrounding is essential, the
fluorescence-based TDFSS method becomes of utmost importance due to its
unmatched spatial resolution 473, It can report dynamics in the immediate vicinity
of the reporter molecule tagged in the protein. In contrast, NMR, DR, or QENS
captures signals from the whole solution and can give only an average picture 4. In
addition to associated water dynamics around the protein, internal protein dynamics

76-81

is also a controlling factor of various cellular phenomena . Among these,

microsecond protein dynamics is one of the most important factors in controlling
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enzymatic activity and signal transduction. However, its modulation in DESs is
scarcely studied in the literature 447,

Herein, we aimed to understand the intricacy of protein behavior in a DES as a part
of our ongoing effort to achieve a holistic physical insight into why proteins remain
stable and active in DESs. We have chosen human serum albumin (HSA) as a model
protein that has been extensively characterized in the native state and under different

conditions of chemical and thermal stress !3-70-82-85

and can be site-selectively tagged
to observe site-specific information 8637, HSA is the major transport protein in the
human circulatory system ®, making the choice of HSA even more relevant. In the
past, most of the experiments carried out to understand protein behaviour in DESs

28,36,39.41.89.90  However, for many practical purposes

were done in ionic DESs
involving hydrophobic solutes, ionic DESs will not be a good choice. Non-ionic
DESs can overcome this problem, and in recent years, such non-ionic DESs have
gained attention in various fields °'-%3. Therefore, understanding protein behaviour
in non-ionic DESs is important. DES formed by acetamide, and urea is one of the
most studied non-ionic DES *4% but it is not liquid at room temperature which limits
its applicability °°. We have reported earlier that adding sorbitol as a third component
lowers the freezing point of the system °7. This ternary DES with a composition of
0.5A¢/0.3Ur/0.2Sor remains in a liquid state even at 280 K. Because of this, we
chose 0.5A¢/0.3Ur/0.2Sor DES for the present study.

In this work, we measured the solvation dynamics around the domain-I of HSA in
0.5Ac/0.3Ur/0.2Sor DES as a function of the degree of hydration using the TDFSS
method. Analysis concerning individual components of solvation, water contents,
and viscosity modulation is discussed, which might provide physical insight into
enzymatic behavior in DES. Secondly, we reported microsecond side-chain
dynamics of domain-I of HSA with DES at various degrees of hydration. Thirdly,
we have measured the thermal stability of HSA in the DES as a function of water
content. More importantly, some control experiments with constituent solutions give
us much-needed information regarding the retention of the DES structure with water

dilution.
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4.2. Results and Discussion:

4.2.1. Hydrated DES or aqueous solution of DES constituents

There are debates in the literature on the preservation of the DES network in the

3498-100 Generally, for high water content, DESs lose their typical

presence of water
structure and become a simple aqueous solution of the constituents *4-1%°, Hence, it
1s important to investigate if the hydrated DES in this study is merely an aqueous
solution of its constituents. We separately prepared the hydrated DES solution and
mixed all three constituents of DES in water, maintaining the same component
concentrations as in hydrated DES. From 70% (v/v), the constituents were found to
be insoluble in the required amount of water. This simple observation implies that
from 70% (v/v) onwards, DES in the water system is not merely an aqueous solution
of the DES constituents, but rather a hydrated DES with the retention of the DES
network. Next, we measured the translational diffusion of rhodamine 6G (R6G) in

both the hydrated DES and aqueous solution of DES constituents using fluorescence

correlation spectroscopy. From the measured translational diffusion time (7,) we

: o : o . kpT
calculated microviscosity using the Stokes-Einstein equation ( D; = 6:?; where

‘D;’ 1is the translational diffusion coefficient, ‘kg’ is the Boltzmann’s constant, ‘T’

is the temperature, ‘R’ is the molecular radius of the probe, and ‘n’ is the viscosity,

and, 7, « 1/Dt)'
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Figure 1. (a) Representative fluorescence intensity autocorrelation curves of R6G in hydrated
DES and component solution of the same concentration as in hydrated DES, (b) Micro viscosity
of the hydrated DES (green) and constituent solution (red) keeping the same concentration as
in hydrated DES. Black bars are representing the differences between the viscosity of hydrated
DES and component solution. The error bar represents the standard deviation of the mean of
three independent experiments.

Figure 1 depicts that up to 30 % (v/v) DES in water, the microviscosity remains
similar to that in the solution of constituents in water. However, from 30 % (v/v), a
clear difference in the microviscosity of the hydrated DES and the component
solution is visible. This experiment suggests that up to 30 % (v/v) DES in water is
probably an aqueous solution of the constituents of the DES. However, beyond that,
it is surely a hydrated DES where the property cannot be achieved just by mixing
the solution of DES constituents. We have earlier compared the proteolytic activity
of bromelain in both hydrated 0.5Ac/0.3Ur/0.2Sor DES and aqueous component
solution and observed a significant enhancement of activity at lower concentration
(up to 40% v/v) in the former case *°. However, a slight increase in the proteolytic
activity compared to pure buffer at lower concentrations of DES constituent solution
was also observed *°. Therefore, there is a hint that a synergistic action from the
individual components might also play a role. Nevertheless, the significant positive
effects on bromelain activity in hydrated DES probably arise due to the hydrogen-
bonded network of the DES which might still exist even at such low concentrations

of DES. Similar retention of the network-like structure of choline chloride/urea and
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choline chloride/1,2-propane-di-ol DES was found up to 83 mol% and 50 % (v/v) of
water, respectively °%1%°, Thus the structure retainment in the case of hydrated DES
depends on the nature of the constituents. In our case, probably some portions of

network-like DES structure maintain their integrity even at very low concentrations

(~20-30% v/v) of DES .

4.2.2. Solvation dynamics of hydrated DESs using transient absorption
spectroscopy:

It is well known that dynamics of solvent play a significant role in many chemical
and biological processes. However, experimental studies on the solvation dynamics
of hydrated DES are limited in the literature '°1192, Having established that the
properties of hydrated DES cannot be achieved just by mixing the solution of DES
constituents (at least beyond 30% v/v DES), we measured solvation dynamics at
various concentrations of the DES in water using the solvatochromic coumarin 343
probe with femtosecond transient absorption spectroscopy in the absence of the
protein. We could not go beyond 70% (v/v) DES concentration as the data quality
becomes very poor due to scattering in the sample. The representative time-resolved
stimulated emission spectra for different concentrations of the DES can be found in

Figure 2.

From the collected data we constructed the solvent response function (see Figure 3a)

using the equation mentioned in the Figure 3a. The solvent response functions were

t t

well described by a bi-exponential function (S(t) = ale;_l + aze;_Z) yielding the
faster (7,) and the slower time components (7,) of solvation as 190 fs and 1.4 ps,
respectively, in the case of buffer (Figure 3¢, 3d). We observed a gradual slowdown
of average solvation dynamics with increasing DES concentration (Figure 3b). This
is expected as the viscosity increases with the addition of DES in water (Figure 3e).

However, the faster time component remains almost unchanged. We have quantified



Chapter-4 247

the extent of viscosity dependence on solvation dynamics (75) using the Stoke-

Einstein relation as

n p
7, o< (2) (1)
T
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Figure 2. Time-resolved stimulated emission spectra of C 343 in (a) buffer, (b) 30% (v/v), (C)
50% (v/v), and (d) 70% (v/v) hydrated DES concentrations.

where, 7 is the viscosity and T is the temperature of the medium '*3. p value signifies
the coupling of the dynamics to the viscosity of the medium 419 which can be

readily obtained from the log-log plot, as per equation 2.
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log(t,) =plog (g) + log C (2)

Expectedly, the average solvation time follows the medium viscosity (p~1).
Component analysis reveals that the slower component of solvation is also viscosity

coupled (p~1). However, the faster time component remains almost unchanged

(p~0). (Figure 3c, 3f, and Table 1).
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Figure 3. (a) Solvent response function of C 343; and variation of (b) average solvation times,
(c) faster time components, (d) slower time components with different degrees of hydrated
0.5Ac\0.3Ur\0.2Sor DES in the absence of protein, () viscosity of different concentrations of
0.5Ac/0.3Ur/0.2Sor DES in the buffer, (f) log-log plot of individual timescales of solvation
dynamics of hydrated 0.5Ac\0.3Ur\0.2Sor DES with the temperature reduced viscosity.

Table 1. Biexponential fitting parameters of the solvent response function, S(t), of
C-343 in the presence of different concentrations of hydrated 0.5Ac/0.3Ur/0.2Sor
DES.

DES a, (%) Ts, (ps) | az (%) Ts, Tavg
concentration (ps) (ps)
0 49.6 0.19 50.4 1.41 0.80
10 493 0.13 50.7 1.30 0.72
20 43.2 0.16 56.8 2.46 1.47
30 50.4 0.18 49.6 4.32 2.23
40 56.4 0.15 43.6 4.62 2.10
50 543 0.16 45.7 7.91 3.70
60 58.0 0.15 42.0 222 9.41
70 49.6 0.15 504 37.3 18.85

This result suggests that a bulk water-like ambiance around the probe might still
exist even in the presence of 70% (v/v) DES, where the viscosity is very high. At the
same time, the addition of DES to the buffer significantly alters medium properties
(like microviscosity, average solvation time, etc.). The impact of this result can be
extended in the case of protein where the immediate water near the protein surface
which is in direct interaction with the protein can influence many important
enzymatic properties like stability and activity 33->>°¢, We hypothesized that although

biological observations are always system-specific, one general way of keeping
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protein stable and active in viscous DESs might be through retaining this

unperturbed portion of water around it.

4.2.3. Associated Water Dynamics of HSA with Increasing DES content:

To understand the associated water dynamics around the protein, we measured the
solvation dynamics of CPM tagged to HSA in buffer, and in the presence of different
concentrations of 0.5Ac/0.3Ur/0.2Sor DES. The time-resolved emission spectra
(TRESs) at different DES concentrations are shown in Figure 4. The solvent
response function and the average solvation time are shown in Figure 5, and the time

components are tabulated in Table 2.

The average solvation time of CPM-tagged HSA in water is ~2.2 ns, which gradually
increases upon the addition of DES and becomes ~3.4 ns for 90% (v/v) DES in water
(Figure 5b). Initially, we thought that it might be a direct/straightforward
consequence of increasing medium viscosity with increasing DES concentration.
However, the viscosity change for the 90% DES is ~83 times (from ~1 cP in water
to ~83 cP in 90% DES) (see Table 2). Therefore, the extent of the increase in the
solvation time with increasing DES concentration is negligible compared to that of
the viscosity increment. It hints that HSA can maintain the associated water structure

around it even in the presence of high concentrations of DES.
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Figure 4. Time resolved emission spectra (TRES) of CPM labelled HSA with different degrees
of hydrated (0.5Ac\0.3Ur\0.2Sor) DES. Black dashed line represents the steady state (SS)
emission spectra of CPM labelled HSA at the respective DES concentration.
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Figure 5. (a) Solvent response function and (b) average solvation time of CPM labeled HSA
in buffer and different concentrations of 0.5Ac/0.3Ur/0.2Sor DES. The error bar represents the
standard deviation of the mean of three independent experiments.

Table 2: Biexponential fitting parameters of the solvent response function, S(t), of
CPM, tagged HSA in the presence of different concentrations of 0.5Ac/0.3Ur/0.2Sor
DES and the viscosity of different concentrations of 0.5Ac/0.3Ur/0.2Sor DES in the

buffer.

DES a; 7T5, (ps) a; Tg, (ns) TSavg (ns) Viscosity
concentration (cP)
%(V/V)

0 0.49 170£10 0.51 4.08+0.10 2.16+0.03 0.9840.04
10 0.51 160+15 0.49 4.02+0.24 2.05+0.13 1.1940.05
20 0.46 160+10 0.54 4.13+0.22 2.304+0.05 1.314+0.04
30 0.40 130£20 0.60 4.00+£0.10 2.45+0.04 1.54+0.08
40 0.40 15010 0.60 4.14+0.17 2.54+0.07 1.68%0.10
50 0.38 130£20 0.62 4.09+0.10 2.58+0.05 4.23+0.55
60 0.34 160+10 0.66 4.29+0.10 2.89+0.19 7.27£1.00
70 0.33 170£10 0.67 4.68+0.15 3.20£0.08 16.144+0.80
80 0.37 230%+20 0.63 4.65+0.20 3.01+£0.09 30.16%1.00
90 0.31 250+20 0.69 4.81+£0.22 3.40+0.11 83.30%+1.50
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4.2.4. Component analysis suggests the first solvation shell remains
unperturbed with DESs:

A deeper insight could be gained from the individual component analysis. In the

experimental result, the bi-exponential solvent response functions were comprised

of a sub-nanosecond (130-250 ps) and a few nanoseconds (3-5 ns) time components.

The faster sub-nanosecond time component originates from the water molecules

residing in the immediate vicinity of the protein surface, commonly termed

biological water 4°-1:53,106,107

. The longer timescale represents the contribution from
polar residues of the protein, coupled motion between the amino acid side-chain
fluctuations and water molecules, and the overall tumbling motion of the protein
48:495L107 The variation of faster (s,) and slower (s,) time components of solvation
are represented in Figure 6a and Figure 6b. Like in the case of solvation dynamics
of hydrated DES in the absence of protein, here also the faster time component
remains unaltered up to 70% DES. It suggests an unperturbed first solvation shell
around HSA up to 70% DES. Beyond that, the associated water dynamics gets

slightly affected. However, these changes are also insignificant concerning the

significant viscosity change of the medium.

a b
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Figure 6. The variation of (a) faster time component and (b) slower time component of CPM
tagged HSA in the presence of different concentrations of 0.5Ac/0.3Ur/0.2Sor DES in the
buffer. The error bar represents the standard deviation of the mean of at least two independent
experiments.
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To quantify how much the solvation dynamics and its individual components are
coupled to the viscosity of the medium, here also we have constructed the log-log
plot (see Figure 7). The slope of the log-log plot for the fast component is almost
zero, implying this to be viscosity independent. This means that the associated water
dynamics around the protein is not modulated at all with the addition of DES. The

slow component also shows a very weak viscosity coupling.
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Figure 7. Log-log plot of individual timescales and average solvation time of CPM labeled
HSA with the temperature-reduced viscosity of different concentrations of 0.5A¢/0.3Ur/0.2Sor
DES in the buffer.

This result is remarkable. It suggests that at least in the first solvation shell, water
structure is maintained at least up to 70% (v/v) of DES. Protein, therefore, feels only
an aqueous environment, even at this concentration of DES, where the macroscopic
properties of the system, like viscosity, change drastically (up to 16 times at 70%
DES). It is almost axiomatic that water plays an important role in dictating every
protein property. Especially, the associated water, which directly interacts with a
protein, should have a huge effect on protein properties 43593355, OQur result implies
that the character of this associated water remains unperturbed in the presence of
DES. It might have an enormous implication in the field of biocatalysis and provides

a clue that enzymes remain active and stable in DES by keeping its associated water
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structure intact. Previously, Hayyan’s group suggested a similar mechanism to
explain the stability and activity of an enzyme in the DES using MD simulation 2°.
Our findings likely represent the first experimental support in favour of such a

mechanism.

4.2.5. Associated water dynamics of HSA in component solution:

We also measured the solvation dynamics of HSA in the aqueous solutions of DES’s
constituents and compared the results with hydrated DES. All the time-resolved
emission spectra (TRESs) can be found in Figure 8.

As the microviscosity (Figure 1b) in the case of hydrated DES is more than the same
concentration of aqueous solution of constituents, the dynamics are expected to be
affected less in the latter case compared to the former. We observed a monotonous
slowing down of solvation dynamics with an increase in the constituent
concentration, though the faster time component, which represents the associated
water dynamics around HSA, remains unaltered (Figure 9 and Table 3). The extent
of slowing down in the solvation dynamics is almost similar to that in hydrated DES.
This observation is very surprising considering that at least above 30% (v/v)
hydrated DES is different from the aqueous solution of DES components in terms of
macroscopic and microscopic properties (Section 3.1.).

We propose that DES or hydrated DES keep protein stable and active by maintaining
the associated water around it and at the same time providing an alternate media
where the physical properties can be fine-tuned as per the requirement. Proteins also
remain stable and active in the presence of various osmolytes, ILs, and
macromolecular crowders. In a previous report, we have shown that associated water
dynamics play a key role in controlling protein stability in the crowded milieu *°. We
suggest that associated water property might be one of the principal governing

factors in controlling protein behavior in the presence of any additives.
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Figure 8. Time-resolved emission spectra (TRES) of CPM labelled HSA in the presence of
different concentrations of constituent’s solution of 0.5Ac/0.3Ur/0.2Sor DES.
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Figure 9. (a) Solvent response function, (b)variation of average solvation time, (c) variation of
faster time component and (d) variation of the slower time component of CPM tagged HSA in
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Table 3. Biexponential fitting parameters of the solvent response function, S(t) of
CPM, tagged HSA in the presence of different concentrations of constituent solution
of 0.5A¢/0.3Ur/0.2Sor DES.

DES concentration a, Ts, (pS) a; Tg, (ns) TSavg (ns)
% (V/IV)

0 0.49 170+10 0.51 4.08%£0.10 2.1610.03
10 0.50 140+15 0.50 4.11£0.16 2.1240.02
20 0.47 160£10 0.53 4.171£0.11 2.2840.02

30 0.46 160+£15 0.54 4.20+£0.09 2.3440.09
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40 0.46 17015 0.54  4.25+0.08 2.3740.04
50 0.40 140+10 0.60 4.00+0.09 2.4540.05
60 0.34 155+£20 0.66 4.37+£0.16 2.9440.03

4.2.6. Protein structural modulation and solvation dynamics

One may debate whether the constancy of solvation dynamics results merely from
the conservation of the HSA’s associated water structure in the presence of DES or
whether the water structure and protein structure are regulated to keep the solvation
dynamics constant. When a protein changes its conformation or structure, the bulk
water molecules are expected to interact with the hydration layer to a different
extent, resulting in a change in the solvation dynamics. To investigate if such an
alteration plays a key role in the modulation of solvation dynamics, we performed a
steady-state emission study of CPM attached to HSA that provides the local
environment around it and estimated the hydrodynamic radii of HSA with the
addition of DES using FCS. We also presented previously reported changes in the
emission maximum and hydrodynamic size of CPM-tagged to HSA with the addition
of guanidinium hydrochloride (GnHCI) 847, as a control to understand the extent of
change in the presence of DES. GnHCI is a common denaturing agent, and with an
increase in the concentration, it destabilizes the native conformation of any protein
108 The effect of GnHCl-induced denaturation of HSA is well reported in the
literature by various groups, including ours 838387109110 The change in the emission
maximum and hydrodynamic radius with GnHCI concentration is plotted here to
show the extent of the effect exerted by DES on the structure of HSA in comparison
to a common denaturing agent, which is supposed to unfold the protein. Our
experiment shows a slight blue shift in the emission spectrum in the presence of
different concentrations of DES (Figure 10a, 10c, and Table 4). While a blue shift
can indicate minor structural compaction, it is also plausible that this shift is due to
the presence of the less polar DES components in the immediate solvation shell of

the protein. Also, there is virtually no change in the hydrodynamic radii of HSA up
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to 30% of DES. However, beyond that, the size of the protein increases with an
increase in the DES content of the medium (Figure 10d and Table 4). This observed
increase in the hydrodynamic radius likely suggests a combination of factors; firstly,
a partial disruption of the HSA structure, and secondly, the potential association of
some bulkier DES components with the protein's surface. The emission and FCS-
related raw data can be found in Figures 10a and 10b. This increase in the size of
HSA suggests a disruption of HSA structure with the addition of DES, although the
change is not much (39 A in the buffer to 49 A in 80% DES) compared to the
chemical denaturation (63 A in 6 M GnHCI). This means although the
hydrodynamic radius of HSA starts to increase around 40% (v/v) DES, it surely does
not reach the completely unfolded state even in the presence of the highest
concentration of the DES used here.

Obviously, the alteration of protein conformation at the higher DES concentration
might affect its solvation dynamics. However, when a protein opens up due to its
structural alterations, more bulk water molecules are expected to interact with the
hydration layer of the protein surface, thus accelerating the process 3”-!!'!. On the
other hand, for higher DES concentrations, the water dynamics in the present case
did not speed up. This suggests that despite a slight but definitive structural

alteration, it does not severely affect the water structure modulation.
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Figure 10. (a) Intensity normalized emission spectra of CPM tagged to HSA in the presence
of hydrated 0.5Ac\0.3Ur\0.2Sor DES. (b) Normalized fluorescence intensity autocorrelation
curve of TMR tagged HSA in the presence of differently hydrated 0.5Ac\0.3Ur\0.2Sor DES.
(c) Steady-state emission maxima of CPM labeled HSA in different concentrations of
0.5A¢/0.3Ur/0.2Sor DES in buffer (grey). (d) Hydrodynamic radius of HSA with DES
concentrations (grey). The data points shown in red have been taken from REF-*° and ¥’ and
represent the emission maxima and hydrodynamic radius with GnHCI concentration in the
respective figures. The error bar represents the standard deviation of the mean of three
independent experiments.

Table 4. Steady-state emission maxima of CPM-tagged HSA, hydrodynamic radii
(see Supplementary Material for calculation), and conformational fluctuation time
of TMR-tagged HSA in different concentrations of 0.5Ac/0.3Ur/0.2Sor DES in
buffer.

DES Emission  Hydrodynamic Conformational
concentration Maxima (nm) Radii (A) Fluctuation
(% V/IV) time (tg) (us)
0 463.0+ 1.0 38.2+2.6 27.01+6.6
5 462.81+0.7 36.612.6 32.4+3.7

10 462.810.6 36.5+1.9 32.0+4.8
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15 462.610.6 364+1.8 36.0+7.9
20 461.940.7 36.01+2.0 31.8+6.7
25 461.840.8 37.843.5 34.0+5.1
30 462.2+0.5 40.4+3.1 29.01+6.9
35 462.310.6 42.943.0 32.0+7.2
40 462.3+0.9 46.01+2.6 45.0149.1
45 462.1+0.8 46.5+3.4 60.0+10.4
50 462.5+1.0 46.81+2.9 71.019.6
55 462.4%0.5 47.1+£3.6 80.0+7.0
60 462.31+0.6 47.0+£3.0 85.019.7
65 462.0+0.7 47.2+2.8 90.0+6.3
70 461.8+0.7 47.5+3.3 95.0£7.9
80 461.3£1.0 49.0£3.5 110+10.0
90 461.0+0.8 * *

* We could not measure the hydrodynamic radius and 7 at 90% DES, as the data
quality of HSA becomes very poor at this concentration

4.2.7. Conformational fluctuation of HSA in the presence of hydrated DESs

Besides the water dynamics, the intrinsic protein dynamics or conformational
fluctuation dynamics can also play a role in dictating protein properties 7%7779-80_ Tt
is well-accepted that the protein structure is not rigid, instead, it is an average of
several closely related structural conformations 2. The interconversion timescale
between these conformations is known as conformational fluctuation time. Many
studies confirmed the role of such inherent dynamics on enzymatic activity
778012113 “Experimentally, the conformational fluctuation dynamics of proteins in
the presence of DES have not been explored in detail. There are few studies of the

conformational fluctuation dynamics of proteins in ILs 3114 but probably only one

or two studies reported the conformational dynamics of a protein in the case of DES
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47115 In our previous work, we correlated the flexible active site dynamics of

bromelain to the superior proteolytic activity in the presence of a DES .

For the present case, we also have analyzed the conformational fluctuation dynamics
from the FCS autocorrelation function (see Figure 10b). This fluctuation is a very
local phenomenon and represents the ease of the concerted chain motion

dynamics.3485116

Because of this dynamics, the electron-rich amino acid residues
around TMR (tagged in the domain-I of HSA) move close and away from the probe,
thus modulating its fluorescence behaviour, and can be observed in the FCS
experiment.?#3 In the buffer, the measured value of conformational fluctuation time
is 27 us, which is following the previous report 8. With the addition of DES, the
conformational fluctuation dynamics become progressively slower (see figure 11
and table 4), significantly beyond ~30% DES. There could be various reasons for
such modulations. Firstly, with increasing DES concentration, the viscosity of the
medium increases, and this increased friction might slow down the side chain
dynamics. However, the extent of slowing down of conformational dynamics
involving domain-1 of HSA (~4 times) is much less than the increment of viscosity
(~30 times) as we move from buffer to 80% DES. Secondly, the size of HSA
increases (especially beyond 30% DES), so the surrounding electron-rich residues
that quench TMR fluorescence now need to move a greater distance, and it might
increase the timescale of such movement. However, in our previous publications,
we showed that such a relationship between protein size and conformational time
scale might not always hold 717118 At this stage, it is tough to predict the exact
reason for such a trend, but it might have a key implication on its behaviour 77-!1°,

To note, a similar modulation of conformational flexibility was observed for another

protein: bromelain in the same DES #°.
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Figure 11. The variation of conformational fluctuation time of HSA as a function of
0.5Ac/0.3Ur/0.2Sor DES concentration in the buffer. The error bar represents the standard
deviation of the mean of three independent experiments.

The conformational fluctuation dynamics and solvation dynamics are two very
different information about protein and its surrounding solvent, respectively.
Obviously, the internal protein dynamics depend on the rigidity of the surrounding
solvent (associated water) and therefore there might be a correlation between them.
Previously, a correlation has been established between internal protein dynamics in
nanosecond timescale and solvation dynamics '2°. However, the correlation between
microsecond conformational fluctuation and solvation is not known. Apparently, the
rigid associated water structure should hinder side-chain dynamics, therefore an
increase in the conformational fluctuations time should be associated with an
increase in solvation time. Our results also indicate the same. Up to 40% DES, both
parameters remain almost constant. However, beyond that there is an increase in
both the solvation and conformational fluctuations time. Moreover, the dependence
of conformational fluctuations on DES concentration (~ 4 times increment from 0 to
80% DES) is much steeper than that of the solvation time (~1.5 times increment
from 0 to 90% DES). At this point, it is very difficult to ascertain the reason behind
this. One possible explanation could be that both these parameters depend strongly
on the protein structural modulation in the presence of DES. At higher DES

concentrations, HSA is somewhat unfolded. For unfolded protein because the
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exchange channel between associated and bulk water increases, solvation time
decreases. However, for unfolded protein, because the distance between the tagged
dye and the neighbouring amino acids increases, the conformational fluctuations
time might increase. Another possibility may lie in the time scale and length scale
of the dynamics. Solvation dynamics occur in the sub-picosecond to the nanosecond
time scale and in the sub-nanometre length scale, whereas conformational
fluctuations occur in the microsecond time scale and nanometre length scale. This
difference in the time and length scale of these two dynamics might respond to a

perturbation (viscosity change for example) differently.

4.2.8. Effect of DES content on the stability of HSA

Next, to understand the stability of HSA in the presence of DES, we have used
steady-state fluorescence spectra of CPM-tagged HSA to obtain the melting curve
of HSA (see Figures 12) in the presence of different DES contents. Generally, with
denaturation, the protein becomes unfolded, and as a signature, any solvatochromic
probe attached to the protein shows a red shift in the emission maximum.
Representative steady-state fluorescence spectra are provided in Figures 12a-c. From

the shift of emission spectra, we have calculated the fraction unfolded at each

Aem_jem

T2 In this equation, A°™ is the emission

temperature using the equation, f; =

maxima of CPM-tagged HSA at any temperature; A3™ and A{™ are the emission
maxima of the native and unfolded state of HSA, respectively. As the thermal
unfolding curve of HSA was not saturating, choosing the unfolded state from those
data is very difficult. However, the GnHCl-induced chemical denaturation curve of
HSA shows a hint of saturation and reached a totally unfolded state at 6 M GnHCI.
So, we constructed the normalized melting curves (fraction unfolded) at each degree
of hydrated DES (Figure 12), considering the lowest emission maxima as the native
and the emission maxima of the 6 M GnHCI as the unfolded state of HSA. The

temperature at which the fraction unfolded and folded becomes equal, i.e., fraction
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unfolded = 0.5, can be considered as melting temperature. However, we restrained
ourselves from extracting any melting temperature or thermodynamic entity from
these curves, as the curves do not get saturated and reached the plateau, even at the
highest temperature (373 K) used in this study. From the melting curves (Figure
12g), one could conclude that at low concentrations of DES (up to 30%), the change
in the stability is less, but beyond that, a significant decrease in the stability is
observed. Such decreasing stability can be a direct consequence of structural
alteration of the HSA at higher DES concentration. We have seen an increase in the
hydrodynamic radius of the HSA beyond 30% of DES. However, at the lower DES
concentration, where the structure remains unperturbed and associated water
dynamics do not change much, DES retains most of the stability of HSA. At very
high concentrations of DES (80-90%) the associated water dynamics also slightly
get perturbed along with the protein structure, which is probably responsible for the

significant stability loss.

Next, we also measured the thermal stability of HSA in the constituent aqueous
solution keeping the concentrations of each of the constituents same as in hydrated
DES. Representative raw data and the melting curves are presented in Figures 12d-
fand 12h. We found that at lower concentrations (up to 40%) the thermal stability
curves of HSA both in the hydrated DES and component solution match well.
However, after 40% the stability is a little higher in the case of hydrated DES than
in component solutions (see Figure 121). Probably the network-like structure of DES,
which surely exists in the higher DES concentrations, has some protective role

towards HSA.

Recently, we experimentally showed a strong correlation between protein stability
and associated water structure modulation >°. A pre-requisite of such correlation is
that the added perturbation does not change the structure much. As this condition is
not fulfilled in this case, any direct correlation of stability with associated water

dynamics is not possible at this stage. In the future project, we will examine whether
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a correlation between stability and associated water structure holds good in DES

medium.
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Figure 12. Representative intensity normalized temperature-dependent emission spectra of
CPM tagged to HSA in the presence of, (a)-(c) differently hydrated 0.5Ac\0.3Ur\0.2Sor DES;
and (d)-(f) solution of constituents of 0.5Ac\0.3Ur\0.2Sor DES. Melting curves in terms of
fraction unfolded of CPM-tagged HSA at, (g) different concentrations of 0.5A¢/0.3Ur/0.2Sor
DES in the buffer, and (h) different concentrations of constituent’s solution in buffer. The solid
lines are the eye guides. Note that emission maxima in the presence of 6M GnHCI have been
taken as the totally unfolded state in calculating fraction unfolded curves at each DES
concentration. Variation of the fraction unfolded with increasing concentration of GnHCI (dark
green) was plotted with respect to the similar colour-coded top axis (green). The error bar
represents the standard deviation of the mean of three independent experiments. (i) Comparison
of melting curves of HSA in presence of similar concentrations of hydrated DES (circle and
solid lines) and in its component’s solution (triangle and broken lines).
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4.3. Comparison of Our Results in the Light of Previous Literature:

The most thoroughly studied enzyme in DES is probably lipase !6-28-30.39-

41.43,61,62.65.121 'The biocatalysis by lipase in DES has been first reported by Gorke et
al. 3°. 1t was found that 12% urea led to a loss of 70% enzymatic activity of lipase.
However, in choline chloride/urea (containing 66% urea) DES, merely less than 1%
of enzymatic activity is lost and the stability of the enzyme was found to be higher
in the DES than in the corresponding component solution 3°. Monhemi et al. with
the help of MD simulation pointed out that an alteration of hydrogen bonding of
water with the protein surface might have a role in modulating the enzyme stability
and activity in such urea-based DESs ¢°. Durand ef al. observed that the addition of
up to 20% water improves the lipase activity at least 10 times in choline
chloride/urea DES %°. However, in another study, Zhou et al. reported the deleterious
effect of choline chloride/urea DES on Candida antarctica lipase B catalyzed
epoxidation reaction, whereas choline chloride/sorbitol DES stood out as an efficient
media for the same reaction !22. These hints that activity and stability depend very
much on the nature of protein and DES. Esquembre ef al. were the first to examine
the concentration effect of hydrated choline chloride/urea and choline
chloride/glycerol DESs on hen egg lysozyme and found that aqueous dilution from
the neat DES leads to refolding of the thermally denatured state of lysozyme and the
activity was also recovered 6. On the other hand, Zeng et al. reported refolding of
thermally unfolded lysozyme with increasing betaine/urea DES concentration '3,
Various other experimental and simulation studies delineated the superiority of
hydrated DESs over neat DESs 36-3842-44124125 " There are few reports on bovine
serum albumin (BSA) in urea-based DESs as well. The extraction efficiency of BSA
in hydrated choline chloride/urea and betaine/urea DES was found to be more than

t 126, However,

in ILs and these DESs also keep the conformation of the protein intac
the effect of neat DES on BSA was found to be detrimental 2. Venkatesu and co-
workers have recently reported BSA in a solvent system comprised of

macromolecular crowders and DES together. Interestingly the combination of
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choline chloride/urea with polyethylene glycol showed an elevated melting
temperature of BSA than individual crowder or DES !?7. However, to the best of our
knowledge, there is no report deciphering the enzymatic properties of HSA in any
DES. Here we used a non-ionic DES (0.5Ac/0.3 Ur/ 0.2 Sor) at different degrees of
hydration. Previously the structure, activity, and dynamics of proteolytic enzyme
bromelain were reported in this same hydrated DES by our group *°. We found that
at all DES concentrations, enzymatic activity was retained. Moreover, at lower DES
concentrations (up to 30% v/v) the proteolytic activity even increases compared to
that in buffer and then it decreases with a further increase in the DES concentration.
In this report, we measured the solvation dynamics of HSA in the same hydrated
DES. To the best of our knowledge, this is probably the first experimental report on
the solvation dynamics of any protein in DES. We found that associated water
around the protein does not alter up to 70% v/v DES. We also found that the thermal
stability of HSA does not change much up to 30% DES and then decreases with
increasing DES concentration. This study provides a clue that enzymes remain active
and stable in DES by keeping their associated water structure intact. However, any
direct correlation of stability with associated water dynamics is not possible at this
stage because structural alteration of the HSA at higher DES concentration (beyond
30%) can also influence the stability. An increment in protein hydrodynamic radius
with DES addition was reported in the case of cellulase enzyme in the presence of
ChCl-lactic acid DES 28, Previously, Kist ef al. also found a similar deleterious
effect on the thermal stability of ribonuclease A with increasing concentration of
choline chloride/urea DES !%°. Overall, the enzymatic property in DES depends on
both the nature of DES constituents and proteins. Through this study, we want to
emphasize considering associated water dynamics modulation in order to understand
the protein behaviour in hydrated DES. Also, the associated water property might be
one of the principal governing factors in controlling protein behavior in the presence

of any additives.
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4.4. Overall Understanding and Conclusions

Herein, we contemplated the modulation of solvation dynamics/conformational
fluctuation dynamics around domain-I of HSA and the thermal stability of HSA in
0.5Ac/0.3Ur/0.2Sor DES with varying degrees of hydration to understand the
intricacy of protein behaviour in DES. Also, from control experiments, we proved
that at least beyond 30 % (v/v) DES it is surely a hydrated DES, the properties of

which cannot be achieved just by mixing the solution of DES constituents.

The main findings can be summarised as follows: (i) We have measured the
solvation dynamics of the hydrated DES system in the absence of protein using
transient absorption spectroscopy and found that the average solvation time follows
the medium viscosity but a portion of water remains bulk-like. (ii) Solvation
dynamics around domain-I of HSA with increasing DES content slows down very
slightly with respect to the huge viscosity increment (~83 times at 90% DES).
Component analysis of solvation dynamics suggests that the first solvation shell
remains unperturbed at least up to 70% DES. (iii) Although the mixture of individual
components differs from hydrated DES in terms of microviscosity, the alteration of
solvation dynamics of domain-I of HSA shows similar behaviour to that in hydrated
DES. (iv) The microsecond conformational fluctuation dynamics of domain-I of
HSA is unperturbed up to ~30% DES, and beyond that, it becomes gradually slower.
(v) The thermal stability of HSA gradually decreases with the addition of DES. The
effect is more prominent in the DES constituent’s solution than in the same
concentration of hydrated DES. Probably the network-like structure of DES plays

some protective role against thermal stress.

Overall, this report is a part of our ongoing effort to achieve a holistic physical
insight into why proteins remain stable and active in DES. The significance of water
in any biophysical event is nearly beyond dispute. Especially, the biological water
that directly interacts with the protein is a critical controlling factor. Herein, we
showed that HSA maintains the associated water structure around it in the hydrated

DES. Singularly, the first solvation shell around HSA remains unperturbed. Protein,
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therefore, feels only an aqueous environment in the presence of DES, although the
macroscopic properties of the solvent change significantly. We feel that this result
is not expected considering current knowledge. Our result is probably the first
experimental proof that protein remains stable and active in DES by keeping its
associated water structure intact. We understand that a huge effort is necessary to
generalize our claim by taking different DESs and proteins. We also acknowledge
that a comparison of complete solvation dynamics, thermodynamic stability

parameters, and enzymatic activity are essential. Our future works are aimed at this.
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Abstract

Hydrated deep eutectic solvents (DESs) are recognized for their potential in
biocatalysis due to their tunability, biocompatibility, greenness, and ability to keep
protein stable and active. However, the mechanisms governing enzyme stability and
activity in DESs remain poorly understood. Herein, using bromelain as the model
enzyme and acetamide(0.5)/urea(0.3)/sorbitol(0.2) as the model DES, we provide
experimental evidence that modulation of associated water plays a key role in
dictating protein stability and activity in hydrated DES. Specifically, rigid associated
water at higher DES concentrations (beyond 40% v/v) stabilizes bromelain through
entropy but destabilizes it through enthalpy. On the other hand, flexible associated
water dynamics at lower DES concentrations result in an opposite thermodynamic
outcome. Importantly, the bulk water dynamics cannot explain the stability trend,
which emphasizes the critical role of water near the protein surface. Strikingly,
associated water dynamics also correlates strongly with bromelain's proteolytic
activity. An increasing flexibility of the associated water dynamics leads to the
enhancement of the activity. This is the first study to experimentally link associated
water dynamics to enzyme behaviour in hydrated DES, offering insights that could

guide future developments in solvent engineering for enzyme catalysis.
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5.1. Introduction

Until mid-1980s, it was believed that proteins remained stable and active only in
aqueous media, thus limiting their use in biocatalysis '>. This paradigm shifted with
the success of engineered enzymes, using directed evolution, which maintained
stability and activity in organic solvents 27. In addition to protein engineering,
environmental/solvent engineering may also lead to the tailored performance of
specific enzymes for biocatalysis 63, Deep eutectic solvents (DESs) have emerged
as promising biocatalytic media due to their unique characteristics, such as ease of
synthesis, greenness, tunability (making extraction and product isolation easier), and
biocompatibility (Scheme 1) *15. Furthermore, many conceivable combinations of
constituents result in a huge library of deep eutectic systems, indicating that DES
has the potential to revolutionize this field '®. Numerous reports show that apart from

the aqueous medium, proteins remain stable and active in such media as well %1517~

31 15,19,24,28,32-35

. and even sometimes show superior activity over the buffer
However, only a handful of reports delve into the mechanism behind retained protein
stability and activity in DESs, and a thorough understanding is very much missing
in the literature 3.

It was believed that DES stabilizes proteins primarily through unique interactions
between its components and amino acids of the protein through the formation of a
hydrogen-bond network and ionic interactions %4, These interactions can reduce
electrostatic repulsion between charged amino acid residues to maintain a native-
like structure *%%2. A recent report utilized DES-protein interaction to precisely
control the conformational landscape of proteins 4*. Some reports discussed the
influence of constituents’ nature and the hydrogen bonding strength between
constituents on the structural and functional properties of some proteins 24363844,
DES media might provide a unique microenvironment that maintains the enzyme's
native-like state through specific interactions between its components 3638394445,
Some DESs might enhance enzyme stability due to their specific thermal properties

4648 A recent study by Sun et al. found that the physical properties of the DES, like

density, viscosity, refractive index, etc., affect the catalytic activity and thermal
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stability of the cytochrome P450 enzyme %°. Our group also reported that protein
properties like hydrodynamic radius and internal dynamics, along with media
properties like polarity and viscosity, profoundly affect the enzymatic activity of
bromelain 2.

A careful introspection into the previous literature reveals that enzymes in hydrated
DESs show superior stability and activity than the neat DESs 26-28:30-349 Moreover,
hydrated DES also overcomes the challenges of protein incorporation in
predominantly viscous DES (Scheme 1), along with offering an edge for tailoring
solvent properties 2”331, The necessity of water in almost all biological processes is

52-56 mainly the water near

axiomatic, and studies have established the role of water
the protein surface (which is commonly termed associated or biological water), in
governing proteins’ stability and activity "%, For example, using terahertz
spectroscopy, Heyden et al. showed that less flexible water dynamics with
disaccharides lead to higher stability compared to monosaccharides ¢°. We recently
showed that the stabilization of papain by osmolytes is associated with slowing down
water dynamics, whereas faster water dynamics accompany destabilization 3.
Similar results were obtained by Hishida et al >°. Zewail group also published many

53,59,62,66,67

reports in this same line . There are a few reports that considered water

dynamics modulation in the presence of macromolecular crowder as well to explain

the stability of a protein 37-61.63686% Generally, it is observed that flexible hydration

dynamics around the protein lead to a loss in protein stability and vice versa 38626670,

Moreover, many reports hypothesized the presence of a protection layer by DES

around protein, which protects the protein from thermal stress 25363844,

In addition to the immense role of water in protein’s stability, the role of water is

necessary for its function 3%616367 Few studies in the literature tried to correlate

59,61,63,67,71,

enzyme activity with the water structure 2, For example, a study on a-

chymotrypsin in the presence of poly-ethylene glycol crowder revealed that flexible

61 Sykora et al. used

hydration dynamics is linked to the enzyme's active state
protein engineering on haloalkane dehalogenase and found that water dynamics is a

key to its function despite successful structural changes 7. A mechanistic study



Chapter-5 293

reveals that flexible water dynamics favor product formation from the enzyme-
substrate complex for bromelain in the presence of a macromolecular crowder 3.
Many reports even showed that a small amount of water dramatically improves the
functionality of enzymes inside anhydrous DES 3374174 This further highlights the
importance of water modulation around protein surfaces. Therefore, we proposed
that the consideration of associated water dynamics is essential in understanding
protein behavior in DESs, hydrated DESs, or any other medium.

However, the modulation of water structure and dynamics in the case of DESs is
almost unexplored. Our group was the first to experimentally observe the associated
water dynamics around a protein (human serum albumin, HSA) in the hydrated DES
20 We showed that associated water dynamics remain largely unaltered with the
change in hydration level, although the solvent properties like viscosity and polarity
change drastically 2°. We hypothesized that this unperturbed associated water might
be responsible for protein stability and activity inside hydrated DES, in general 2%
In this report, we move one step ahead, to measure the stability and activity of a
proteolytic enzyme, bromelain, in acetamide/urea/sorbitol DES as a function of
hydration level and establish a novel relationship between protein stability and
activity with associated water dynamics (Scheme 1). This ternary DES, composed
of'acetamide, urea, and sorbitol, was chosen for its non-ionic nature, ability to remain
liquid even at 280 K, and the molecular-level understanding established in our earlier
reports 20287376 Here, we used the fluorescence based time-dependent fluorescence
Stokes shift (TDFSS) method to study associated water dynamics in the immediate
vicinity of the protein 27778, No note, other routinely used techniques to measure
water dynamics, like nuclear magnetic resonance (NMR), dielectric relaxation (DR),
and quasi-elastic neutron scattering (QENS), capture signals from the entire system,

and can only give an average picture 78!,
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Scheme 1. (a) The desirable properties of a biocatalytic media. Apart from the low viscosity,
DES can achieve all the properties that either water or the organic solvent could not. Going
from the DES to hydrated DES, low viscosity and more tunability can be achieved, making
hydrated DES a better candidate for a biocatalytic medium. (b) Three-dimensional structure of
bromelain (PDB ID 1WO0Q). (c) Chemical structure of the constituents of the used DES. (d)
Photograph of prepared DES (0.5 Ac + 0.3 Ur + 0.2 Sor) at room temperature. (¢) The aim of
the present work. Measurement of activity and recognition of the entropic and enthalpic
components of stability; and the influence of associated water modulation on both.

5.2. Results and discussion

5.2.1. Thermal stability of bromelain with hydrated DESs

The emission maximum of tryptophan is highly sensitive to its environment 3283,
Buried tryptophan residues in hydrophobic regions exhibit a blue-shifted emission,

whereas exposed residues show a red-shifted emission, which is due to tryptophan’s
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higher excited-state dipole moment than the ground state ®>%. This makes
tryptophan fluorescence a valuable indicator of the protein's folding and unfolding
8283 Bromelain contains five tryptophan residues and exhibits intrinsic fluorescence,
which has been recorded at various temperatures to monitor the thermal denaturation
in buffer and in the presence of various amounts of

acetamide(0.5)/urea(0.3)/sorbitol(0.2) (Ac/Ur/Sor) DES (see Figure 1).
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Figure 1. Temperature-dependent fluorescence emission spectra of bromelain in the presence
of various concentrations of hydrated 0.5Ac/0.3Ur/0.2Sor DES.The concentrations of the
hydrated DES are mentioned in the respective figures.

In Figure 2, we have shown the stepwise measurement of melting temperature from
fluorescence spectra. From the thermal fluorescence spectra of bromelain in the
buffer in Figure 2a, emission maxima at each temperature were measured by fitting

with a log-normal function and represented as a function of the temperature in
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Figure 2b. Figure 2¢ represents the fraction unfolded (f;,) of bromelain in buffer and

in the presence of various amounts of DES, which are calculated through, f, =

A-Ay
Ap—AN

, where Ay and A, are the emission maximum of the native and denatured

states, respectively, obtained from the measured data, as shown in Figure 2b.
Bromelain in the presence of various amounts of DES have been calculated similarly
and presented in Figure 2d. The melting temperature (T;,,) 1s the temperature where
f.. = 0.5, which has been plotted in Figure 2¢ for bromelain in buffer and in the
presence of various amounts of Ac/Ur/Sor DES. In the buffer, bromelain's T, is
found to be ~335 K, which is consistent with the previous report *%. At low DES
concentrations (up to 40% V/V), bromelain's stability remained largely intact, while
at higher DES concentrations, bromelain’s thermal stability reduced significantly,
which is similar to the findings with human serum albumin in the same DES 2°,

Generally, it is believed that interaction between the components of DES and the
amino acids of the enzyme influences the stability of the enzyme 2+3%4, Previously,
we have proved that this DES with different hydration levels cannot be considered
as merely an aqueous solution of its components 2°. This implies that the specific
interaction between DES components and bromelain is not essential for maintaining
bromelain’s stability and also nullifies the denaturant effect of urea, which is one of
the components of the used DES. Additionally, viscosity-driven stabilization is also
not a factor in this case, as higher DES content reduces the protein stability, though
it leads to an increase in the viscosity. The effect of charge screening and salt bridge
formation can also be ruled out, as the DES in the present case is non-ionic 7>7°,
However, the hydrophobic effect, dispersion forces, or more general Van der Waals
interactions in the case of non-ionic DES might influence enzymatic behaviour and

introduce some destabilization.



Chapter-5 297

(@) (b) (c)

1.0 348

1.04 © Bromelain in Buffer

© Bromelain in buffer}'D

0.8

0.6

308 K
— 318K
— 328 K

0.4

Normalized intensity
Emission Maxima (nm)
Fraction unfolded (f,)

0.2 338K 340
348 K
0.0 K 338 Ay
T T T T T ¥ ¢ ! ¥ ¥ ¥ T T T T T T
310 325 340 355 370 385 400 310 320 330 340 350 360 310 320 330 340 350 360
Wavelength (nm) Temperature (K) Temperature (K)
(d) (e)
1.04 g 3401
— ] T e ey
< 0.8 = ) =]
z s 330
] ° 8
._9 0.6 ) ®
5 [e) g 320
0.4 o
S 0.2- - > 310-
b~ s
w > o ‘_-"
0.0 =0 & 2
T T T T T T E 300—‘
T T T T T T T T T
310 320 330 340 350 36 0 10 20 30 40 50 60 70 80
Temperature (K) DES concentration (% v/v)

Figure 2. Thermal stability of bromelain in the presence of different concentrations of hydrated
DES. (a) Representative steady-state fluorescence spectra of bromelain in buffer at different
temperatures. (b) Variation of emission maxima of bromelain in the buffer as a function of
temperature. (¢) Variation of fraction unfolded (f,), which has been calculated using the
equation mentioned in the inset, as a function of temperature. (d) Comparison of the thermal
unfolding curve for different concentrations of hydrated Ac/Ur/Sor DES. Each curve was fitted
using the sigmoidal function (equation 10). (¢) Comparison of the melting temperature (T;,,) of
bromelain in the presence of differently hydrated Ac/Ur/Sor DES.

Several reports on protein stability in DES hypothesized that the network-like
structure in DES forms a unique solvation shell around the protein that acts as a
protective layer leading to enhanced stability 353884 However, except for some
theoretical studies, there is no experimental evidence for this 3¢*7#!, In our recent
report, for the first time, we have experimentally shown that human serum albumin
feels an unperturbed immediate solvation environment even in the presence of a high
concentration of hydrated acetamide/urea/sorbitol (the same DES used here) DES,
whereas the viscosity and solvation dynamics of the bulk media change drastically
20 We proposed that the unperturbed associated water might be responsible for
maintaining the stability and activity of the protein inside hydrated DES 2°. As this
associated water is in direct interaction with the protein surface, it should profoundly
affect the stability of the enzyme. To check the validity of the proposal we have
measured the associated water dynamics.
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5.2.2. Associated water dynamics of bromelain in hydrated DESs

Various methods like NMR, neutron scattering, and terahertz spectroscopy can
measure water dynamics, but they offer an average picture 7*8!. Our prime interest
is the associated water, which interacts directly with the protein surface, as discussed
above 379, Thus, we have used the time-dependent fluorescence Stokes shift
(TDFSS) method to decipher the modulation of associated water. This method has
superior spatial and time resolution over other techniques %77, TDFSS employs a
solvatochromic probe, which undergoes a change in the dipole moment upon
photoexcitation. This induces the surrounding solvent molecules to rearrange
themselves for stabilization of the excited state of the solvatochromic probe. This
rearrangement time is a measure of the solvation time. In the case of the
solvatochromic probe labeled to the protein, TDFSS will give information on the

associated water dynamics of the protein 38,
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Figure 3. Solvation dynamics around bromelain in the presence of various Ac/Ur/Sor DES
concentrations. (a) Time-resolved emission spectra (TRES) of CPM-tagged bromelain in
buffer (only a few representative time points have been shown to provide clear visualization).
(b) Time-dependent shift of emission maxima of CPM-tagged bromelain in the buffer. (c)
Solvent correlation function, S(t), of CPM-tagged bromelain in the buffer. The equation used
to form the function is mentioned in the inset. (d) Comparison of S(t)s in the presence of
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different DES concentrations. The dynamics in the case of 80% DES could not be measured as
it become too slow to be captured using the time window of 1 ns of fs-fluorescence up
conversion setup. The variation of (e) solvation time components and respective (f) amplitudes
of associated water dynamics of bromelain in the presence of different concentrations of DES.
The error bars represent the standard deviation of the mean of three independent experiments.
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Figure 4. Time-resolved emission spectra (TRES) of CPM-tagged bromelain in the presence
of various concentrations of hydrated 0.5Ac/0.3Ur/0.2Sor DES. The concentrations of the
hydrated DES are mentioned in the respective figures.

In the present case, we site selectively tagged bromelain with a coumarin-based
(solvatochromic) fluorescent molecule, 7-diethylamino-3-(4'-maleimidylphenyl)-4-
methylcoumarin (CPM), to measure the associated water dynamics. We constructed
time-resolved emission spectra (TRES) from the collected wavelength-dependent
fluorescence decays (see Figures 3a, 3b), and evaluated the time-dependent shift of

the emission maximum of CPM-tagged bromelain in buffer and in the presence of
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various concentrations of DES. All the TRES of CPM-tagged bromelain in different
concentrations of DES are given in Figure 4. The solvent response function, S(t)is
then derived and presented in Figures 3¢ and 3d, respectively. All the obtained
solvent correlation functions are best fitted with a tri-exponential function, yielding
three-time components. The faster time component is in the order of 1-2 ps (z;), the
second one is around 3-30 ps (7,), and the slowest time component is observed to
be 30-400 ps (73). The variation of time components and their contributions are
shown in Figures 3e, 3f, and Table 1. All three components (t; T, and T3), become
flexible up to 30% DES and then slow down (see Figure 3e) with an increase in the

DES concentration.

Table 1: Fitting parameters of the solvent correlation function of CPM-tagged

bromelain (associated water) using femtosecond fluorescence up-conversion

technique.
DES Observed T1(ps) a, T2(ps) a, 73(ps) as
(% v/v) | Stokes shift
(cm™)

0 730 1.74+0| 0.60 |6.86+0| 0.14 |54.54+3| 0.26
.20 .50 .34

10 815 1.344+0| 0.55 |4.534+0| 0.24 |29.1+2| 0.22
31 51 .81

20 815 0.95 0.11 2.42 0.48 26.4 0.41

30 790 0.86+0| 0.11 |2.07+0| 0.54 |26.0+3| 0.35
25 .50 .68

40 650 1.18 0.10 3.12 0.59 46.7 0.30

50 820 2.16+0| 043 |18.0+1| 0.36 | 258+5 0.21
37 .66 0

60 760 2.07 0.31 234 0.37 351 0.31

70 850 2.85+0| 026 |[36.7+3| 037 | 42144 | 0.37
.20 .80 0
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Although a fair amount of debate exists in assigning the origin of different time
components of the water dynamics, the most accepted theory is provided by Bagchi
and co-workers 8%, According to that theory, the less than 1 ps time component
usually originates from the free water present near the fluorophore. The component
in the range of 2-50 ps comes from the water reorientation in the protein hydration
layer (i.e. the associated water). As a result of coupling between associated water
and the side-chain dynamics of the protein, another slower time component in the
range of 50-300 ps might also be observed 8%

In the present study, we observed two time components, 7; and 7,, in the time range
of 1-30 ps, and assigned both of them to the dynamics of associated water in the
protein hydration layer. The slowest component in the range of 30-400 ps is probably
arising due to the coupling between associated water and side-chain protein
dynamics. As the time scales of different components are not very distinct, the
mixing of contributions from different sources is a possibility. Thus, the observed 1,
might have some contribution from the free water near the fluorescent tag.
Previously, Zhong and coworkers reported the timescale of associated water
dynamics of different proteins in similar timescale ranges using the TDFSS
technique 74°%°!. Overall, our result indicates that in the low DES concentration (up
to 30% v/v), the associated water dynamics becomes flexible, and at higher DES

concentrations (after 40% v/v), the associated water becomes increasingly rigid.

5.2.3. The relationship between thermal stability and associated water
dynamics cannot be explained by traditional theory

Examining Figure 2e, it can be found that bromelain’s thermal stability remains
almost the same up to 30% DES, while the flexibility of the associated water
dynamics increased (Figure 3e). Interestingly, beyond 30% DES, bromelain stability
drops significantly, while associated water becomes slower (Figure 3e). Prior
literature, including ours, makes it abundantly evident that proteins typically have
higher stability when associated water dynamics becomes slower (see Figure 5b)

36,58,62,7092.93 For example, papain’s stability increased with more rigid associated
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water.’® However, in the present study, we observed exactly the opposite behaviour
beyond 40% (v/v) DES (Figure 5a), challenging the existing hypothesis (Figure 5b).
This suggests a need to re-evaluate stability in terms of entropic and enthalpic

contributions rather than overall stability, as we recently suggested 763,
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Figure 5. The relation between associated water dynamics modulation and thermal stability of
the enzyme. (a) The plot of the melting temperature of bromelain with different components of
associated water dynamics, Tgq , Tsp, and Tg3. (b) Plot of melting temperature with modulation
of associated water dynamics has been conceptualized based on the consensus present in the
literature. According to the literature, the melting temperature of an enzyme increases with the
rigidity of associated water dynamics. The right panel is from the present study, where rigid
associated water dynamics decrease the melting temperature of bromelain. The error bars
represent the standard deviation of the mean of three independent experiments.

5.2.4. Recognition of individual entropic and enthalpic contributions of thermal
stability

From the thermal unfolding data, we determined the free energy of the unfolding of
bromelain in various DES concentrations using the equations mentioned in
Figure 6a. Using the Gibbs-Helmholtz equation, we recognized the individual
entropic and enthalpic terms of the thermal unfolding of bromelain in buffer
(Figure 6b) and various DES concentrations (Figure 6¢). Taking the thermal
denaturation of bromelain in the buffer as the baseline, the entropic and enthalpic
contributions to the stability of bromelain due to DES can be calculated using

equations 5.1 and 5.2.

AAH® = AHpps — AHp), ¢feor (5.1)
AAS® = ASDps — ASpysrer (5.2)
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A positive value of AAH? implies that DES provides stabilization to bromelain
relative to buffer, whereas a positive value of AAS® imparts destabilization
(Figure 6d). Differential entropy and enthalpy values relative to the buffer
(Figure 6¢) revealed that low concentrations of DES cause entropic destabilization
to bromelain, which shifts to stabilization at higher DES levels. Similarly, enthalpic
stabilization of bromelain has been seen for lower DES concentrations, which
becomes destabilizing in nature for higher DES concentrations. Perhaps, we
observed a clear entropy—enthalpy relationship in the DES-induced stability of
bromelain, a common phenomenon known as entropy—enthalpy compensation
(Figure 6f) 4%, Further, the linear trend of the TAAS versus AAH (at 300 K) plot
with a slope of 0.88 indicates that the overall stability of bromelain with DES at
various concentrations is dominated by the enthalpic contribution (Figure 6f).

The entropy—enthalpy compensation seems like a natural consequence of
thermodynamics: AG = AH — TAS. The question that remains is its physical origin.
It seems that some common factor modulates both the entropic and the enthalpic
terms. Water is present in almost all biochemical processes and strongly interacts
with protein 33338 Considering water’s colossal role, it is intuitive to think that this
common factor might be water. In fact, in our previous report, we demonstrated that
modulation of water—protein hydrogen bonds can originate in compensating entropy
and enthalpy in the crowded milieu °7-%*. Following this, we propose that modulation
of water-protein hydrogen bonds could explain the entropic and enthalpic terms of

bromelain stability in DES.
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Figure 6: Individual entropic and enthalpic components of thermal stabilization of bromelain
in hydrated DES. (a) Variation of bromelain’s emission maximum as a function of temperature.
The equation for calculating the equilibrium constant and the native and denatured state signals
is given in the inset of the figure. (b) Schematic for estimating the change in the entropy and
the enthalpy from the slope and the intercept, respectively, from the unfolding free energy of
bromelain in buffer. (c) Plot of unfolding free energy of bromelain in the presence of various
concentrations of AC/Ur/Sor DES as a function of the temperature. (d) Effect of
positive/negative free energy, entropy, and enthalpy change of protein unfolding compared to
that in the buffer on the overall stability of the protein. (e) Differential entropic component
(=TAAS), where —TAAS = —T(ASpgs — ASpufser) and enthalpic component (AAH), where,
AAH = AHpgs — AHpyffer for thermal unfolding of bromelain in the presence of different
concentrations of AC/Ur/Sor DES. (f) Plot of entropic and enthalpic terms of bromelain
stability. The black line is a linear fit, indicating entropy—enthalpy compensation. The error
bars represent the standard deviation of the mean of three independent experiments.

5.2.5. Relationship between associated water structure and individual entropic
and enthalpic contribution of thermal stability:

To quantitatively determine the relationship between associated water structure and
individual entropic and enthalpic contribution of thermal stability, we compared
differential entropy and enthalpy change of unfolding of bromelain against DES
concentrations with the changes in the time components (At;, At, and Ats) of the
associated water dynamics of bromelain in Figure 7. An entropic destabilization with

enthalpic stabilization at lower DES concentrations coincides with more flexible
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water dynamics, while entropic stabilization with enthalpic destabilization at higher

DES concentrations aligns with rigid water dynamics.
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Figure 7. Differential entropy and enthalpy change of bromelain’s unfolding along with the
changes in the time components (At;, AT, and At3) of associated water dynamics of bromelain
with varying DES concentrations. The error bars represent the standard deviation of the mean
of three independent experiments.

Further analysis of entropic and enthalpic changes as functions of At; (Figure 8a),
At, (Figure 8b) and At; (Figure 8c), shows strong correlations between the
modulation of the second and third components of the associated water dynamics
and differential entropic (adjusted R’~0.80 and 0.83, respectively) or enthalpic
(adjusted R?~ 0.80 and 0.82, respectively) components of the stability. However, the
correlation is slightly weaker (adjusted R’ ~ 0.76 and 0.77 for the entropic and
enthalpic terms, respectively) for the fastest time component modulation (At,),
likely due to contributions from the free/bulk-like water in the measured fastest time
component.

However, one needs to be assured that such water modulation does not come from
other sources like conformational changes of the protein. Generally, when a protein
unfolds, more bulk water molecules are expected to interact with the hydration layer
of the protein surface %°7-1%_ Thus, the overall solvation dynamics is expected to be
faster °7~1%° Our previous work showed that bromelain’s conformation remained
stable up to 40% v/v Ac/Ur/Sor DES, with only a slight reduction in hydrodynamic
radius 28. This indicates that up to 40% v/v Ac/Ur/Sor DES, where the media

viscosity also notably increases compared to buffer, a more rigid water dynamics is
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anticipated. However, our experiment revealed faster-associated water dynamics,
confirming that the change in the associated water dynamics is not due to the
structural alterations of bromelain . Similarly, at higher DES concentrations, while
bromelain slightly unfolds 28, water dynamics surprisingly become more rigid,
further indicating no prominent role of structural alteration in the modulation of
associated water dynamics. Therefore, this result suggests that the associated water
of protein (i.e. those water molecules that are interacting with protein in the protein
hydration layer) plays a key role in determining the stability of bromelain in DES.

Basically, at low DES concentrations, the water around bromelain becomes more
flexible, indicating a weaker hydrogen-bond network. In such cases, the water
molecules gain higher degrees of freedom, and thus the entropy is gained (AAS =
+ve), leading to entropic destabilization. Simultaneously, the weakening of the
hydrogen-bonded network requires some energy (AAH = +ve), leading to
enthalpic stabilization. At higher DES concentrations, the situation is completely
opposite. The water around bromelain in such condition becomes rigid, suggesting
DES-induced strengthening of the protein-water hydrogen-bond network, leading to
entropic loss of the medium (AAS = —wve) and a negative enthalpic change (AAH =
—ve), resulting in entropic stabilization and enthalpic destabilization, respectively.
Up to this, we have established a correlation between the associated water dynamics
and protein stability in hydrated DES through experiments. However, a key question
remains: does this effect stem solely from changes in associated water? Since
associated water dynamics reflect the H-bond strength difference between surface-

bound and free-water 76%°

, any change in free water could influence the bound water,
as well 30101~ Additionally, the protein itself strongly affects the associated water,
while free water modulation likely depends on the specific perturbation. To explore
this, we investigated if there is any correlation between bulk dynamics and
bromelain stability. In our previous report, using transient absorption spectroscopy,
we presented the dynamics of Ac/Ur/Sor DES at varying hydration levels without

protein, focusing on bulk water behaviour, and observed two time components 2°.
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Figure 8. In the upper panel the correlation between differential entropic and enthalpic terms
with a change in the (a) first time component (Atg,), (b) second time component (Atg,) and (¢)
third time component (Atg3) of the associated water dynamics is shown. In the lower panel the
correlation between differential entropic and enthalpic terms with a change in the (d) first time
component (Atg;), (€) second time component (Atg,), and (f) average solvation time (ATqy4)
of the bulk solvation dynamics of hydrated DES in the absence of protein is given. The adjusted
R?, which tells about the goodness of the correlation, has been mentioned in the respective
plots. The error bars represent the standard deviation of the mean of three independent
experiments.

The faster time components remain almost unperturbed up to 70% (v/v) DES,
whereas the longer time components increase with the increase in the DES
concentration 2°. Note that with the increase in the DES concentration, the average
solvation time of the hydrated DES (in the absence of bromelain) also becomes
progressively slower. Here, we plot bromelain's differential entropy and enthalpy of

unfolding against the time components (Aty, ATy, AT4y4) of solvation dynamics of

hydrated DES at different concentrations. The observed low value of R’ in
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Figures 8d, 8e, and 8f indicate no significant link between the stability and bulk
dynamics of the DES media.

Overall, our results show that in hydrated DES, the associated water dynamics might
be rigid or flexible depending on the DES concentration. Rigid-associated water
imparts entropic stabilization and enthalpic destabilization to the protein, whereas
flexible water imparts entropic destabilization and enthalpic stabilization (Scheme
2). This enhances our knowledge of why proteins might be stable in DES. Strikingly,
such stability cannot be explained in terms of the modulation of overall water

structure, highlighting the critical role of water molecules in the vicinity of the

protein surface.

Flexible associated water Rigid associated water
Entropic destabilization Entropic stabilization
Enthalpic stabilization Enthalpic destabilization

Scheme 2. Associated water dynamics modulation explains bromelain stability across DES
concentrations. At initial concentrations of the DES, the associated water becomes more
flexible, destabilized bromelain through entropy, which is compensated by stabilizing
enthalpy. Whereas, at higher DES concentrations, the associated water becomes more rigid,
stabilized bromelain through entropy with a concomitant enthalpic destabilization.

5.2.6. Relationship between associated water dynamics and enzymatic activity:
Enzyme activity is influenced by many factors like protein structure, conformational
dynamics, media’s viscosity/polarity, etc. Identifying the major factors that
influence an enzymatic reaction is very difficult as the reaction involves many steps,
and many factors combinedly control them 28102-113 Mechanistic studies on how

enzymatic activity is controlled in DESs are very limited in the literature 192842114,
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Some reports suggest that interactions present between DES components affect
enzyme structure and function, particularly if the enzyme interacts with the hydrogen
bonding sites of the DES constituents 41:!15116 Previously, we have shown that along
with the compact enzyme conformation and flexible active site dynamics of
bromelain, the physical properties like viscosity and polarity of the hydrated DES
play a key role in influencing the enzymatic activity 2®. The consensus regarding the
correlation of protein activity with water dynamics suggests that flexible associated
water dynamics might influence enzymatic reactions 6467, Experimentally, very
few reports are available where a correlation between activity and dynamics has been
made 3%°1%7 Verma et al. have shown flexible water dynamics with increasing
crowder concentration reflects better enzymatic activity . Reports from the Zewail
group also follow a similar trend >%7. However, in the presence of deep eutectic

solvents, such a correlation has never been made.
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Figure 9. (a) Schematic representation of the proteolytic activity of bromelain using denatured
casein as a substrate. (b) A plot of the relative activity of bromelain and the relative time
components of associated water dynamics of bromelain against DES concentration. Correlation
between change in relative activity with a change in the (c) first time component (Atg;), (d)
second time component (Ats,), and (e) third time component (Atg3) of the associated water
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dynamics of bromelain. The error bars represent the standard deviation of the mean of three
independent experiments.

In our earlier report, the proteolytic activity of bromelain in the presence of
Ac/Ur/Sor DES was found to increase at lower DES concentrations and then
gradually decrease with DES concentration after 40% (v/v) DES 28, Here, we tried
to see if there is any correlation present between associated water dynamics and
enzymatic activity of bromelain in the presence of DES. For that, we remeasured the
proteolytic activity of bromelain (see Figure 9a) in the presence of Ac/Ur/Sor DES
of varying concentrations, and the trend of activity with DES concentrations matches
completely with our previous report 2%. At lower DES concentrations, where the
water is more flexible, the activity was found to be more than in the buffer. At higher
DES concentrations, the activity drops with an increase in the rigidity of the
associated water (Figure 9b). Importantly, the relative change of proteolytic activity
correlates well with the changes in the components of associated water dynamics
(Figures 9c¢, 9d, 9¢) with an adjusted R’ values of 0.75 and 0.65, and 0.62 for At,,

At,, and At4 respectively.
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Figure 10. Correlation between the relative change of bromelain’s proteolytic activity with the
change in time components of bulk solvation dynamics of hydrated Ac/Ur/Sor DES (in the
absence of protein).

However, this correlation does not hold at all when we plot the relative change of
proteolytic activity with solvation dynamics of the hydrated DES media in the
absence of protein (Figure 10), which delineates the important role of associated

water in influencing enzyme function. However, the correlation of the associated
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water dynamics with activity is somewhat poorer than with stability. At this point, it
is extremely difficult to point out the specific reason. However, as many properties
of enzymes and media control the activity might lead to a poor correlation.

Physically, one can think that to digest the substrate (we used casein in the present
study), both the enzyme (bromelain) and the substrate need to diffuse towards each
other to make the enzyme-substrate complex. Thus, media viscosity must play an
important role. With an increase in the DES concentration, the viscosity of the media
constantly increases 2°, which predicts a constant decrease in the activity. However,
interestingly that has not been observed here. Another important step in the
enzymatic reaction is the dissociation of the enzyme-substrate complex into the final
product, and an increase in the rate of product formation leads to an increase in the
overall activity ''7-!18_ In our recent study, we have shown that in the presence of
macromolecular crowder the product formation from the enzyme-substrate complex
correlates strongly with the associated water dynamics of the enzyme . In the
present case also, the flexible associated water around the enzyme at low DES
concentration might facilitate the product formation and thus enhance the overall
activity. For the low concentrations of DES where enhanced activity was observed,
the media polarity also increased a little, which might also facilitate the enzymatic
reaction 28, Thus, further studies are needed to justify such claims, and our future
studies will be more focused on that. The observation of enhanced enzymatic activity
in hydrated DES is fairly common, but until now, no explanation has been provided
1929394119 The present study correlates the same with associated water dynamics,

which might give a logical heads-up to such observations.

5.3. Summary and conclusions

DESs and hydrated DESs have all the potential to be fantastic biocatalytic media.
However, little is understood about how they keep proteins stable and active.
Through MD simulation, Monhemi et al. proposed that DES creates a protective
microenvironment around proteins through hydrogen bonding 3¢, which lacks any

experimental validation until the present work. Here we showed that the DES-
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mediated change in the protective water layer modulates bromelain's stability and
activity. Using femtosecond time-resolved fluorescence Stokes shift, we explored
the impact of associated water dynamics on bromelain in Ac/Ur/Sor DES. Up to 30%
DES, the water becomes flexible and then rigidifies with an increase in the DES
concentration. We observed that low DES concentrations destabilize bromelain
entropically and stabilize it enthalpically, while higher concentrations reverse this.
We propose that flexible associated water stabilizes bromelain via enthalpy and
destabilizes via entropy, with the opposite effect for rigid associated water.
Crucially, the observed stability trends cannot be attributed to bulk water dynamics,
highlighting the pivotal role of associated/biological water. Moreover, bromelain’s
proteolytic activity increases at low DES but declines above 40%, which aligns well
with the change in the associated water dynamics. This report offers a novel
perspective on how water dynamics influence protein stability and activity, with
implications for understanding enzyme behavior in DES. Importantly, our
hypothesis can explain both the positive and negative effects imparted by the DES
and might also effectively predict the enzyme-specific effects. While more research
is needed to generalize these findings, our work lays the foundation for future

studies.

5.4. References:

(D) Stepankova, V.; Bidmanova, S.; Koudelakova, T.; Prokop, Z.; Chaloupkova,
R.; Damborsky, J. Strategies for Stabilization of Enzymes in Organic
Solvents. ACS Catal 2013, 3 (12), 2823-2836.
https://doi.org/10.1021/cs400684x.

(2) Serdakowski, A. L.; Dordick, J. S. Enzyme Activation for Organic Solvents
Made Easy. Trends  Biotechnol 2008, 26 (1), 48-54.
https://doi.org/10.1016/j.tibtech.2007.10.007.

3) Arold, F. H. Protein Engineering for Unusual Environments. Curr Opin

Biotechnol 1993, 4, 450-455.



Chapter-5 313

4

)

(6)

(7)

(®)

©)

(10)

(11)

(12)

Chen, K.; Arnold, F. H. Tuning the Activity of an Enzyme for Unusual
Environments: Sequential Random Mutagenesis of Subtilisin E for Catalysis

in Dimethylformamide. Proc. Natl. Acad. Sci. USA 1993, 90, 5618-5622.

Zaks, A.; Klibanov, A. M. Enzymatic Catalysis in Organic Media at 100°C.
Science (1979) 1984, 224 (4654), 1249-1251.
https://doi.org/10.1126/science.6729453.

Pani¢, M.; Cvjetko Bubalo, M.; Radoj¢i¢ Redovnikovi¢, 1. Designing a
Biocatalytic Process Involving Deep Eutectic Solvents. J. Chem.
Technology and  Biotechnology 2021, 96 (1), 14-30.
https://doi.org/10.1002/jctb.6545.

van Rantwijk, F.; Sheldon, R. A. Biocatalysis in Ionic Liquids. Chem Rev
2007, 107 (6), 2757-2785. https://doi1.org/10.1021/cr050946x.

Sheldon, R. A. Biocatalysis in Ionic Liquids: State-of-the-Union. Green
Chemistry 2021, 23 (21), 8406—8427. https://doi.org/10.1039/d1gc03145g.

Smith, E. L.; Abbott, A. P.; Ryder, K. S. Deep Eutectic Solvents (DESs) and
Their Applications. Chem Rev 2014, 114 (21), 11060-11082.
https://doi.org/10.1021/cr300162p.

Dominguez de Maria, P.; Maugeri, Z. Ionic Liquids in Biotransformations:
From Proof-of-Concept to Emerging Deep-Eutectic-Solvents. Curr. Opin.
Chem. Biol. 2011, 15 (2), 220-225.
https://doi.org/10.1016/j.cbpa.2010.11.008.

Florindo, C.; Lima, F.; Ribeiro, B. D.; Marrucho, I. M. Deep Eutectic
Solvents: Overcoming 21st Century Challenges. Curr Opin Green Sustain
Chem 2019, 18, 31-36. https://doi.org/10.1016/j.cogsc.2018.12.003.

Pétzold, M.; Siebenhaller, S.; Kara, S.; Liese, A.; Syldatk, C.; Holtmann, D.

Deep Eutectic Solvents as Efficient Solvents in Biocatalysis. Trends



314

(13)

(14)

(15)

(16)

(17)

(18)

Chapter-5

Biotechnol 2019, 37 9), 943-959.
https://doi.org/10.1016/j.tibtech.2019.03.007.

Perna, F. M.; Vitale, P.; Capriati, V. Deep Eutectic Solvents and Their
Applications as Green Solvents. Curr Opin Green Sustain Chem 2020, 21,
27-33. https://doi.org/10.1016/j.cogsc.2019.09.004.

Paiva, A.; Craveiro, R.; Aroso, I.; Martins, M.; Reis, R. L.; Duarte, A. R. C.
Natural Deep Eutectic Solvents - Solvents for the 21st Century. ACS Sustain
Chem Eng 2014, 2 (5), 1063—1071. https://doi.org/10.1021/s¢500096;.

Huang, Z. L.; Wu, B. P.; Wen, Q.; Yang, T. X.; Yang, Z. Deep Eutectic
Solvents Can Be Viable Enzyme Activators and Stabilizers. Journal of
Chemical Technology and Biotechnology 2014, 89 (12), 1975-198l1.
https://doi.org/10.1002/jctb.4285.

Hansen, B. B.; Spittle, S.; Chen, B.; Poe, D.; Zhang, Y .; Klein, J. M.; Horton,
A.; Adhikari, L.; Zelovich, T.; Doherty, B. W.; Gurkan, B.; Maginn, E. J.;
Ragauskas, A.; Dadmun, M.; Zawodzinski, T. A.; Baker, G. A.; Tuckerman,
M. E.; Savinell, R. F.; Sangoro, J. R. Deep Eutectic Solvents: A Review of
Fundamentals and Applications. Chem Rev 2021, 121 (3), 1232-1285.
https://doi.org/10.1021/acs.chemrev.0c00385.

Sanchez-Fernandez, A.; Jackson, A. J. Proteins in Deep Eutectic Solvents:
Structure, Dynamics and Interactions with the Solvent. In Advances in
Botanical Research; Academic Press Inc., 2021; Vol. 97, pp 69-94.
https://doi.org/10.1016/bs.abr.2020.09.003.

Yadav, N.; Venkatesu, P. Current Understanding and Insights towards
Protein Stabilization and Activation in Deep Eutectic Solvents as
Sustainable Solvent Media. Phys. Chem. Chem. Phys. 2022, 24 (22), 13474—
13509. https://doi.org/10.1039/D2CP0O0084A.



Chapter-5 315

(19)

(20)

1)

(22)

(23)

(24)

(25)

Toledo, M. L.; Pereira, M. M.; Freire, M. G.; Silva, J. P. A.; Coutinho, J. A.
P.; Tavares, A. P. M. Laccase Activation in Deep Eutectic Solvents. ACS
Sustain Chem Eng 2019, 7 (13), 11806-11814.
https://doi.org/10.1021/acssuschemeng.9b02179.

Khan, T.; Das, N.; Negi, K. S.; Bhowmik, S.; Sen, P. Understanding the
Intricacy of Protein in Hydrated Deep Eutectic Solvent: Solvation
Dynamics, Conformational Fluctuation Dynamics, and Stability. /nt. J. Biol.
Macromol. 2023, 253, 127100.
https://doi.org/10.1016/j.ijjbiomac.2023.127100.

Delorme, A. E.; Andanson, J. M.; Verney, V. Improving Laccase
Thermostability with Aqueous Natural Deep Eutectic Solvents. Int. J. Biol.
Macromoll. 2020, 163, 919-926.
https://doi.org/10.1016/j.1jbiomac.2020.07.022.

Gorke, J. T.; Srienc, F.; Kazlauskas, R. J. Hydrolase-Catalyzed
Biotransformations in Deep Eutectic Solvents. Chemical Communications

2008, No. 10, 1235-1237. https://doi.org/10.1039/b716317g.

Sanchez-Fernandez, A.; Edler, K. J.; Arnold, T.; Alba Venero, D.; Jackson,
A. J. Protein Conformation in Pure and Hydrated Deep Eutectic Solvents.
Phys.  Chem.  Chem.  Phys. 2017, 19 (13), 8667-8670.
https://doi.org/10.1039/c7cp00459a.

Xin, R.; Qi, S.; Zeng, C.; Khan, F. I.; Yang, B.; Wang, Y. A Functional
Natural Deep Eutectic Solvent Based on Trehalose: Structural and
Physicochemical Properties. Food Chem 2017, 217, 560-567.
https://doi.org/10.1016/j.foodchem.2016.09.012.

Nian, B.; Cao, C.; Liu, Y. How Candida Antarctica Lipase B Can Be

Activated in Natural Deep Eutectic Solvents: Experimental and Molecular



316

(26)

(27)

(28)

(29)

(30)

€1y

Chapter-5

Dynamics Studies. Journal of Chemical Technology and Biotechnology
2020, 95 (1), 86-93. https://doi.org/10.1002/jctb.6209.

Esquembre, R.; Sanz, J. M.; Wall, J. G.; Del Monte, F.; Mateo, C. R.; Ferrer,
M. L. Thermal Unfolding and Refolding of Lysozyme in Deep Eutectic
Solvents and Their Aqueous Dilutions. Phys. Chem. Chem. Phys. 2013, 15
(27), 11248-11256. https://doi.org/10.1039/c3cp44299c.

Sanchez-Fernandez, A.; Basic, M.; Xiang, J.; Prevost, S.; Jackson, A. J.;
Dicko, C. Hydration in Deep Eutectic Solvents Induces Non-Monotonic
Changes in the Conformation and Stability of Proteins. J. Am. Chem. Soc.
2022, /144 (51),23657-23667. https://doi.org/10.1021/jacs.2¢11190.

Das, N.; Khan, T.; Subba, N.; Sen, P. Correlating Bromelain’s Activity with
Its Structure and Active-Site Dynamics and the Medium’s Physical
Properties in a Hydrated Deep Eutectic Solvent. Phys. Chem. Chem. Phys.
2021, 23 (15), 9337-9346. https://doi.org/10.1039/d1cp00046b.

Sun, H.; Xin, R.; Qu, D.; Yao, F. Mechanism of Deep Eutectic Solvents
Enhancing Catalytic Function of Cytochrome P450 Enzymes in
Biosynthesis and Organic Synthesis. J Biotechnol 2020, 323, 264-273.
https://doi.org/10.1016/j.jbiotec.2020.07.004.

Durand, E.; Lecomte, J.; Baréa, B.; Villeneuve, P. Towards a Better
Understanding of How to Improve Lipase-Catalyzed Reactions Using Deep
Eutectic Solvents Based on Choline Chloride. European Journal of Lipid
Science and Technology 2014, 116 (1), 16-23.
https://doi.org/10.1002/¢;1t.201300246.

Barik, S.; Mahapatra, A.; Preeyanka, N.; Sarkar, M. Assessing the Impact of
Choline Chloride and Benzyltrimethylammonium Chloride-Based Deep
Eutectic Solvents on the Structure and Conformational Dynamics of Bovine

Serum Albumin: A Combined Steady-State, Time-Resolved Fluorescence



Chapter-5 317

(32)

(33)

(34)

(35)

(36)

and Fluorescence Correlation Spectroscopic Study. Phys. Chem. Chem.

Phys. 2023, 25 (29), 20093-20108. https://doi.org/10.1039/d3cp01380d.

Gorke, J. T.; Srienc, F.; Kazlauskas, R. J. Deep Eutectic Solvents for
Candida Antarctica Lipase B-Catalyzed Reactions. In ACS Symposium
Series; 2010; Vol. 1038, pp 169-180. https://doi.org/10.1021/bk-2010-
1038.ch014.

Durand, E.; Lecomte, J.; Baréa, B.; Dubreucq, E.; Lortie, R.; Villeneuve, P.
Evaluation of Deep Eutectic Solvent-Water Binary Mixtures for Lipase-
Catalyzed Lipophilization of Phenolic Acids. Green Chemistry 2013, 15 (8),
2275-2282. https://doi.org/10.1039/¢3gc40899;.

Yadav, N.; Bhakuni, K.; Bisht, M.; Bahadur, I.; Venkatesu, P. Expanding
the Potential Role of Deep Eutectic Solvents toward Facilitating the
Structural and Thermal Stability of a-Chymotrypsin. ACS Sustain Chem Eng
2020, 8 (27), 10151-10160.
https://doi.org/10.1021/acssuschemeng.0c02213.

Yadav, N.; Halanur, M.; Bisht, M.; Nataraj, S. K.; Venkatesu, P.; Mondal,
D. Multifunctional Solvothermal Carbon Derived from Alginate Using
“water-in-Deep Eutectic Solvents” for Enhancing Enzyme Activity.
Chemical Communications 2020, 56 (67), 9659-9662.
https://doi.org/10.1039/d0cc03866k.

Monhemi, H.; Housaindokht, M. R.; Moosavi-Movahedi, A. A,
Bozorgmehr, M. R. How a Protein Can Remain Stable in a Solvent with
High Content of Urea: Insights from Molecular Dynamics Simulation of
Candida Antarctica Lipase B in Urea: Choline Chloride Deep Eutectic
Solvent. Phys. Chem. Chem. Phys. 2014, 16 (28), 14882-14893.
https://doi.org/10.1039/c4cp00503a.



318

(37)

(38)

(39)

(40)

(41)

(42)

(43)

Chapter-5

Shehata, M.; Unlu, A.; Sezerman, U.; Timucin, E. Lipase and Water in a
Deep Eutectic Solvent: Molecular Dynamics and Experimental Studies of
the Effects of Water-In-Deep Eutectic Solvents on Lipase Stability. J. Phys.
Chem. B 2020, 124 (40), 8801-8810.
https://doi.org/10.1021/acs.jpcb.0c07041.

Cao, J.; Wu, R.; Zhu, F.; Dong, Q.; Su, E. Enzymes in Nearly Anhydrous
Deep Eutectic Solvents: Insight into the Biocompatibility and Thermal
Stability.  Enzyme  Microb  Technol 2022, 157, 110022.
https://doi.org/10.1016/j.enzmictec.2022.110022.

Mamashli, F.; Badraghi, J.; Delavari, B.; Lanjanian, H.; Sabbaghian, M.;
Hosseini, M.; Saboury, A. A. Improvement of Versatile Peroxidase Activity
and Stability by a Cholinium-Based Ionic Liquid. J Mol Liq 2018, 272, 597—
608. https://doi.org/10.1016/j.molliq.2018.09.128.

Zeng, C. X.; Qi1, S. J.; Xin, R. P.; Yang, B.; Wang, Y. H. Synergistic
Behavior of Betaine-Urea Mixture: Formation of Deep Eutectic Solvent. J.

Mol. Lig. 2016, 219, 74-78. https://doi.org/10.1016/.molliq.2016.02.076.

Juneidi, I.; Hayyan, M.; Hashim, M. A.; Hayyan, A. Pure and Aqueous Deep
Eutectic Solvents for a Lipase-Catalysed Hydrolysis Reaction. Biochem Eng
J2017, 117, 129-138. https://doi.org/10.1016/j.bej.2016.10.003.

Khodaverdian, S.; Dabirmanesh, B.; Heydari, A.; Dashtban-moghadam, E.;
Khajeh, K.; Ghazi, F. Activity, Stability and Structure of Laccase in Betaine
Based Natural Deep Eutectic Solvents. Int J Biol Macromol 2018, 107,
2574-2579. https://doi.org/10.1016/j.1jbiomac.2017.10.144.

Sanchez-Fernandez, A.; Poon, J.-F.; Leung, A. E.; Prévost, S. F.; Dicko, C.
Stabilization of Non-Native Folds and Programmable Protein Gelation in
Compositionally Designed Deep Eutectic Solvents. ACS Nano 2024, 18
(28), 18314—-18326. https://doi.org/10.1021/acsnano.4c01950.



Chapter-5 319

(44)

(45)

(46)

(47)

(43)

(49)

(50)

Park, K.; Ham, B. Y.; Li, K.; Kang, S.; Jung, D.; Kim, H.; Liu, Y.; Hwang,
I.; Lee, J. Insights into the Enhanced Thermal Stability of Lysozyme with
Altered Structure and Activity Induced by Choline Chloride-Based Deep
Eutectic Solvents Containing Polyols and Sugars. J Mol Lig 2022, 349,
118143. https://doi.org/10.1016/j.molliq.2021.118143.

Chen, G.; Zhang, Q.; Lu, Q.; Feng, B. Protection Effect of Polyols on
Rhizopus Chinensis Lipase Counteracting the Deactivation from High

Pressure and High Temperature Treatment. Int J Biol Macromol 2019, 127,
555-562. https://doi.org/10.1016/j.ijjbiomac.2019.01.082.

Fan, J.; Gao, D.; Song, F. Experimental Study on Thermophysical Property
of Deep Eutectic Solvents as Heat Transfer Fluid. Case Studies in Thermal

Engineering 2023, 50, 103426. https://doi.org/10.1016/].csite.2023.103426.

Naser, J.; Mjalli, F. S.; Gano, Z. S. Molar Heat Capacity of Selected Type
IIT Deep Eutectic Solvents. J Chem Eng Data 2016, 61 (4), 1608—1615.
https://doi.org/10.1021/acs.jced.5b00989.

Mackowiak, A.; Galek, P.; Fic, K. Deep Eutectic Solvents for High-
Temperature Electrochemical Capacitors. ChemElectroChem 2021, § (21),
4028-4037. https://doi.org/10.1002/celc.202100711.

Bhakuni, K.; Yadav, N.; Venkatesu, P. A Novel Amalgamation of Deep
Eutectic Solvents and Crowders as Biocompatible Solvent Media for
Enhanced Structural and Thermal Stability of Bovine Serum Albumin. Phys.
Chem. Chem. Phys. 2020, 22 (42), 24410-24422.
https://doi.org/10.1039/d0cp04397d.

Dai, Y.; Witkamp, G. J.; Verpoorte, R.; Choi, Y. H. Tailoring Properties of
Natural Deep Eutectic Solvents with Water to Facilitate Their Applications.
Food Chem 2015, 187, 14-19.
https://doi.org/10.1016/j.foodchem.2015.03.123.



320

(1)

(52)

(33)

(54)

(35)

(56)

(57)

(58)

Chapter-5

Ma, C.; Laaksonen, A.; Liu, C.; Lu, X.; Ji, X. The Peculiar Effect of Water
on lonic Liquids and Deep Eutectic Solvents. Chem Soc Rev 2018, 47 (23),
8685—8720. https://doi.org/10.1039/c8cs00325d.

Bhattacharyya, K. Nature of Biological Water: A Femtosecond Study.
Chemical Communications 2008, No. 25, 2848-2857.
https://doi.org/10.1039/b800278a.

Pal, S. K.; Zewail, A. H. Dynamics of Water in Biological Recognition.
Chem Rev 2004, 104 (4), 2099-2124. https://doi.org/10.1021/cr0206891.

Ball, P. Water as an Active Constituent in Cell Biology. Chem Rev 2008,
108 (1), 74—-108. https://doi.org/10.1021/cr068037a.

Bellissent-Funel, M. C.; Hassanali, A.; Havenith, M.; Henchman, R.; Pohl,
P.; Sterpone, F.; Van Der Spoel, D.; Xu, Y.; Garcia, A. E. Water Determines
the Structure and Dynamics of Proteins. Chem Rev 2016, 116 (13), 7673—
7697. https://doi.org/10.1021/acs.chemrev.5b00664.

Hishida, M.; Anjum, R.; Anada, T.; Murakami, D.; Tanaka, M. Effect of
Osmolytes on Water Mobility Correlates with Their Stabilizing Effect on
Proteins. J. Phys. Chem. B 2022, 126 (13), 2466-2475.
https://doi.org/10.1021/acs.jpcb.1c10634.

Das, N.; Tarif, E.; Dutta, A.; Sen, P. Associated Water Dynamics Might Be
a Key Factor Affecting Protein Stability in the Crowded Milieu. J. Phys.
Chem. B 2023, 127 (14), 3151-3163.
https://doi.org/10.1021/acs.jpcb.2c09043.

Negi, K. S.; Das, N.; Khan, T.; Sen, P. Osmolyte Induced Protein
Stabilization: Modulation of Associated Water Dynamics Might Be a Key
Factor. Phys. Chem. Chem. Phys. 2023, 25 (47), 32602-32612.
https://doi.org/10.1039/d3cp03357k.



Chapter-5 321

(39)

(60)

(61)

(62)

(63)

(64)

(65)

Pal, S. K.; Peon, J.; Zewail, A. H. Ultrafast Surface Hydration Dynamics and
Expression of Protein Functionality: a-Chymotrypsin. Proc Natl Acad Sci U
S 42002, 99 (24), 15297-15302. https://doi.org/10.1073/pnas.242600399.

Pal, S. K.; Peon, J.; Bagchi, B.; Zewail, A. H. Biological Water:
Femtosecond Dynamics of Macromolecular Hydration. J. Phys. Chem. B

2002, 706 (48), 12376—-12395. https://doi.org/10.1021/jp0213506.

Verma, P. K.; Rakshit, S.; Mitra, R. K.; Pal, S. K. Role of Hydration on the
Functionality of a Proteolytic Enzyme a-Chymotrypsin under Crowded
Environment. Biochimie 2011, 93 9), 1424-1433.
https://doi.org/10.1016/j.biochi.2011.04.017.

Qiu, W.; Zhang, L.; Okobiah, O.; Yang, Y.; Wang, L.; Zhong, D.; Zewail,
A. H. Ultrafast Solvation Dynamics of Human Serum Albumin: Correlations

with Conformational Transitions and Site-Selected Recognition. J. Phys.

Chem. B 2006, 110 (21), 10540—-10549. https://doi.org/10.1021/jp055989w.

Khan, T.; Halder, B.; Das, N.; Sen, P. Role of Associated Water Dynamics
on Protein Stability and Activity in Crowded Milieu. J Phys Chem B 2024,
128, 8672—8686. https://doi.org/10.1021/acs.jpcb.4c04337.

Das, N.; Khan, T.; Halder, B.; Ghosh, S.; Sen, P. Macromolecular Crowding
Effects on Protein Dynamics. Int J Biol Macromol 2024, 281, 136248.
https://doi.org/10.1016/j.ijjbiomac.2024.136248.

Heyden, M.; Briindermann, E.; Heugen, U.; Niehues, G.; Leitner, D. M.;
Havenith, M. Long-Range Influence of Carbohydrates on the Solvation
Dynamics of Water - Answers from Terahertz Absorption Measurements
and Molecular Modeling Simulations. J. Am. Chem. Soc. 2008, 130 (17),
5773-5779. https://doi.org/10.1021/;a0781083.



322

(66)

(67)

(68)

(69)

(70)

(71)

(72)

Chapter-5

Kumar, S.; Peon, J.; Zewail, A. H. Biological Water at the Protein Surface:
Dynamical Solvation Probed Directly with Femtosecond Resolution. Proc.

Natl. Acad. Sci. USA 2002, 99 (4), 1763—-1768.

Kamal, J. K. A.; Xia, T.; Pal, S. K.; Zhao, L.; Zewail, A. H. Enzyme
Functionality and Solvation of Subtilisin Carlsberg: From Hours to
Femtoseconds. Chem Phys Lett 2004, 387 (4-6), 209-215.
https://doi.org/10.1016/j.cplett.2004.02.011.

Mukherjee, S. K.; Gautam, S.; Biswas, S.; Kundu, J.; Chowdhury, P. K. Do
Macromolecular Crowding Agents Exert Only an Excluded Volume Effect?
A Protein Solvation Study. Journal of Physical Chemistry B 2015, 119 (44),
14145-14156. https://doi.org/10.1021/acs.jpcb.5b09446.

Majumdar, S.; Rastogi, H.; Chowdhury, P. K. Bridging Soft Interaction and
Excluded Volume in Crowded Milieu through Subtle Protein Dynamics. J.
Phys. Chem. B 2024, 128 (3), 716-730.
https://doi.org/10.1021/acs.jpcb.3c07266.

Mohan, V.; Sengupta, B.; Acharyya, A.; Yadav, R.; Das, N.; Sen, P. Region-
Specific Double Denaturation of Human Serum Albumin: Combined Effects
of Temperature and GnHCI on Structural and Dynamical Responses. ACS
Omega 2018, 3 (8), 10406-10417.
https://doi.org/10.1021/acsomega.8b00967.

Eisenmesser, E. Z.; Millet, O.; Labeikovsky, W.; Korzhnev, D. M.; Wolf-
Watz, M.; Bosco, D. A.; Skalicky, J. J.; Kay, L. E.; Kern, D. Intrinsic
Dynamics of an Enzyme Underlies Catalysis. Nature 2005, 438 (7064), 117—
121. https://doi.org/10.1038/nature04105.

Fenimore, P. W.; Frauenfelder, H.; Mcmahon, B. H.; Young, R. D. Bulk-

Solvent and Hydration-Shell Fluctuations, Similar to-and-Fluctuations in



Chapter-5 323

(73)

(74)

(75)

(76)

(77)

(78)

Glasses, Control Protein Motions and Functions. Proc. Natl. Acad. Sci. USA
2004, 101 (40), 14408—-14413.

Sykora, J.; Brezovsky, J.; Koudelakova, T.; Lahoda, M.; Fortova, A.;
Chernovets, T.; Chaloupkova, R.; Stepankova, V.; Prokop, Z.; Smatanova,
I. K.; Hof, M.; Damborsky, J. Dynamics and Hydration Explain Failed

Functional Transformation in Dehalogenase Design. Nat Chem Biol 2014,

10 (6), 428-430. https://doi.org/10.1038/nchembio.1502.

Choti, Y. H.; van Spronsen, J.; Dai, Y.; Verberne, M.; Hollmann, F.; Arends,
I. W. C. E.; Witkamp, G. J.; Verpoorte, R. Are Natural Deep Eutectic
Solvents the Missing Link in Understanding Cellular Metabolism and
Physiology?  Plant  Physiol 2011, 156  (4), 1701-1705.
https://doi.org/10.1104/pp.111.178426.

Khan, T.; Tarif, E.; Awano, Y.; Lozada, L. S.; Das, N.; Tominaga, K.; Sen,
P. Multiple Evidences for Molecular Level Heterogeneity in a Non-Ionic
Biocatalytic Deep Eutectic Solvent. J Mol Lig 2023, 389, 122882.
https://doi.org/10.1016/j.molliq.2023.122882.

Subba, N.; Sahu, P.; Das, N.; Sen, P. Rational Design, Preparation and
Characterization of a Ternary Non-Ionic Room-Temperature Deep Eutectic

Solvent Derived from Urea, Acetamide, and Sorbitol. Journal of Chemical

Sciences 2021, 133 (1), 25. https://doi.org/10.1007/s12039-020-01866-2.

Jimenez, R.; Fleming, G. R.; Kumar, P. V.; Maroncelli, M. Femtosecond
Solvation Dynamics of Water. Nature 1994, 369 (6480), 471-473.
https://doi.org/10.1038/369471a0.

Zhang, L.; Wang, L.; Kao, Y.-T.; Qiu, W.; Yang, Y.; Okobiah, O.; Zhong,
D. Mapping Hydration Dynamics around a Protein Surface. Proc. Natl.
Acad. Sci. USA 2007, 104 (47), 18461-18466.



324

(79)

(80)

(81)

(82)

(83)

(84)

(85)

(86)

Chapter-5

Denisov, V. P.; Jonsson, B. H.; Halle, B. Hydration of Denatured and Molten
Globule Proteins. Nat Struct Biol 1999, 6 (3), 253-260.
https://doi.org/10.1038/6692.

Nandi, N.; Bagchi, B. Dielectric Relaxation of Biological Water. J. Phys.
Chem. B1997, 101, 10954-10961.

Russo, D.; Murarka, R. K.; Copley, J. R. D.; Head-Gordon, T. Molecular
View of Water Dynamics near Model Peptides. J. Phys. Chem. B 2005, 109
(26), 12966—12975. https://doi.org/10.1021/jp051137k.

Moon, C. P.; Fleming, K. G. Using Tryptophan Fluorescence to Measure the
Stability of Membrane Proteins Folded in Liposomes. Methods Enzymol
2011, 492, 189-211. https://doi.org/10.1016/B978-0-12-381268-1.00018-5.

Shil, S.; Das, N.; Sengupta, B.; Sen, P. Sucrose-Induced Stabilization of
Domain-II and Overall Human Serum Albumin against Chemical and
Thermal Denaturation. ACS Omega 2018, 3 (12), 16633-16642.
https://doi.org/10.1021/acsomega.8b01832.

Sheng, Y.; Cui, H.; Wang, X.; Wang, M.; Song, P.; Huang, H.; Li, X.
Harnessing Solvation-Guided Engineering to Enhance Deep Eutectic
Solvent Resistance and Thermostability in Enzymes. Green Chemistry 2024,
26 (16), 8883-9272. https://doi.org/10.1039/d3gc04933¢.

Lakowicz, J. R. Principles of Fluorescence Spectroscopy; Springer, 2006;
pp 1-954. https://doi.org/10.1007/978-0-387-46312-4.

Maroncelli, M.; Fleming, G. R. Picosecond Solvation Dynamics of
Coumarin 153: The Importance of Molecular Aspects of Solvation. J Chem

Phys 1987, 86 (11), 6221-6239. https://doi.org/10.1063/1.452460.



Chapter-5 325

(87)

(88)

(89)

(90)

C2))

(92)

(93)

(94)

Mondal, S.; Mukherjee, S.; Bagchi, B. Origin of Diverse Time Scales in the
Protein Hydration Layer Solvation Dynamics: A Simulation Study. J. Chem.
Phys. 2017, 147 (15), 154901. https://doi.org/10.1063/1.4995420.

Bagchi, B. Water Dynamics in the Hydration Layer around Proteins and
Micelles. Chem Rev 2005, 105 9), 3197-3219.
https://doi.org/10.1021/cr020661+.

Mondal, S.; Mukherjee, S.; Bagchi, B. Protein Hydration Dynamics: Much
Ado about Nothing? J. Phys. Chem. Lett. 2017, 8 (19), 4878-4882.
https://doi.org/10.1021/acs.jpclett. 7602324,

Houston, P.; Macro, N.; Kang, M.; Chen, L.; Yang, J.; Wang, L.; Wu, Z.;
Zhong, D. Ultrafast Dynamics of Water-Protein Coupled Motions around
the Surface of Eye Crystallin. J. Am. Chem. Soc. 2020, 142 (8), 3997-4007.
https://doi.org/10.1021/jacs.9b13506.

Qin, Y.; Wang, L.; Zhong, D. Dynamics and Mechanism of Ultrafast Water-
Protein Interactions. Proc. Natl. Acad. Sci. USA 2016, 113 (30), 8424—-8429.
https://doi.org/10.1073/pnas.1602916113.

Guo, F.; Friedman, J. M. Osmolyte-Induced Perturbations of Hydrogen
Bonding between Hydration Layer Waters: Correlation with Protein
Conformational Changes. J. Phys. Chem. B 2009, 113 (52), 16632—-16642.
https://doi.org/10.1021/jp9072284.

Yadav, R.; Sen, P. Mechanistic Investigation of Domain Specific Unfolding
of Human Serum Albumin and the Effect of Sucrose. Protein Science 2013,

22 (11), 1571-1581. https://doi.org/10.1002/pro.2357.

Sharp, K. Entropy--Enthalpy Compensation: Fact or Artifact? Protein
Science 2001, 10 (3), 661-667. https://doi.org/10.1110/ps.37801.



326

(95)

(96)

97)

(98)

(99)

(100)

(101)

Chapter-5

Senske, M.; Tork, L.; Born, B.; Havenith, M.; Herrmann, C.; Ebbinghaus, S.
Protein Stabilization by Macromolecular Crowding through Enthalpy Rather
than Entropy. J. Am. Chem. Soc. 2014, 136 (25), 9036-9041.
https://doi.org/10.1021/ja503205y.

Das, N.; Sen, P. Shape-Dependent Macromolecular Crowding on the
Thermodynamics and Microsecond Conformational Dynamics of Protein
Unfolding Revealed at the Single-Molecule Level. J. Phys. Chem. B 2020,
124 (28), 5858-5871. https://doi.org/10.1021/acs.jpcb.0c03897.

Yadav, R.; Sengupta, B.; Sen, P. Effect of Sucrose on Chemically and
Thermally Induced Unfolding of Domain-I of Human Serum Albumin:
Solvation Dynamics and Fluorescence Anisotropy Study. Biophys Chem
2016, 211, 59-69. https://doi.org/10.1016/j.bpc.2016.02.005.

Mohan, V.; Sengupta, B.; Das, N.; Banerjee, 1.; Sen, P. Domain-Specific
Stabilization of Structural and Dynamic Responses of Human Serum
Albumin by Sucrose. Protein Pept Lett 2019, 26 (4), 287-300.
https://doi.org/10.2174/0929866526666190122115702.

Kamal, J. K. A.; Zhao, L.; Zewail, A. H. Ultrafast Hydration Dynamics in
Protein Unfolding: Human Serum Albumin. Proceedings of the National
Academy of  Sciences 2004, 101 (37), 13411-13416.
https://doi.org/10.1073/pnas.0405724101.

Samaddar, S.; Mandal, A. K.; Mondal, S. K.; Sahu, K.; Bhattacharyya, K.;
Roy, S. Solvation Dynamics of a Protein in the Pre Molten Globule State. J
Phys Chem B 2006, 110 (42), 21210-21215.
https://doi.org/10.1021/;p064136¢.

Nandi, N.; Bhattacharyya, K.; Bagchi, B. Dielectric Relaxation and

Solvation Dynamics of Water in Complex Chemical and Biological



Chapter-5 327

(102)

(103)

(104)

(105)

(106)

(107)

(108)

Systems. Chem Rev 2000, 100 (6), 2013-2045.
https://doi.org/10.1021/cr980127v.

Rastogi, H.; Singh, A.; Chowdhury, P. K. Towards the Energy Landscape of
Adenylate Kinase in Crowded Milieu: Activity, Conformation, Structure and
Dynamics in Sequence. Arch Biochem Biophys 2023, 743, 109658.
https://doi.org/10.1016/j.abb.2023.109658.

Rastogi, H.; Chowdhury, P. K. Understanding Enzyme Behavior in a
Crowded Scenario through Modulation in Activity, Conformation and
Dynamics. Biochim Biophys Acta Proteins Proteom 2021, 1869 (11),
140699. https://doi.org/10.1016/j.bbapap.2021.140699.

Nandy, A.; Chakraborty, S.; Nandi, S.; Bhattacharyya, K.; Mukherjee, S.
Structure, Activity, and Dynamics of Human Serum Albumin in a Crowded
Pluronic F127 Hydrogel. J. Phys. Chem. B 2019, 123 (16), 3397-3408.
https://doi.org/10.1021/acs.jpcb.9b00219.

Yon, J. M.; Perahia, D.; Ghélis, C. Conformational Dynamics and Enzyme
Activity. Biochimie 1998, 80 (1), 33—42. https://doi.org/10.1016/S0300-
9084(98)80054-0.

Vopel, T.; Makhatadze, G. I. Enzyme Activity in the Crowded Milieu. PLoS
One 2012, 7 (6), €39418. https://doi.org/10.1371/journal.pone.0039418.

Tzeng, S. R.; Kalodimos, C. G. Protein Activity Regulation by
Conformational Entropy. Nature 2012, 488 (7410), 236-240.
https://doi.org/10.1038/nature11271.

Acosta, L. C.; Perez Goncalves, G. M.; Pielak, G. J.; Gorensek-Benitez, A.
H. Large Cosolutes, Small Cosolutes, and Dihydrofolate Reductase Activity.
Protein Science 2017, 26 (12), 2417-2425.
https://doi.org/10.1002/pro.3316.



328

(109)

(110)

(111)

(112)

(113)

(114)

Chapter-5

Kim, S. H.; Park, S.; Yu, H.; Kim, J. H.; Kim, H. J.; Yang, Y. H.; Kim, Y.
H.; Kim, K. J.; Kan, E.; Lee, S. H. Effect of Deep Eutectic Solvent Mixtures
on Lipase Activity and Stability. J Mol Catal B Enzym 2016, 128, 65-72.
https://doi.org/10.1016/j.molcatb.2016.03.012.

Mader, S. L.; Lopez, A.; Lawatscheck, J.; Luo, Q.; Rutz, D. A.; Gamiz-
Hernandez, A. P.; Sattler, M.; Buchner, J.; Kaila, V. R. I. Conformational
Dynamics Modulate the Catalytic Activity of the Molecular Chaperone
Hsp90. Nat Commun 2020, 11 (1), 1-12. https://doi.org/10.1038/s41467-
020-15050-0.

Xu, S.; Wang, J.; Dong, J. Nonspecific Interaction and Overlap
Concentration Influence Macromolecular Crowding Effect on Glucose
Oxidase Activity. Int. J. Biol. Macromol. 2023, 241, 124525.
https://doi.org/10.1016/j.ijbiomac.2023.124525.

Derham, B. K.; Harding, J. J. The Effect of the Presence of Globular Proteins
and Elongated Polymers on Enzyme Activity. Biochim Biophys Acta
Proteins Proteom 2006, 1764 (6), 1000-1006.
https://doi.org/10.1016/j.bbapap.2006.01.005.

Das, N.; Yadav, S.; Negi, K. S.; Tarif, E.; Sen, P. Does Microsecond Active-
Site Dynamics Primarily Control Proteolytic Activity of Bromelain? Clues
from Single Molecular Level Study with a Denaturant, a Stabilizer and a
Macromolecular Crowder. BBA  Advances 2022, 2, 100041.
https://doi.org/10.1016/j.bbadva.2022.100041.

Weibels, S.; Syguda, A.; Herrmann, C.; Weingdrtner, H. Steering the
Enzymatic Activity of Proteins by Ionic Liquids. A Case Study of the
Enzyme Kinetics of Yeast Alcohol Dehydrogenase. Physical Chemistry
Chemical Physics 2012, 14 (13), 4635. https://doi.org/10.1039/c2cp24041f.



Chapter-5 329

(115)

(116)

(117)

(118)

(119)

Wu, B.-P.; Wen, Q.; Xu, H.; Yang, Z. Insights into the Impact of Deep
Eutectic Solvents on Horseradish Peroxidase: Activity, Stability and
Structure. J Mol Catal B Enzym 2014, 101, 101-107.
https://doi.org/10.1016/j.molcatb.2014.01.001.

Zhao, H.; Baker, G. A.; Holmes, S. Protease Activation in Glycerol-Based
Deep Eutectic Solvents. J Mol Catal B Enzym 2011, 72 (3-4), 163—-167.
https://doi.org/10.1016/j.molcatb.2011.05.015.

Rodriguez, J. M. G.; Hux, N. P.; Philips, S. J.; Towns, M. H. Michaelis-
Menten Graphs, Lineweaver-Burk Plots, and Reaction Schemes:
Investigating Introductory Biochemistry Students’ Conceptions of
Representations in Enzyme Kinetics. J. Chem. Educ. 2019, 96 (9), 1833—
1845. https://doi.org/10.1021/acs.jchemed.9b00396.

Silverstein, T. P. When Both Km and Vmax Are Altered, Is the Enzyme
Inhibited or Activated? Biochemistry and Molecular Biology Education
2019, 47 (4), 446—-449. https://doi.org/10.1002/bmb.21235.

Papadopoulou, A. A.; Efstathiadou, E.; Patila, M.; Polydera, A. C.; Stamatis,
H. Deep Eutectic Solvents as Media for Peroxidation Reactions Catalyzed
by Heme-Dependent Biocatalysts. Ind Eng Chem Res 2016, 55 (18), 5145—
5151. https://doi.org/10.1021/acs.iecr.5b04867.



330 Chapter-5

This page left blank intentionally



Chapter 6

Site-Specific Water Dynamics Drives Protein
Stability in Hydrated Deep Eutectic Solvents

Slow solvation / : Fast solvation
AREES > 0 { )\ AREES < 0
c c
2 2
8 2 S 8
3| | 3 3
s &~ < 5
7] | 7
s - s
= S |8
8 < | a8
© ©
k7] b7
[ [
o o

Tanmoy Khan, Kuntal Debnath, Kuldeep Singh Negi, and Pratik Sen*

Bigphysical ., 2025, 124, 1-18



332 Chapter-6

Abstract:

Deep eutectic solvents (DESs) have gained prominence as promising biocatalytic
media owing to their tunability, cost-effectiveness, and biocompatibility. However,
a comprehensive mechanistic understanding of protein behavior in such
environments remains elusive. In this study, we explore the role of associated water
dynamics in modulating the thermal stability of human serum albumin within
hydrated choline chloride-glycerol and choline chloride-ethylene glycol DESs. By
employing domain-specific site-selective fluorescence labelling and red edge
excitation shift (REES) measurement, alongside circular dichroism spectroscopy,
we reveal that modulation of associated water dynamics distinctly alters the entropic
and enthalpic contributions to protein stability. Flexible associated water enhances
enthalpic stabilization but promotes entropic destabilization, while restricted
associated water induces the opposite effect, providing a mechanistic basis for the
entropy—enthalpy compensation. Our findings underscore the necessity of domain-
specific stability measurements in multi-domain proteins and highlight the pivotal
role of immediate hydration dynamics in protein stabilization within unconventional
solvent systems. This study offers valuable insights for the rational design of DES-

based biocatalytic systems.
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6.1. Introduction:

Biocatalysis and deep eutectic solvents (DESs): Two key strategies for efficient
biocatalysis involve either suitable engineering of the enzyme to keep it stable and
active in conventional organic solvents or utilizing tunable solvents that inherently
support the native enzyme’s stability and activity '. The first approach, named

directed evolution 23

, was recognized with the 2018 Nobel Prize in chemistry. On
the other hand, ionic liquids (IL) and deep eutectic solvents (DESs), owing to their
versatile characteristics, have recently been found to keep enzymes stable and active
therein . Among these two, DES has certain edges over ILs regarding easy, cost-

810.11 Because of all these superior

effective, and atom-economical synthesis
qualities, there has been an upsurge in studies exploring enzymatic behaviour in
DESs and hydrated DESs in recent times >'27!8, However, most reports focus on
enzyme stability and activity in DESs without investigating the underlying reasons

for enzyme stabilization in these unconventional media.

Theories of enzyme stability in DES: Enzyme stability in DESs is often attributed
to the network-like structure of DESs, which is primarily formed through extensive
hydrogen bonding '%!%2°, Such a structure creates a protective environment that
sustains enzyme stability and activity '*2!-23, Additionally, the high viscosity of
DESs may restrict enzymes’ conformational flexibility, preserving their structural
integrity 242°. Specific hydrogen bonding and ionic interactions between DES
components and amino acid residues of an enzyme further influence enzyme
conformation and stability 1920, Recently, Fernandez et al. reported that bovine
serum albumin and lysozyme can adopt compact globular folds, intermediate states,
or unfolded chains depending on the chemical composition of the DES 27. Few
reports even suggest that various physical properties such as polarity, density,
refractive index, and surface tension of the DES can also contribute to enzyme

thermal stability and catalytic activity 2%%°.
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Limitations of the current understandings: Although the above understandings are
insightful and can explain certain results, they fail to fully account for DES-specific,
protein-specific, and DES concentration-dependent stability and activity of
enzymes. For instance, lipase, immunoglobulin G, and a-chymotrypsin show higher
thermal stability in ChCl-urea DES; yet lysozyme is destabilized in the same DES
2130232 ‘Moreover, in ChCl-urea DES, a-chymotrypsin stabilizes up to 0.25 g.mL™;
but its thermal stability decreases at higher DES concentrations 3. Cytochrome C,
studied by Papadopoulou et al. exhibits a concentration-dependent activity reversal
in several DESs, including in ChCI-EG, ChCl-Gly, and ChCl-urea DESs 4. Our
group has also reported DES concentration-dependent thermal stability and activity

293536 These observations challenge traditional stability

of the enzymes
explanations in DES media and indicate the need for a deeper mechanistic

understanding.

Role of water dynamics modulation in DES-protein milieu: A closer examination
of the literature highlights that hydrated DESs are generally more effective in
maintaining enzyme stability and activity compared to anhydrous DESs 43037739,
Multiple studies have shown that even minimal amounts of water can restore
enzyme functionality that is otherwise absent in anhydrous DESs %40 In fact,
several reports further highlight that an optimal level of water is crucial for
enhancing enzyme function within DESs #4142 Very recently, Fernandez et al.
demonstrated that water modulates enzyme behavior in a non-monotonic fashion,
with optimal hydration levels favoring specific conformations #*. Collectively, these
findings emphasize the critical role of water in regulating enzyme behaviour in
hydrated DES media. Specifically, water in the immediate surroundings that directly
interacts with the protein surface, referred to as associated water (which is also
known as bound water, biological water, and hydration layer), is known to play a
crucial role in maintaining protein stability and activity 4. Inspired by these

findings, we hypothesize that modulation of associated water dynamics could

significantly impact enzyme stability and activity in hydrated DESs 33-%.
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Previous studies and their shortcomings: Very recently, we have experimentally
shown that less flexible associated water in the presence of hydrated acetamide-urea-
sorbitol DES stabilizes an enzyme (bromelain) through the entropic component but
destabilizes it through the enthalpic component *3. The flexible associated water
dynamics influence the thermal stability of bromelain in exactly the opposite way
35, Our hypothesis explained both the positive and negative effects of DES on

35

bromelain °°. However, to generalize this hypothesis, further investigations

involving different enzymes and DES compositions are necessary.

Objectives of this study: In this study, we examine human serum albumin (HSA) in
the presence of two choline chloride (ChCl) based DES, ChCl-glycerol [1:2] (ChCl-
Gly) and ChCl-ethylene glycol [1:2] (ChCI-EG), to extend our previous findings on
enzyme stability in hydrated DESs. By selecting DESs with different hydrogen bond
donors (glycerol vs. ethylene glycol) (Scheme 1), we may be able to determine their
specific influence (if any) on enzyme thermal stability. To probe hydration
dynamics, we employ a steady-state fluorescence technique popularly termed as red-
edge excitation shift (REES), which has been used as an indicator of water dynamics
154 Given HSA’s multidomain structure, site-specific fluorescence labeling
allowed us a unique opportunity to examine different domains individually
(Scheme 1) >>-7. We have also studied domain-specific thermal stability. Our
findings establish a strong correlation between individual entropy and enthalpy
contributions to the domain-specific stability and the domain-specific REES,

offering insights that could be valuable for biocatalysis in DESs.
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Scheme 1. (a) The chemical structures of hydrogen bond donors and acceptors of the used
DESs (choline chloride-ethylene glycol and choline chloride-glycerol). (b) 3D structure of
human serum albumin, where different domains are represented with different colours.
Additionally, the specific sites where fluorescence labelling has been done are shown with red
and black circles.

6.2. Results and Discussion:

6.2.1. Thermal Stability of HSA in the Presence of Choline Chloride-based
Hydrated DESs: To investigate the thermal stability of human serum albumin
(HSA) in the presence of hydrated choline chloride-based deep eutectic solvents
(DESs), choline chloride—ethylene glycol [1:2] (ChCI-EG) and choline chloride—
glycerol [1:2] (ChCI-Gly), we performed temperature-dependent circular dichroism
(CD) spectroscopic measurements. The CD spectra of HSA in buffer (Figure 1a)
display a clear temperature-dependent shift, with a minima (negative peak) at
222 nm. Temperature-dependent CD spectra of HSA in the presence of different
concentrations of DES are represented in Figure 2. Monitoring the CD signal at
222 nm against temperature (Figure 1b) allowed us to compute the fraction of
unfolded protein (f,,) (Figure 1¢) using equation 6.1 and consequently the melting

temperature using equation 6.2.

=T N
Az22—A%2>

where, AY,, and AY,, represent the absorbance value at 222 nm of the native and

fully denatured states of the protein, respectively, which are taken as the lowest and
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highest values of the absorbance in the thermal denaturation experiment. The
melting temperature is defined as the temperature at which half the protein

population is unfolded, i.e., f,, = 0.5, which was determined by fitting the data to

the following equation.

YNTY
Ty (62)

1+e

Y=Yyt

In the above equation, y, represents signal corresponding to the native (folded) state
of the protein at low temperature, which is taken as 0 (i.e., f;=0), yy represents
signal corresponding to the unfolded state of the protein at high temperature and
taken as 1 (i.e., fy=1). T,, represents the melting temperature and indicates the
stability of the enzyme, and d is the slope or cooperativity factor. It describes how
sharply the transition occurs. Smaller d values mean a steeper, more cooperative

unfolding transition, while larger values indicate a broader transition.
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Figure 1. Thermal stability of HSA using circular dichroism spectroscopy. (a) Representative
circular dichroism (CD) spectra of HSA in buffer at different temperatures (298 — 358 K). (b)
Temperature-dependent changes in the CD signal at 222 nm. (¢) Variation of fraction unfolded
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(fu), which has been calculated using the equation mentioned in the inset, as a function of
temperature. Comparison of the thermal unfolding curve for different concentrations of (d)
choline chloride-ethylene glycol (ChCI-EG), and (e) choline chloride-glycerol (ChCl-Gly)
DES. Each melting curve was fitted using the sigmoidal function to get the melting temperature
of HSA at each DES concentration. (f) Comparison of the melting temperature (7,,) of HSA
in the presence of different concentrations of ChCI-EG and ChCI-Gly DES.

Comparison of the thermal unfolding curves of HSA for varying concentrations of
ChCI-EG (Figure 1d) and ChCIl-Gly (Figure le) clearly indicates a non-monotonic
change in the melting temperature (Figure 1f). Data reveals that at 25% (v/v) DES,
the thermal stability of HSA improves in both systems. For higher ChCI-Gly DES
concentration, the thermal stability of HSA keeps increasing and tends to saturate.
On the other hand, the effect of high concentration of ChCI-EG on HSA is found to
be completely opposite, where a destabilisation of HSA has been observed
(Figure 1f). Park ef al. reported that the enhanced thermal stability of lysozyme in
choline chloride-based DES positively correlates with the number of -OH groups in
hydrogen bond donors 2!. Different DESs with sugars and polyols also showed
similar observations for other proteins 235%3°, Consistent with this trend, a higher
stability is observed for ChCl-Gly compared to ChCI-EG. This observation might
be attributed, at least in part, to the additional —OH group present in glycerol. While
specific interactions and hydrogen bonding between DES components and protein
are typically considered to be the primary stabilizing factors, they fail to explain the
concentration-dependent reversal of thermal stability of HSA in ChCI-EG.
Moreover, viscosity-driven stabilization cannot account for this trend, as higher
DES concentrations (which exhibit increased viscosity) result in reduced protein

stability.
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Figure 2. Representative circular dichroism (CD) spectra of HSA in the presence of different
concentrations of ChCI-EG and ChCI-Gly DESs (the concentrations are mentioned in each
figure itself) at different temperatures (298 — 358 K).

6.2.2. Recognition of Individual Entropic and Enthalpic Terms of Thermal
Stabilization and Entropy-Enthalpy Compensation: To gain further insights into
the thermal stability of HSA in the presence of choline chloride-based DESs, we
sought to individually recognize the entropy (AS) and enthalpy (AH) of thermal
unfolding at each DES concentration. According to our proposed associated water
stabilization mechanism (AWSM) 33486061 " thermodynamic changes in protein
systems might be interpreted through the modulation of the dynamics of associated
water molecules. Specifically, additive-induced entropic destabilization associated
with enthalpic stabilization is expected to result in an increase in the flexibility of
the associated water molecules. In contrast, entropic stabilization and enthalpic
destabilization in the presence of additives are predicted to retard the water
dynamics (Scheme 2). This relationship can be understood by the modulation of the
water-protein hydrogen-bond network measured through its dynamics #°. Enhanced

flexibility in water dynamics implies a weakened hydrogen-bond network, which
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increases the configurational entropy of water relative to that in the buffer

environment. This results in a net positive change in entropy as,
AAS = ASqaaitive — ASbuffer >0 (6.3)
indicating entropic destabilization of the system. The reduction in hydrogen-bond

strength requires energy input, typically in the form of heat. This corresponds to a

positive enthalpic contribution leading to enthalpic stabilization.

dE
0p>0,H=0Qp= (E)p dT (6.4)
AAH = AHgqgitive — AHbuffer >0 (6.5)

Together, these suggest that associated water dynamics play a critical role in

modulating the thermodynamic stability of proteins.
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Scheme 2. Associated water reorganization is a critical factor that modulates protein Stability

in the presence of any additives (here DES). This scheme has been represented based on the

previous reports from our group >>44,
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Using the thermal melting curves and a two-state thermodynamic model (Figure 3a),
we have calculated the temperature-dependent free energy of unfolding (AG) of
HSA across different concentrations of ChCI-EG and ChCI-Gly DESs in buffer
(Figures 3b-c). By applying the Gibbs-Helmholtz equation, we extracted entropic
and enthalpic components of thermal unfolding at each DES concentration. Further,
we computed the differential entropy (AAS) and enthalpy (AAH) of stabilization
compared to that in buffer to delineate the positive or negative effect of DES on the
protein in an individual entropic and enthalpic manner. The differential free energy

of unfolding of the enzyme can be written as,

AAG = AGpgs — AGpysper = AMH — TAAS (6.6)

A positive value of A4AH contributes positively to the AAG, which implies that DES
contributes to the enthalpic stabilization of HSA, whereas a positive value of 44S
(consequently, a negative value of —TAAS that contributes negatively to the AAG)
suggests entropic destabilization. The concentration-dependent differential entropy
and enthalpy of stabilization of HSA in the presence of ChCI-EG and ChCI-Gly
DESs are presented in Figures 3d and 3e, respectively. Up to 50% (v/v) of both
ChCI-EG and ChCIl-Gly DESs in buffer, we observed a steady increase in the
entropic destabilization and enthalpic stabilization. However, at 75% (v/v) ChCl-
EG and ChCI-Gly DES, the extent of both drastically reduces. Further, a plot of A4H
vs —TAAS gives a straight line with slope ~0.85 and 0.83 for ChCI-EG and ChCl-
Gly DESs, respectively, suggesting a strong entropy-enthalpy compensation in the
presence of both the DESs (Figure 3f). Additionally, the enthalpy effect dominates

in the overall stabilization process of HSA in the presence of both DESs.
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Figure 3. Individual entropic and enthalpic components might be positive or negative,
depending on the type and concentration of the DESs. (a) Variation of the CD signal of HSA
in buffer at 222 nm with temperature. The equation for calculating the equilibrium constant
and the native and denatured state signals is mentioned in the figure. Plot of unfolding free
energy of HSA as a function of the temperature in the presence of various concentrations of
(b) ChCI-EG, and (c) ChCI-Gly DES. Plot of differential free energy (44G) at 298 K,
differential entropic component (—TA4AS), and differential enthalpic component (44H) for
thermal unfolding of HSA in the presence of various concentrations of (d)ChCI-EG, and (e)
ChCl-Gly DES. Here, A4AH or AAG = AHpgs or AGpgs — AHpygper O AGpyffer, and
—TAAS = —T(4Spgs — ASpusrer) respectively. (f) Plot between entropic and enthalpic
terms of thermal stability of HSA in the presence of various concentrations of both ChCIl-EG
(violet) and ChCI-Gly (green) DES. The black line is a linear fit, and a near-unity slope
indicates entropy—enthalpy compensation.

Entropy-enthalpy compensation is a widely observed phenomenon in biochemical
processes 496263 Tn a recent study, we reported a similar compensation effect for
bromelain when exposed to acetamide-urea-sorbitol hydrated DES °. We proposed
that water, being a common factor, modulates both entropic and enthalpic
contributions in an opposing manner (Scheme 2) 33#4%_ Specifically, we found that
less flexible associated water in the presence of the DES stabilizes bromelain
through entropy but destabilizes it through enthalpy, while flexible associated water

dynamics result in an opposite thermodynamic outcome (Scheme 2). A similar
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compensatory effect has been observed in the presence of macromolecular crowders,
where modulation of water-protein hydrogen bonds (probed through the associated
water dynamics) plays a critical role in protein stability *®*°. Since associated water
interacts directly with the protein surface, it likely exerts a significant influence on
enzyme stability, and our previous studies support this mechanism #-9,

To validate the mechanism (i.e., AWSM) further, we aim to investigate solvation
dynamics around the protein. We employed fluorescence-based red edge excitation
shift (REES) to estimate site-specific solvation dynamics at two different domains
of HSA. This approach enables us to generate a residue-specific solvation dynamics

map, providing mechanistic insights into the interplay between associated dynamics

and protein stability in DES environments.

6.2.3. Measurement of red edge excitation shift (REES) as an indicator of
solvation dynamics: While NMR and X-ray crystallography can provide insights
into the water dynamics, their applicability is limited +%7. X-ray crystallography
primarily reveals only the bound water molecules in the protein crystal ®-5% while
NMR spectroscopy is generally restricted to small proteins such as calmodulin and
lysozyme ®-7!. Other advanced techniques, such as Raman and infrared (IR)
spectroscopy, terahertz spectroscopy, neutron scattering, and dielectric relaxation
spectroscopy, offer valuable information on solvation dynamics 7>~’7. However,
these methods are often constrained by complex instrumentation and analysis,
intricate sample preparation, and the requirement of high sample concentrations
(chances of aggregation), making them less ideal for studying large protein systems
78-81

In contrast, red edge excitation shift (REES) is a fluorescence-based method that is
both experimentally simple and highly sensitive to solvation dynamics at site-
specific fluorophore locations 3'*8283  Unlike other spectroscopic techniques,
REES requires only micromolar protein concentrations, making it experimentally

accessible for a wide range of biological studies °!+334 Moreover, high spatial
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resolution of fluorescence makes REES particularly valuable for investigating
solvent interactions in large and complex enzymes >!-435:86,

The occurrence of REES depends on the timescale of solvent relaxation relative to
the fluorescence lifetime 348788, When the stabilization of the excited state by the

surrounding solvent occurs much faster than its fluorescence lifetime (75 K 7y),

emission predominantly takes place from the fully solvated state, regardless of the
excitation wavelength, and no REES is observed. However, if solvent relaxation is
comparable or slower than the excited-state lifetime (7g = ), emission occurs
before complete solvent stabilization, and REES can be observed (Scheme 3) #.

Since REES only manifests under the conditions of restricted solvent mobility, it
serves as a sensitive probe for solvation dynamics around a fluorophore.
Additionally, changes in the magnitude of REES in the presence of an additive
suggest modulation of solvation dynamics within the system. Specifically, increased
REES indicates slower solvation dynamics, revealing critical insights into solvent-

protein interactions in diverse environments.
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Scheme 3. Schematic representation of red edge excitation shift (REES). In a heterogeneous
distribution of the environment around the fluorophore, photoexcitation at different
wavelengths excites molecules to different excited states (S;, ;). When the solvation dynamics
(t5) is faster than the emission lifetime (7y), i.e., Tr > T, then irrespective of the excitation
wavelength, molecules excited from both un-solvated (S,) and solvated (S;) ground states have
sufficient time to reach the same fully relaxed excited state (S;). Consequently, signals from
the unsolvated and solvated populations will merge together, and no REES can be observed.
However, when the solvation dynamics is slower or comparable to the emission lifetime, i.e.,
Tr < Tg, it does not permit the solvent dipolar realignment before the emission. In this case,
excitation of the unsolvated population leads to emission from a high-energy, unrelaxed state,
while excitation at the red edge selectively targets the already solvated population, leading to
emission from a lower-energy, relaxed state. As a result, signals from the unsolvated and
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solvated populations will not merge, and red-shifted emissions spectra with longer wavelength
of excitation (REES) will be observed.

Several reports have proposed that the network-like structure of DES forms a unique
solvation shell around the protein, thereby influencing protein stability and

dynamics 19,21-23,89

. Our group previously demonstrated that even at high
concentrations of hydrated acetamide/urea/sorbitol DES, the immediate solvation
environment of HSA remains unperturbed 3°. Additionally, using bromelain in the
same DES system, we experimentally established that modulation of solvation
(associated water) dynamics plays a critical role in determining both stability and
activity ¥, In the present study, we aimed to estimate associated water dynamics
through the measurement of REES.

REES has previously been recognized as a reliable indicator of dynamics across

51,52,55.82,83,85.86,90.91 Raghuraman et al. created a hydration

diverse protein systems
dynamics mapping of K+ channels in their activated and inactivated form employing
REES *2. Very recently, More et al. used site-specific REES to develop a solvation
dynamics map of TDP-43 protein during misfolding and aggregation °!. The
fluorescence lifetime of CPM-tagged HSA (domain I) and NPCE-tagged HSA
(domain III) in buffer was reported to be around 3.6 ns 3 and 3.7 ns ¢, and the
solvation time was around 2.2 ns 3¢ and 1.32 ns >, respectively. Because of the
comparable solvation time and fluorescence lifetime, an appreciable amount of
REES has been observed for both domains of HSA. Our group previously reported
domain-specific REES changes in HSA during chemical denaturation with
guanidine hydrochloride (GnHCI), demonstrating the effect of environmental
rigidity on solvent relaxation dynamics >°. Other groups also reported the REES of

serum albumin protein °>%3.
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Figure 4. Modulation of hydration dynamics employing REES at different domains of HSA.
(a) Excitation wavelength-dependent emission spectra of CPM tagged to HSA (domain I) in
buffer. (b) Shift of the emission maxima of CPM tagged to HSA (domain I) with the change
in the excitation wavelength. (c¢) Extent of REES of CPM tagged to HSA (domain I) in the
presence of various concentrations of ChCI-EG (pink) and ChCI-Gly (green) DES. (d)
Excitation wavelength-dependent emission spectra of NPCE tagged to HSA (domain III) in
buffer. (e) Shift of the emission maxima of NPCE tagged to HSA (domain III) with the change
in the excitation wavelength. (f) Extent of REES of NPCE tagged to HSA (domain III) in the
presence of various concentrations of ChCI-EG (pink) and ChCl-Gly (green) DES.

Following our previous reports 39493336 we have selectively tagged two domains of
the HSA protein with suitable fluorophores. The excitation wavelength dependent
emission spectra of CPM-tagged HSA (domain I) and NPCE-tagged HSA in buffer
show a clear red shift with the increase in the excitation wavelength (see Figure 4a
and Figure 4d, respectively), and the corresponding excitation wavelength
dependent emission maxima is plotted in Figure 4b and Figure 4e, respectively,
from which the extent of REES is calculated. All the other raw data, except for buffer

and relevant plots, are incorporated in Figures 5 and 6.
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Figure 5. Excitation wavelength-dependent emission spectra of CPM tagged to HSA (domain
I) in different concentrations of hydrated ChCI-EG (Upper panel) and ChCIl-Gly (middle
panel). (lower panel) Shift of the emission maxima with the change in the excitation
wavelength in various concentrations of hydrated ChCI-EG (pink) and ChCl-Gly (green) DES.
The concentrations of the DES are mentioned in each figure itself.
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Figure 6. Excitation wavelength-dependent emission spectra of NPCE tagged to HSA (domain
IIT) in different concentrations of hydrated ChCI-EG (Upper panel) and ChCI-Gly (middle
panel). (lower panel) Shift of the emission maxima with the change in the excitation
wavelength in various concentrations of hydrated ChCI-EG (pink) and ChCl-Gly (green) DES.
The concentrations of the DES are mentioned in each figure itself.

The extent of REES for CPM tagged to domain-I of HSA is found to increase
progressively with an increase in the DES concentration for both ChCI-EG and
ChCl-Gly systems (Figure 4c). In contrast, the REES for NPCE tagged to domain-
IIT of HSA exhibits a non-monotonic trend (Figure 4f) in the presence of both ChCl-
EG and ChCl-Gly DESs. At low DES concentrations (25% v/v), REES of domain-
III decreases, indicating increased flexibility in the nearby water molecules of the
protein. At higher DES concentrations (50-75% v/v), REES increases again,

suggesting a restricted solvent environment. The observed domain-specific
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difference in REES modulation suggests that domain-I experiences progressive
solvation retardation, whereas domain-III undergoes an initial increase in the
associated water flexibility, followed by somewhat rigidification at higher DES

concentrations.

6.2.4. Correlation between entropy and enthalpy of stabilization and associated
water dynamics of HSA estimated through REES: To examine the correlation
between the associated water dynamics around the protein and its thermal stability,

we used AREES, defined as,

AREES = REESpgs — REESyuf fer (6.7)

A positive AREES value indicates retardation of the dynamics near the probe site.
Conversely, a negative AREES suggests a more flexible solvent environment,
indicating faster associated water dynamics (Figure 7a). According to the hypothesized
associated water stabilization mechanism (AWSM), the entropic stabilization (AAS <
0 and — TAAS > 0) and concomitant enthalpic destabilization (AAH < 0) will be
associated with less flexible water dynamics than a buffer, and consequently a positive
AREES must be observed (Figure 7b). On the other hand, the entropic destabilization
(—=TAAS < 0) and associated enthalpic stabilization (AAH > 0) will be linked to the
flexible water dynamics than in the buffer, and consequently, a negative AREES will
be observed (Figure 7b).

Figure 3 suggests a negative AREES at low DES concentrations (up to 50% v/v), while
higher concentrations (75% v/v) of DES should yield less negative or even positive
AREES. The REES experiment of domain-III of HSA in the presence of both the DESs,
yields expected results with a negative AREES at low DES concentrations (25-50%
v/v), which become less negative at 75% v/v of DES (Figures 7c.f). In contrast,
domain-I of HSA exhibited a different trend. In this case, AREES is found to be

positive across all DES concentrations, indicating slower solvation dynamics in the



350 Chapter-6

presence of both DESs (Figures 7c,f). Moreover, the magnitude of AREES increased
with increasing DES’s concentration, suggesting a progressive restriction of hydration
dynamics in domain-I of HSA. These findings highlight the domain-specific
modulation of hydration dynamics in DES environments. While domain-III
experiences an increase in the associated water flexibility for low DES concentrations
and then retards with high DES concentrations, domain-I portrays a monotonic
retardation of the associated water dynamics.

To further analyze the relationship, we plotted differential entropic and enthalpic
changes as a function of AREES. Domain-I shows no correlation between AREES and
components of thermal stabilization in either ChCI-EG or ChCl-Gly DESs (Figures 7d,
g). The negative adjusted R? values in Figures 7d, g indicate that AREES of domain-I
does not correlate with the overall entropic or enthalpic component of unfolding.
However, for domain-I1I, AREES and differential entropic and enthalpic terms are

somehow correlated (Figures 7e, h).

6.2.5. Necessity of domain-specific thermal unfolding of HSA via site-specific
fluorescence spectroscopy: The unfolding of multi-domain proteins is inherently
complex as different domains fold and unfold independently, contributing to the global

structure 2497

. Understanding domain-specific unfolding is therefore crucial to
elucidate protein stabilization mechanisms **'%, Human serum albumin consists of
three distinguishable domains '°!. Among which, REES of domains I and III are probed
in the present study through selective fluorescent tags. Fortunately, through these
domain-selective fluorescent tags, domain-specific thermal unfolding can also be
measured.

Our previous research demonstrated that domain-III of HSA unfolds first, followed by
domains-I and II, when exposed to guanidine hydrochloride (GnHCI) 8-100,102,103
Mohan et al. even reported the domain-specific solvation dynamics of HSA in the
presence and absence of sucrose during unfolding, revealing different modulation of

the hydration dynamics across domains ', Other studies have explored domain-

specific secondary structure and binding properties of HSA 0. Inspired by these
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studies, we aimed to measure domain-specific stabilization of HSA in the presence of

ChCI-EG and ChCI-Gly DESs.
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Figure 7. Correlation between the thermal stability of HSA and modulation of REES of two
different domains of HSA. (a) Schematic representation of the relation between AREES and
the modulation of solvation/hydration dynamics with respect to the buffer. (b) a schematic
representation of our hypothesis, where entropic destabilization and associated enthalpic
stabilization suggest faster hydration dynamics (negative AREES) and the opposite
thermodynamic outcome, which 1is entropic stabilization and associated enthalpic
destabilization, suggests slower hydration dynamics, i.e., positive AREES. (c) Differential
entropic component (—7TAAS) and enthalpic component (AAH) of thermal unfolding of HSA
and the differential REES (AREES = REESpgs — REESpyffer) of Domain-I and Domain-III
in the presence of various concentrations of ChCI-EG. Plot of differential stability components
(AAH and —TAAS) of thermal unfolding of HSA in the presence of various concentrations of
ChCI-EG DES as a function of the AREES of (d) Domain-I, and (e¢) Domain-III. (f) Differential
entropic component (—7AAS) and enthalpic component (AAH) of thermal unfolding of HSA
and the differential REES (AREES) of Domain-I and Domain-III in the presence of various
concentrations of ChCl-Gly DES. Plot of differential stability components (AAH and —TAAS)
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of thermal unfolding of HSA in the presence of various concentrations of ChCl-Gly DES as a
function of the AREES of (g) Domain-I, and (h) Domain-III. No correlation was found in the
case of AREES of Domain-I for both the DESs.

Thermal unfolding of domain-I of HSA is monitored through the change in the
emission characteristics of CPM dye tagged to domain-I of HSA. CPM is a
solvatochromic dye having high sensitivity to its microenvironment. In native HSA,
CPM is buried within hydrophobic regions of domain-I, leading to a blue-shifted
emission. However, upon protein unfolding, CPM becomes exposed to aqueous
surroundings, causing a red-shifted emission (Figures 8a,b) as its excited-state dipole
gets stabilized through the polar solvent (water) relaxation ', This environment-
dependent spectral shift makes CPM fluorescence a sensitive indicator of protein
unfolding.

From the thermal unfolding curve of domain-I of HSA in the absence and presence of
different concentrations of the two DESs, we determined the free energy of the
unfolding employing a two-state model (Section 1.1.4.2). Using the Gibbs—Helmholtz
equation, we recognized the individual entropic and enthalpic terms of the thermal
unfolding (see Figure 8c for buffer, Figure 8d for varying concentrations of ChCI-EG,
and Figure 8g for varying concentrations of ChCl-Gly). We then calculated the
differential entropy and enthalpy of thermal unfolding, taking the entropy and enthalpy
of unfolding in buffer as a baseline. In Figures 8e and 8h, we have plotted differential
entropy and enthalpy of domain-I unfolding alongside AREES, across different
concentrations of ChCI-EG and ChCl-Gly DESs, respectively. Clearly, with the
entropic stabilization (—=TAAS > 0) and concomitant enthalpic destabilization (AAH <
0), a positive AREES 1s observed, which suggests a retarded associated water
dynamics. Moreover, the highest DES concentrations yielded the strongest positive
AREES, reinforcing the hypothesis that restriction in the associated water contributes
to thermal stabilization. Consequently, a very strong correlation between differential

entropy and enthalpy with AREES has been observed in the case of both the DESs
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(Figures 8f and 81), which was previously absent when correlated with the entropy and

enthalpic components of overall stabilization (Figures 7d, 7g).
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Figure 8. Thermal unfolding of Domain-I of HSA and its correlation with modulation of REES
of Domain-I in the presence of different DES. (a) Representative steady-state fluorescence spectra
of CPM-tagged HSA (domain I) in buffer at different temperatures. (b) Variation of emission
maxima of CPM-tagged HSA in buffer as a function of temperature. (c) Schematic for estimating
the change in the entropy and the enthalpy from the slope and the intercept, respectively, from
the unfolding free energy of HSA in buffer. Plot of unfolding free energy of domain-I of HSA in
the presence of various concentrations of (d) ChCI-EG, (g) ChCI-Gly DES as a function of the
temperature. Differential entropic component (—7AAS) and enthalpic component (AAH) of
thermal unfolding of Domain-I of HSA and the differential REES (AREES = REESpgs —
REESpyffer) of Domain-I in the presence of various concentrations of (¢) ChCI-EG, (h) ChCl-
Gly DES. Plot of differential stability components (AAH and —TAAS) of thermal unfolding of
HSA as a function of the AREES of Domain-I in the presence of various concentrations of (f)
ChCI-EG, (i) ChCI-Gly DES.
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To explore the stabilization of domain-III of HSA, we used the solvatochromic feature
of NPCE tagged to domain-III of HSA. The temperature-dependent emission spectra
and the shift of emission maxima of NPCE-tagged HSA in buffer are represented in
Figures 9a and 9b, respectively. Employing the Gibbs-Helmholtz equation in the free
energy of unfolding vs temperature plots, we have extracted the entropy and enthalpy
of unfolding in buffer and at each experimental concentration of the two DESs
(Figures 9c, 9d, and 9g). In figures 9¢ and 9h, we have plotted differential entropy and
enthalpy of domain-III unfolding along with the AREES of that domain, in the presence
of different concentrations of ChCI-EG and ChCI-Gly DES, respectively. Negative
AREES 1is consistently observed across all DES concentrations, confirming that the
associated water dynamics around domain-III become more flexible in DES
environments. Also, the differential entropy and enthalpy are well correlated as a
function of AREES (Figures 9f and 9i) and the adjusted R%, which indicates that the
goodness of fit substantially increases.

These findings reinforce the hypothesis that associated water dynamics significantly
influence protein thermal stability, consistent with prior observations in other DESs
and macromolecular crowders 3839, Moreover, these observations suggest a need for
domain-specific measurement of thermal unfolding and solvation dynamics in the case
of multidomain proteins.

The domain-specific thermal unfolding curves in the presence of different
concentrations of ChCI-EG and ChCl-Gly DESs for both domains are presented in
Figure 10.
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Figure 10. Domain-wise thermal unfolding curve for different concentrations of DESs. The upper
panel represents the thermal unfolding curve for CPM-tagged (domain I) HSA in the presence of
different concentrations of (a) ChCI-EG and (b) ChCI-Gly DES. The lower panel represents the
thermal unfolding curve for NPCE-tagged (domain-III) HSA in the presence of different
concentrations of (c) ChCl-EG and (d) ChCI-Gly DES.

6.2.6. Role of protein conformation in modulating the REES of HSA: Thus far, we
have demonstrated a correlation between individual entropic and enthalpic terms of the
domain-wise stability of HSA and the modulation of associated water dynamics around
that domain probed through REES. However, changes in the protein conformations
due to the addition of DES can also influence the thermal stability and the associated
water dynamics. Also, if the protein conformations change significantly due to the DES
addition, it might affect the extent of REES as well. Protein unfolding generally leads
to increased water interaction that accelerates the associated water dynamics °°-192.104,
Our group previously reported that increasing GnHCI concentrations resulted in the

unfolding of domain-I and domain-IIT of HSA with a significant decrease in the extent

of REES >°. Thus, one needs to be assured of the minimal structural changes of the
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protein in the presence of different hydrated DES to comment on any relationship
present between stability and REES, and consequently, associated water dynamics.

To examine whether DES affects the secondary structure of HSA, we performed
circular dichroism (CD) spectroscopy at different DES concentrations. No significant
spectral changes were observed with increasing ChCI-EG or ChCI-Gly DES
concentrations, indicating no substantial alterations in protein conformation
(Figures 11a, 11b, and 11c). To further assess any DES-induced global tertiary
structural changes, we used single-molecular level fluorescence correlation
spectroscopy (FCS) to determine the hydrodynamic radii of HSA in the presence of
different concentrations of both the hydrated DESs (see Figures 11d-f). We found no
significant change in the hydrodynamic radii in the presence of ChCI-EG. However, a
slight compaction in the structure (decrease in the hydrodynamic radius) at 75% (v/v)
of ChCl-Gly hydrated DES (Figure 11f) is observed. These results collectively confirm
that structural changes do not play a significant role in DES-mediated domain-specific
stabilization of HSA and further validate associated water dynamics modulation as the

key factor influencing protein stability in DES media.
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Figure 11. No significant conformational change of HSA in the presence of both ChCl-based
DES. CD spectra of HSA at different concentrations of (a) ChCI-EG, and (b) ChCI-Gly hydrated
DES. (c) experimental intensity of CD spectra at 222 nm at each DES concentration, which shows
that the secondary structure is not significantly perturbed throughout the concentration range of
DES. The normalized correlation function obtained using FCS for TMR-tagged (domain I) of
HSA in the presence of different concentrations of (d) ChCI-EG, and (¢) ChCIl-Gly hydrated DES.
(f) Modulation of hydrodynamic radii of HSA with the concentrations of hydrated DES.

6.3. Summary and Conclusion

This study elucidates the critical role of hydration dynamics in modulating protein
stability within hydrated deep eutectic solvents, using human serum albumin (HSA)
as a model system. By employing circular dichroism (CD) spectroscopy,
fluorescence-based red-edge excitation shift (REES), and fluorescence spectroscopy,
we systematically investigated the interplay between solvation dynamics, entropy-
enthalpy compensation, and protein stability in the presence of choline chloride-
based hydrated DESs (ChCI-EG and ChCI-Gly).

Our findings reveal that, firstly, hydration dynamics can be measured through a
simple fluorescence-based technique, REES. More importantly, hydration dynamics
rather than protein conformational changes dictate the thermal stability of HSA in
choline chloride-based hydrated DESs.

Secondly, domain-specific unfolding is an important measurement to understand the
intricate relationship between enzyme stability and hydration dynamics. Strong
correlations between hydration dynamics (AREES) and stability components
(=TAAS and AAH) affirm hydration-induced protein stabilization in DESs. Domain-
specific REES changes directly correlate with stability trends, reinforcing the
mechanistic link between hydration dynamics and entropy-enthalpy compensation.
Thirdly, Domain-specific hydration modulation governs the entropy-enthalpy
balance of protein stabilization. Domain-I exhibits retarded associated water
dynamics (positive AREES), leading to enthalpic destabilization and entropic
stabilization while Domain-III experiences hydration flexibility (negative AREES),

resulting in enthalpic stabilization and entropic destabilization.
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Fourthly, ChCl-Gly DES exerts a stronger stabilizing effect than ChCI-EG, which

might be due to differences in hydrogen bond donor interactions owing to a higher

number of -OH groups present in glycerol relative to ethylene glycol.

Our results provide a fundamental understanding of protein-DES interactions by

identifying hydration dynamics as a key determinant of protein stability. The findings

hold broad implications in the field of biocatalysis, pharmaceutical formulations, and

protein preservation in DES environments. Future studies should explore how

hydration modulation can be fine-tuned for optimizing enzyme activity and stability

in such unconventional solvent systems.
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Abstract:

Macromolecular crowding bridges in-vivo and in-vitro studies by simulating cellular
complexities such as high viscosity and limited space, while maintaining the
experimental feasibility. Over the last two decades, the impact of macromolecular
crowding on protein stability and activity has been a significant topic of study and
discussion, though still lacking a thorough mechanistic understanding. This article
investigates the role of associated water dynamics on protein stability and activity
within crowded environments, using bromelain and Ficoll-70 as the model systems.
Traditional crowding theory primarily attributes protein stability to entropic effects
(excluded volume) and enthalpic interactions. However, our recent findings suggest
that water structure modulation plays a crucial role in the crowded environment. In
this report, we strengthen the conclusion of our previous study, i.e. rigid-associated
water stabilizes proteins via entropy and destabilizes them via enthalpy, while
flexible water has the opposite effect. In the process, we addressed previous
shortcomings with a systematic concentration dependent study using a single-
domain protein and component analysis of solvation dynamics. More importantly,
we analyse bromelain's hydrolytic activity using the Michaelis-Menten model to
understand kinetic parameters like maximum velocity (V,,,,) achieved by the system
and the Michalis-Menten coefficient (Kj,). Results indicate that micro-viscosity (not
the bulk viscosity) controls the enzyme-substrate (ES) complex formation, where an
increase in the micro-viscosity makes the ES complex formation less favourable. On
the other hand, flexible associated water dynamics were found to favour the rate of
product formation significantly from the ES complex, while rigid associated water
hinders it. This study improves our understanding of protein stability and activity in

crowded environments, highlighting the critical role of associated water dynamics.
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7.1. Introduction
Macromolecular crowding: A vital component of cellular complexity:

The cellular environment is much more complex than the buffer solution that is
typically used for biochemical studies !. Macromolecular crowding is probably the
most essential component of such complexity as it mimics two of the most important
cellular properties: increased viscosity and reduced accessible space in the cell 2,
Over the past two decades studies have shown that every protein property is affected
by macromolecular crowding 328, At the same time, like in any research field, efforts
have been dedicated to understanding the mechanism of the macromolecular
crowded induced alteration of the properties '41%2°3! However, because of the
enormous complexity of the system, an appropriate physical insight with predictive
power is yet to be achieved. This report aims to gain this crucial mechanistic insight
into two important protein properties, i.e. stability and activity, in a crowded

environment.

Traditional vs. modern theories on protein stability in a crowded milieu:

Protein stability in the crowded milieu results from a delicate balance between
stabilizing entropic effects and stabilizing/destabilizing enthalpic contributions 32.
The origin of the entropic effect is associated with the excluded volume. This stems
from the fact that two solutes cannot access the same space at the same time, thus,
in the presence of macromolecular crowder a protein can access lesser volume as
compared to when no macromolecular crowder is present >33, The excluded volume
effect shifts protein unfolding in a direction where protein occupies a lesser volume,
leading to protein compaction/stabilization °3%3*, The excluded volume effect
remains the main pillar, even today, to explain protein stability in a crowded milieu
1.233.3537 However, many observations of protein destabilization in the crowded
environment indicate the importance of interaction between the protein and the
crowder 2326384 Quch interactions have an enthalpic component notwithstanding

the entropic term 3842,
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In recent times, many reports individually recognized the entropic and enthalpic
components of stabilization 2426394346 Such experiments sometimes yield two
interesting observations, namely- negative entropic component and entropy-

2643.4547 which cannot be explained by traditional crowding

enthalpy compensation
theory (excluded volume effect + interaction). There are some hints, mainly from
simulation studies, that water structure modulation could explain such observations
30,3648 Taking human serum albumin (HSA) and different crowders, we recently
demonstrated that indeed the consideration of water structure modulation explains
these two anomalies for protein stability in the crowded milieu 4. Further, we
suggested that the relationship between the protein stability and the associated water

structure should be better understood in terms of individual entropic and enthalpic

components, instead of overall stability 4°.

Shortcomings of the previous study:

However, the generalization of such claims requires a huge effort, taking different
crowders, proteins, and at a wide concentration range of the crowder. Moreover, a
correlation of associated water dynamics with the function of the protein is expected,
which is missing in the literature. Further, our previous study had limitations like-
(1) used crowders were of different building blocks, meaning their interactions with
the protein may vary. Therefore, directly linking the water structure modulation to
stability modulation is risky in this context. (i) Mechanism-wise, though it is quite
expected that there would be a change in the property as one moves from lower to
higher crowder concentrations 3°-2, the same was not done in the previous study.
(i11)) We used multi-domain HSA, which anyway has a very complicated energy
landscape with domains being independent folding units >34, makes the analysis
quite challenging. We wanted to move forward with a simpler protein with
systematic changes in the concentration of the crowder used and also to understand

how the activity is altered in presence of macromolecular crowding.
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Protein activity: The most important and least understood protein behaviour in
crowded milieu:

Protein activity in the crowded milieu is also poorly understood despite many studies
showing changes in protein function under such conditions 3>, This hurdle arises
because protein functions often involve multiple steps, and various factors
collectively influence activity of a protein in a crowded medium. Excluded volume
effect, crowder-substrate interactions, changes in the effective concentration of
enzyme and substrate, altered diffusion coefficient of the enzyme and substrate, and

59,65-71

critical concentration of crowder are a few of such factors . As aresult, protein

activity can increase, decrease, or remain the same in the presence of

39,62,64,66-68,70,71 T 2()17, Pielak and co-workers reviewed

macromolecular crowders
protein activity in crowded environments and found no consistent trend: nine reports
showed increased activity, six showed decreased activity, and another six showed no

65

change ®. This inconsistency underscores the need for a deeper mechanistic

understanding of protein behaviour in crowded milieus.

Our effort in this report to understand protein stability and activity in crowded
milieu:

Herein, using bromelain as the model protein and Ficoll-70 as the synthetic crowders
we (1) aimed to eliminate the shortcomings of our previous report and generalize the
mechanism of protein stability in a crowded milieu that considers the important role
of associated water, and (i1) also aims to provide mechanistic insights into protein
activity in crowded milieu by correlating maximum velocity (Vmax) and Michalis-
Menten coefficient (Km) with important protein and medium properties %-61:6%72 We

have schematically presented the aim for this work in scheme 1.
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Scheme 1. Our effort in this report: Concentration-dependent effect of Ficoll-70 on the stability
and activity of bromelain. We individually recognized the components of stability and activity
and tested how solvent structure modulation controls them.

=)
=)

Bromelain

,.
S s

Associated
water dynamics

We find that rigid associated water structure stabilizes protein through entropy and
destabilizes it through enthalpy. Further, micro-viscosity (and not the bulk viscosity)
controls enzyme-substrate complex formation, while associated water significantly
influences the rate of product formation. This study enhances our understanding on
protein stability and activity in crowded environments, highlighting the critical role

of associated water.

7.2. Results and Discussion

7.2.1. Modulation of associated water structure with macromolecular

crowding:

The nature of the water near a protein, known as associated water or biological water,

73-76

differs significantly from the bulk water . This water interacts directly with the

protein surface, and any changes in its structure can profoundly impact the

biophysical processes 7>-78

. In the present study, we took bromelain as our model
protein and tagged it site-selectively with a solvent-sensitive fluorescent molecule
7-diethylamino-3-(4'-maleimidylphenyl)-4-methylcoumarin (CPM) to measure the
water dynamics modulation around it using time-dependent fluorescence Stokes

shift (TDFSS) method in the presence of different Ficoll-70 concentrations. TDFSS
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has certain advantages over other techniques for the measurement of water
dynamics. Firstly, the time resolution of this method is much superior to the other

techniques like NMR 7939 dielectric relaxation 3!

, etc., and secondly, it gives
information about the solvent molecules present in the immediate vicinity of the
fluorescent probe, those might interact directly with the protein, compared to the
other techniques, where the information of bulk water and associated water are
averaged out 7%%2. In TDFSS, the solvatochromic probe molecule undergoes a
significant dipole moment change upon photoexcitation, causing surrounding
solvents to compensate for this change by rearranging themselves. This

rearrangement time is roughly a measure of the solvation dynamics 3384,
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Figure 1. Time-resolved emission Spectra (TRES) of CPM-tagged Bromelain in the buffer and
various concentrations of ficoll 70. Here, a few representative time points have been shown at
each ficoll 70 concentration to provide clear visualization.
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In the TDFSS method, one constructs the time-resolved emission spectra (TRES)
and derives the solvent response function (S(t)), which is fitted to a multi-
exponential function. For the present case, all the TRES of CPM-tagged bromelain
with different Ficoll-70 concentrations are given in Figure 1. The TRES and the
time-dependent shift of the emission maximum of CPM-tagged bromelain in the
buffer are shown explicitly in Figure 2a and 2b, respectively, as a representative
example of how to make the S(t) (Figure 2¢) from TRES data. For each cases, the
constructed S(t) is fitted to a bi-exponential function (Figures 2c-d), yielding 44,

Ts2, 1, A2, Tayg, Which are tabulated in Table 1 and plotted in Figure 2e-h against

the Ficoll-70 concentration.

We observed a decrease in the average solvation time (7g4,4) With an increase the

Ficoll-70 concentration up to 100 gL', and then increases. The result is rather
unexpected as an increase in the concentration of Ficoll-70 increases the viscosity
of the medium, however, the average solvation time decreases for the initial
concentration range (see Table 1). The faster solvation component (7,;) decreases
up to 100 gL' Ficoll-70 and then progressively increases. On the other hand, the
slower solvation component (t,,) gradually increases with an increase in the
crowder concentration, especially beyond ~75 gL-!. Additionally, the contribution
of the faster time component (a,) increases up to 125 gL' Ficoll-70 and then
decreases. An exact reverse trend is observed for a,. Additionally, a,74; and a,t,,
follow a similar trend as 74, and 74,. Generally, a large portion (~70% in this present
study) of solvation dynamics is always missed while measuring it through ps-
TCSPC. However, the missing percentage remains fairly constant over the entire
concentration range, especially in the lower Ficoll-70 concentration range, where a
surprising decrease in solvation time was observed (see Table 1). Thus, it will

probably not impact our conclusion.
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Figure 2. Solvation dynamics around bromelain become faster at lower Ficoll-70
concentrations, and then it increases. (a) Time-resolved emission spectra (TRES) of CPM-
tagged bromelain in buffer (only a few representative time points have been shown to provide
clear visualization). (b) Time-dependent shift of emission maxima of CPM-tagged bromelain
in the buffer. (¢) Solvent correlation function, S(t), of CPM-tagged bromelain in the buffer.
The equation to form the function is mentioned in the inset. (d) Comparison of S(t)s in presence
of different Ficoll-70 concentrations. (¢) Comparison of the average solvation time (7g,,4) of
CPM-tagged bromelain in presence of different Ficoll-70 concentrations. (f) Comparison of
the faster time component, 74, (upper panel), and the slower time component, 7, (lower panel)
of solvation dynamics in presence of different Ficoll-70 concentrations. (g) Contribution of the
faster time component, a; (upper panel), and slower time component, a, (lower panel) of
solvation dynamics for various Ficoll-70 concentrations. (h) Variation of a,7¢; (upper panel)
and a,7g, (lower panel) for different Ficoll-70 concentrations. The error bar represents the
standard deviation of the mean of three independent experiments.
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Table 1. Biexponential fitting parameters of solvent correlation function (S(t)) for
CPM-tagged bromelain in the presence of various concentrations of Ficoll-70.

Ficoll-70 | a4 Ts1 a, T Tavg | A1Ts1 | AzTsy | Missing
(gL (ps) Ps) | (ps) | (Ps) | (ps) %o
0 0.60 | 160 | 0.40 | 1000 | 496 96 400 73.0

25 0.62 | 150 | 0.38 | 1010 | 476 92 384 74.0
50 0.63 | 140 | 037 | 1050 | 478 89 389 70.0
75 0.64 | 140 | 0.36 | 1060 | 469 88 381 72.9
100 0.67 | 120 | 033 | 1180 | 468 78 389 70.5
125 0.68 | 120 | 0.32 | 1190 | 46l 82 380 70.0
150 0.67 | 130 | 033 | 1150 | 465 85 380 71.3
175 0.66 | 145 | 034 | 1260 | 524 96 428 67.2
200 0.63 | 165 | 0.37 | 1400 | 622 104 518 65.8
225 0.59 | 180 | 0.41 | 1380 | 670 104 566 63.0
250 0.6 185 0.4 1330 | 643 111 532 58.0
275 0.58 | 185 | 042 | 1350 | 675 108 567 59.0

7.2.2. A control experiment to confidently assign modulation of solvation time

to the modulation of the associated water structure around bromelain:

As already mentioned, not only water but any hydrophilic group, including protein
side chains, can participate in the solvation process "¢%*35_ Thus, to verify whether
structural alteration of bromelain plays a significant role in lowering the solvation
time, we measured the secondary structural content of bromelain at each Ficoll-70
concentration employing CD spectroscopy (Figure 3). We found that the secondary
structure of bromelain remains almost intact upon the addition of Ficoll-70, and thus
it is concluded that the structural change of bromelain does not play a significant
role in its stability and associated water dynamics modulation. Furthermore, if
Ficoll-70 itself were the dominant contributor to bromelain’s solvation-time
changes, one might expect a monotonic increase or decrease in the solvation time
with an increase in the Ficoll-70 concentration, which is not the case here. These
observations therefore support a predominant role for modulation of the associated

water near the protein, while not excluding weak or non-monotonic polymer—protein
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interactions, particularly at higher Ficoll-70 concentrations. The rest of the part will
explain how associated water structure modulation impacts the stability and activity

of bromelain in the presence of Ficoll-70.

-20
24
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.32
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Figure 3. Ficoll-70 does not alter the secondary structure of bromelain. (a) CD spectra of
Bromelain at each Ficoll-70 concentration. (b) Absorbance at 222 nm at each Ficoll-70
concentration, which shows that the secondary structure remains intact throughout the
concentration range of Ficoll-70.

7.2.3. Thermal stability of bromelain:

Using circular dichroism (CD) spectroscopy, we contemplated the thermal unfolding
of bromelain at different Ficoll-70 concentrations (Figure 4a) 3-8, We have plotted
the negative peak at 222 nm as a measure of a-helicity against the temperature
(Figure 4b) and determined the fraction unfolded at each temperature using the
equation mentioned in the figure (Figure 4c) 3%%7. Figure 4d shows the thermal
unfolding curves of bromelain at various Ficoll-70 concentrations. Each unfolding
curve is fitted with a sigmoidal function to determine the melting temperature (T,,,)
(see section 4.8 for details). Figure 4e depicts that the melting temperature (T,,,) of
bromelain remains fairly constant throughout the Ficoll-70 concentrations used in
the study. This result is surprising because the traditional excluded volume theory
predicts a gradual increase in protein stability with an increase in the crowder

concentration.
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Figure 4. The thermal stability of bromelain does not change with Ficoll-70. (a) Representative
circular dichroism (CD) spectra of bromelain in buffer at different temperatures. (b) Variation
of CD signal of bromelain in buffer at 222 nm with temperature. (c) Variation of fraction
unfolded (f,), which has been calculated using the equation mentioned in the inset, as a
function of temperature. (d) Comparison of the thermal unfolding curve for different Ficoll-70
concentrations. Each curve was fitted using the sigmoidal function (equation 12). (e)
Comparison of the melting temperature (7,) of bromelain in the presence of different Ficoll-
70 concentrations.

7.2.4. Recognition of individual entropic and enthalpic terms of thermal
stabilization and inadequacy of traditional crowding theory to explain

bromelain stability with Ficoll-70:

From the unfolding data, we determined the free energy of unfolding (Figure 5a) for
bromelain across Ficoll-70 concentrations using the equations mentioned in Figure
5, and the free energy of unfolding is found to be almost constant throughout the
Ficoll-70 concentrations (Figure 5b). Traditional excluded volume effect, even more
modern and routinely used scaled particle theory (SPT) could not explain such trend

as shown in Figure 5b.%8
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According to the scaled particle theory,

AG/RT = —In(1— @)+ () (7 +322 + )+ (12) (327 +222) +

(&)3 (32%) (7.1)

Where, z = r /rc 1s the ratio of the effective radius of the macromolecular crowder
(;) and the radius of the folded conformation of the protein (7¢) and ¢ is the volume

occupancies of crowding agents.

The volume occupancy can be calculated using Equation 2,

__4m(Ry)3N4C
3Myy

(7.2)

Where, N, is Avogadro’s number, My, is the molecular weight of the crowder, and

C is the concentration (w/v) of the crowding agent.

Using equations 1 and 2, we calculated the free energy of protein in the folded state
in the presence and absence of crowders and then calculated the differential free

energy as,
AAG = AGCTOWdeT _ AGbuffeT (73)

Following our previous report ¥, we felt that individual recognition of entropic and

enthalpic components of stability might provide additional insights in this case as
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well and determined the same using the Gibbs-Helmholtz equation, as shown in
Figure 5c. We observed that at lower Ficoll-70 concentrations, the enthalpic effect
stabilizes bromelain, while at higher concentrations, it destabilizes bromelain
(Figure 5d). Surprisingly, the entropic component is destabilizing in the initial
concentration range of Ficoll-70 (Figure 5e¢), which completely contradicts the

classical crowding theory.

As the overall stability remains unchanged across Ficoll-70 concentrations, one
expects the entropic effect (due to excluded volume) to be perfectly compensated by
the enthalpic effect (due to interaction). Indeed, Figure 5f shows a linear relationship
between AAH? and —T AAS° with a slope ~0.90, indicating this compensation across
all crowder concentrations. Additionally, a subtle enthalpic excess in the overall
stabilization process of bromelain in the presence of the DES was observed. This
small enthalpic bias could arise from weak polymer—protein interaction at higher
crowder concentrations. In most biophysical experiments, including those in
crowded environments, entropy-enthalpy compensation is often observed %9
However, the physical origin of such compensation cannot be explained using the
traditional crowding theory. It hints that some common factor modulates both the
entropic and the enthalpic terms. Water is present in almost all biochemical
processes, and in our previous report, we have hypothesized how modulation of
water-protein hydrogen bonds can originate in compensating entropy and enthalpy

in such systems #°.

7.2.5. Associated water structure modulation explains stability of bromelain at

different Ficoll-70 concentrations:

Water strongly interacts with protein and is an active and essential participant in
deciding the stability, structure, dynamics, and function of biomolecules 4%74-761.92,
In our previous report, we proposed that the associated water reorganization is

crucial for protein stability *°. Because of this water rearrangement, the interacting
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water molecules (associated water) might have a higher or lower degree of freedom.
If the water molecules become flexible, the entropy increases, leading to entropic

destabilization with a concomitant stabilizing enthalpy #°.
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Figure 5. Individual entropic and enthalpic components might be positive or negative
depending on Ficoll-70 concentrations. However, they compensate for each other and change
with Ficoll-70 concentrations. (a) Variation of bromelain’s CD signal at 222 nm as a function
of temperature. The equation for calculating the equilibrium constant and the native and
denatured state signals are mentioned in the figure. (b) Overall free energy change (AAG),
where, AAG = AGyicon — AGpysfer- The grey circles (where the black bold line is the eye
guide) represent the overall free energy change predicted by scaled particle theory (SPT)
concerning the excluded volume effect only. (¢) Schematic for estimating the change in the
entropy and the enthalpy from the slope and the intercept, respectively, from the unfolding free
energy. (d) Differential entropic component (—TAAS°®), where AAS = —T(ASficou —
ASpyufrer) for thermal stabilization of bromelain in the presence of different concentrations of
Ficoll-70. (e) Differential enthalpic component (AAH®), where, AAH = AHgicon — AHpyfser
for thermal stabilization of bromelain in the presence of different concentrations of Ficoll-70.
(f) Plot between entropic and enthalpic terms of stability. The black line is a linear fit indicating
entropy-enthalpy compensation.
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A quick look at Figures 5d and Se reveals that at low Ficoll-70 concentrations,
bromelain is destabilized by entropy, and the associated water dynamics around
bromelain show a hint of more flexibility. Figures 2f and 2h highlight this for the
faster solvation component. At the higher concentration range, the opposite
behaviour is observed in both stability and associated water dynamics, indicating a
correlation between water structure modulation and stability. To explore this further,
we plotted entropic and enthalpic changes as a function of average solvation time,

Tavg (Figure 6a), faster component of solvation time, 7y (Figure 6b), a;7g

(Figure 6d), 74, (Figure 6¢) and a,7,, (Figure 6¢). We observed a strong correlation
between 7,,,, and individual entropic (adjusted R°~0.89) or enthalpic terms (adjusted
R’~0.85), supporting our hypothesis on the importance of water structure
modulation. More importantly, we get a better correlation between the faster
component of solvation and entropy (adjusted R°~0.90) or enthalpic component

(adjusted R’ ~ 0.87) of stability.

To gain a physical insight into the correlations between the average solvation time
(and its components) and protein stability, we introspect into the origins of these
timescales. Although the precise meaning of the individual time components is
largely debated, a widely accepted theory provided by Bagchi and co-workers
suggests that the 1-5 ps component originates from the reorientation dynamics of
water molecules in the hydration layer >4, There might be another component of
20-200 ps arising from the restructuring of the associated water, the water molecules
residing in the first solvation shell **-6, The sub-nanosecond to nanosecond region
is connected to the motion of the secondary structure of the protein, including the
backbone, side chains and turns, surface, and the core of the protein 7. In the present
case, the two observed time constants are somewhat well distinguished, and the
problem of mixing the time components is minimal. In our study, the faster
component (Tg4;) significantly influences protein stability, aligning with the
theoretical expectations. On the other hand, we observed a weak correlation between

the longer solvation time component and protein stability (with adjusted R’ ~ 0.47
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for entropic and ~0.44 for the enthalpic term) (see Figure 6¢). This may result from
the exchange between associated and bulk water, the involvement of protein internal
motion on water dynamics, and so on. Our future studies will investigate these

aspects further.
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Figure 6. Associated water structure modulation is a key that controls the stability of
bromelain. Correlation of individual stability components (AAH and —TAAS) with (a) average
solvation time, 74,4, (b) the faster component of the solvation dynamics (7,), (c) the slower
component of solvation dynamics, t,, (d) weighted slower solvation time, a,75;, and (e)
weighted faster solvation time, a,7,,. Broken lines are the linear fits. (f) Associated water
dynamics modulation explains bromelain stability across Ficoll-70 concentrations. At initial
concentrations of Ficoll-70, the associated water structure becomes more flexible, destabilizing
bromelain through entropy, which is compensated by stabilizing enthalpy. Similarly, at higher
Ficoll-70 concentrations, the associated water structure becomes more rigid, stabilizing
bromelain through entropy with a concomitant enthalpic destabilization.
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In section 2.2, we also showed that protein conformation remains consistent across
Ficoll-70 concentrations, which eliminates any prominent role of structural
alteration of protein in dictating its stability and solvation dynamics in the presence
of Ficoll-70. Therefore, this result suggests that the water in the immediate vicinity
of the protein (known as the protein hydration layer, PHL), becomes more flexible
at initial concentrations of Ficoll-70, and that might play a key role in destabilizing
bromelain at lower Ficoll-70 concentrations through entropy, which is compensated
by stabilizing enthalpy. Basically, at lower Ficoll-70 concentrations the associated
water around bromelain becomes more flexible, indicating a weaker hydrogen-bond
network. In such cases, the water molecules gain higher degrees of freedom, and
thus, the entropy is gained, leading to entropic destabilization. Concomitantly, the
weaker hydrogen-bond network engenders a positive enthalpic change leading to

enthalpic stabilization (recall energy expression from the equipartition principle and

AH = Qp = (Z—i) dT). Physically, weakening of the hydrogen-bonded network
P

requires some energy, making Qp positive and leading to enthalpic stabilization.
Conversely, at higher Ficoll-70 concentrations, the associated water becomes more
rigid, forming a tighter hydrogen-bond network. This rigidity stabilizes the system
through entropic loss of the medium but leads to a negative enthalpic change,

causing enthalpic destabilization.

We have schematically represented this correlation between the modulation of
entropic and enthalpic components of stability with the changes in associated water
structure/dynamics for low and high concentrations of Ficoll-70 in Figure 6f.
Overall, our results support the hypothesis demonstrating that associated water
structure modulation explains bromelain stability across Ficoll-70 concentrations.
Component analysis of solvation (which was not possible in our previous report
because of the convergence problem) provides additional insights. This study also

overcomes previous limitations by employing a concentration dependent approach
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with bromelain, a small, single-domain protein. It provides clearer insights into
solvation dynamics and protein stability, addressing the issues faced in our earlier

research (see section 1.4).

While there is a continuous exchange between bulk water and associated water, their
modulation might not be similar to a given perturbation. For example, in this
particular case, whereas the associated water dynamics around bromelain become
more flexible with 100 gL~! Ficoll-70, overall water dynamics become more rigid at
this condition. This highlights the need to focus on associated water, not just the
overall water dynamics, when explaining biological phenomena. Note that, at the
same condition, the associated water around human serum albumin (HSA) becomes
more rigid #°. unlike bromelain. Interestingly, HSA is stabilized by entropy and
destabilized by enthalpy, which is the opposite of bromelain's response. This result
points towards the generality of our proposal and could explain protein-specific

effects.

7.2.6. Modulation of the hydrolytic activity of bromelain with macromolecular
crowding: We also investigated bromelain’s hydrolytic activity towards p-
nitrophenyl acetate (pNPA) (Figure 7a) in the presence of different Ficoll-70
concentrations. We observed a gradual decrease in the overall activity with an
increase in the Ficoll-70 concentration (Figure 7b). At lower Ficoll-70
concentrations (up to 100 gL '), the decrease in bromelain's activity was minimal.
Despite significant measurement error, this trend aligns with previous studies, such
as those by Pielak and Chowdhury group, which reported similar effects with other

proteins with varying crowder concentrations 3765,

As mentioned earlier, understanding protein activity in the crowded milieu is
difficult as it does not follow any specific trend . Reports suggest that protein

activity can increase, decrease, or remain the same in the presence of

22,50,58,59,66,97,98

macromolecular crowders . Factors e.g. excluded volume effect,
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changes in the effective concentration of enzyme and substrate, decreased diffusion
of the enzyme and the substrate, size and shape of crowder, crowder-substrate
interactions, critical concentration of crowder, etc. can collectively influence the
enzymatic activity making the situation more complex 22-°0-8,39.62.66.97-99 However,
we thought that recognition of the individual steps of the enzymatic reaction (as has

been done in the case of stability) might provide additional insights.

(a) (b)
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0 CH3 3 OH "g 0.0
®
¢ &/ 0 2 0154
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+ H;0 + 3 010
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Figure 7. (a) Schematic representation of bromelain catalyzed para-nitrophenyl acetate
(pNPA) hydrolysis, (b) Change in hydrolytic activity of bromelain with increasing Ficoll-70
concentration. The solid line is the eye guide.

7.2.7. Michaelis-Menten equation and determination of Ky and Vi to gain
better insights: We applied the simplest and widely used Michaelis-Menten model
to gain mechanistic insights into the enzymatic activity of bromelain in the presence
of Ficoll-70 (see sections 4.10 and 4.11 for details) 67!, According to this model,

the inverse of the initial rate is written as

1 K 1 1
== Am 2 7.4
VO Vmax [S] + Vmax ( )
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where, K,,, = % and V4, = K;[E],, where, [E], and [S] are the enzyme and

1

substrate concentrations, respectively. A higher value of K,,, describes that the
coming together of enzyme and substrate to form the enzyme-substrate complex is
less favourable, leading to a loose binding. On the other hand, the maximum velocity
(Vimax) achieved by the system or K, (the turnover number) signifies the rate at which

enzyme-substrate complex dissociates to form the product.

We have estimated V, from the time-dependent formation of the product monitored

through the absorbance measurement for different substrate concentrations

L
(]

Lineweaver-Burk plot produces a straight line (Figure 8b), suggesting the

(Figure 8a). A plot of Vi vs. the inverse of substrate concentrations ( ), the
0

correctness of applying the Michaelis-Menten equation in the present case
(Figure 8c¢). K,,, and V,,,,,, are determined from the slope and intercept, respectively.
An increase in the enzymatic reaction rate is generally associated with an increase
in the V,,,, and a decrease in the K, value %°. On the other hand, a decrease in
enzymatic reaction rate is characterized by a decrease in the V},,, and an increase in

the K,,, value ®-71,

Figures 8d and 8e represent the variation in relative V,,,, and K, with increasing
Ficoll-70 concentration. It represents an interesting case. At higher concentrations
of Ficoll-70, V,,,,, decreases and K,,, increases. However, at initial concentrations of
Ficoll-70, K,, increases, but V},,,, also surprisingly increases. Similar trends were
observed in a few previous reports as well, for example, Basso group reported that

for reductase activity V4, increases up to 100 gL' concentration of PEG 1%,
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Figure 8. Individual recognition of K,,, and V;,,,,. in hydrolysis of pNPA catalysed by bromelain

with and without Ficoll-70. (a) Change in the absorbance of the
time in the presence of bromelain in buffer at varying substrate
Representative Lineweaver-Burk plot between the inverse of

product (pNP) formed with
(pPNPA) concentrations. (b)
the initial reaction rate of

bromelain in buffer and the inverse of substrate concentration where V,,, and K, can be
calculated from the intercept and the slope of the linear fit. (c) Lineweaver-Burk plot in the
presence of different Ficoll-70 concentrations. (d) Variation of relative V,,,, with increasing
Ficoll-70 concentration. (e) Variation of relative K), with increasing Ficoll-70 concentration.

7.2.8. K, prominently depends on micro viscosity:

The general scheme of Michaelis-Menten enzyme kinetics

kl kz
E+S_ ES-ES* > E + Product

k—1

can be written as

(7.5)

The enzyme-substrate complex dissociation constant (K, ) for a high value of k_; is

related to K, as
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The corresponding free energy of the process is given by

AGy = —RTIn— ~RTInK,,
Kqg

397

(7.6)

(7.7)

AG,, can be referred to as the “entrance channel” of the substrate in which the ES

complex is formed %!, A negative value of AG,, (see Table 2 and Figure 9a) ensures

the process is energetically favourable 7!, With increasing Ficoll-70 concentration,

the AG,, increases suggesting that enzyme-substrate complex formation becomes

progressively less favourable with crowding, and concomitantly, the dissociation of

the enzyme-substrate complex becomes more and more feasible.

Table 2. Kinetics and energetics of bromelain catalyzed hydrolysis of pNPA at
various concentrations of Ficoll-70.

Ficoll-70 | Ky, Relative | AGy, k, (s) | Relative AG*
(g/L) (uM) Ky (kcal mol™) k, (kcal mol™!)
0 5165 1.00 -3.11 0.057 | 1.00 19.15

50 5948 1.15 -3.02 0.061 |1.07 19.11

100 8569 1.66 -2.81 0.082 |1.43 18.94

150 11791 2.28 -2.62 0.079 |1.38 18.97

200 13057 2.53 -2.56 0.056 |[0.98 19.17

250 14222 2.75 -2.51 0.030 |[0.52 19.54

275 16011 3.10 -2.44 0.022 [0.38 19.72
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Figure 9. Ky, and V., prominently depends on micro viscosity and associated water
dynamics, respectively. (a) Schematic representation of free energy changes during bromelain
catalysed hydrolysis of para-nitrophenyl acetate (pNPA) in the absence and presence of Ficoll-
70 derived from Michaelis—Menten model. (b) Correlation of K), with the bulk and micro-
viscosity of the solution. (c) Correlation of V,,,, with faster time component of solvation
dynamics. (d) Relation of activity, Ky, V. With microviscosity and associated water
dynamics.

Various factors can alter K,,,. The two most important factors in the present case
could be excluded volume effect and increased viscosity with crowding. If the role
of excluded volume is prominent, then with increasing crowding, the enzyme-
substrate complex formation would be more energetically favourable. Earlier, Pal
and co-workers observed similar observations in the case of enzymatic reaction of
chymotrypsin in the presence of a PEG as a macromolecular crowder 7!. However,
in the present case, we see exactly the opposite effect, i.e. an increasing trend of K,,,

with increasing Ficoll-70 concentration.
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Figure 10. (a) Normalized intensity autocorrelation function of rhodamine 6G (R6G) dye at
various Ficoll-70 concentrations, (b) diffusion time of R6G dye with the concentration of
Ficoll-70, and (c) Bulk and microviscosity of the Ficoll-70 concentrations where activity is
measured.

We have measured the microviscosity of the crowder solution employing
fluorescence correlation spectroscopy and found an expected trend of increasing
viscosity with an increase in the Ficoll-70 concentration. Briefly, we measured the
diffusion time of a standard fluorophore (rthodamine 6G in the present study) in

buffer and in different concentrations of Ficoll-70 employing FCS. According to the

k

e . T .
101" diffusion coefficient, D, = #; where kg is the

Stokes-Einstein equation

Boltzmann constant, 7 is the viscosity, r is the spherical radius of the probe
molecule. The diffusion coefficients can be related to the inverse of the diffusion
times (tp) as D; < 1/tp. This means, T, < 7. Thus, the ratio of diffusion time in
any solution in which viscosity is to be measured and a solution media of known

viscosity (in this case, water) can give the viscosity of the unknown solution !9,

TD, Ficoll-70 __ Viscosity of Ficoll-70 (7 8)

Tp,water viscosity of water

The increased viscosity due to Ficoll-70 (see Figure 10) might slow down the ES

complex formation, leading to an increase in K,,. Therefore, there might be a
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correlation between K, and viscosity. We have also measured the bulk viscosity
using a viscometer. A plot of relative K,,, vs. bulk viscosity (Figure 9b) indicates a
hint of correlation but is not very strong (adjusted R’ ~ 0.86). This might be because

solute diffusion in crowded media does not generally follow bulk viscosity 103105,

The length scale of translational diffusion (through which bromelain and pNPA
should come together) occurs in the micrometer (um) range '°6. Fluorescence
correlation spectroscopy measures the diffusion dynamics of a fluorophore in the

um length scale 85:107-109

, and therefore, we used FCS to measure the microviscosity
(i.e., viscosity at micrometer length scale) and plotted it against K,,, (Figure 9b). All
the related raw data are provided in Figure 10. To our delight, we observe a stronger
correlation (adjusted R°~0.95) between microviscosity and K,,,. This result signifies
that enzyme-substrate complex formation definitely has some dependency on the
solution microviscosity (see Figure 9d). However, a direct correlation of the micro-
viscosity of the solution to a bulk thermodynamic property, K,,, at this point is not

totally explainable and might be a little far-fetched. Future studies with different

systems might give better insights.

7.2.9. V ax prominently depends on the associated water dynamics:

As discussed in the previous sections, the associated water structure of the protein
becomes more flexible (manifested through faster solvation dynamics) in the same
concentration range where V,,,, increases. Thus, it may be speculated that the
associated water structure of protein might play a significant role in controlling the
rate of product formation from the enzyme-substrate complex. Figure 9c illustrates
the correlation between the change in the faster time component of solvation and

Vinax (adjusted R°~0.92).

To understand the physical basis of this correlation, we need to understand what

Vimax basically signifies. Maximum velocity (V},,,,) 1s related to the rate constant of
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the reaction in which the intermediate complex (ES) reaches the transition state
(ES¥) at the expense of free energy AG* and then eventually forms the product

(equation 5) °*7!. From the transition state theory, AG¥ can be written as

AG* = —RT In (KLKZ) (7.9)

BT

Here, AG* refers to the exit channel in which the product is formed by dissociating
the enzyme-substrate complex 7!, AG* is positive. Its value decreases up to 100
gL! Ficoll-70 and increases thereafter (see Table 2 and Figure 9a), suggesting that
Ficoll-70 facilitates the exit channel at lower Ficoll-70 concentrations but restricts
the same at higher Ficoll-70 concentrations. We propose that the higher flexibility
of associated water at lower Ficoll-70 concentrations makes the exit channel
favourable at lower Ficolll-70 concentrations, whereas, at higher Ficoll-70

concentrations, the greater rigidity of associated water hinders such exit (Figure 9d).

7.3. Summary and Conclusions:

In this article, we examined the effect of macromolecular crowding on the stability
and activity of enzyme with a focus on how these depend on associated water
dynamics. Traditional crowding theory attributes protein stability as an interplay
between stabilising entropic effects (excluded volume) and stabilising or
destabilising enthalpic interactions. However, it fails to explain observations like
destabilising entropic contribution and entropy-enthalpy compensation. Recently,
we proposed that water structure modulation might play a crucial role in dictating
protein stability in a crowded environment, which also explains these anomalies.
However, our proposal needed generalization. In this article, we addressed the issues

and deciphered that the role of associated water dynamics on bromelain’s stability
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and activity in presence of Ficoll-70. Surprisingly, up to 100 gL' of the Ficoll-70,
the associated water becomes flexible, and then it increasingly rigidifies.
Recognizing individual entropic and enthalpic components of thermal stabilization,
we found low Ficoll-70 concentrations cause entropic destabilization and enthalpic
stabilization, while higher concentrations have the opposite effect. Overall, we
proposed that rigid associated water stabilizes bromelain via entropy and destabilizes
via enthalpy, while flexible associated water has the opposite effect (Scheme 3). In
the process, we addressed previous shortcomings with a systematic concentration-
dependent study using a single-domain protein, bromelain, and component analysis

of solvation dynamics.

More importantly, here, we provide mechanistic insight into the disputed topic of
enzymatic activity in crowded media. Unlike other properties, protein activity does
not follow a general trend in crowded environments, as the protein function often
involves multiple steps and various factors collectively influence them. We observed
that the hydrolytic activity of bromelain remains constant at low Ficoll-70
concentrations but decreases as concentration increases. For further insight, we
analysed the activity using the Michaelis-Menten model and determined the
maximum velocity (V,,,,) achieved by the system and Michalis-Menten coefficient
(Ky). Results indicate that with an increase in the Ficoll-70 concentration, the
Michalis-Menten coefficient increases, hindering the formation of the enzyme-
substrate complex. This contradicts the traditional crowding theory, which predicts
easier formation due to reduced volume. Our results suggest that the micro-viscosity,
and not the bulk viscosity, dictates the process of enzyme-substrate complex
formation (Scheme 2). Additionally, V,,,, increases up to 100 gL.-! Ficoll-70 and
then decreases. Interestingly, this trend aligns with associated water dynamics,
resulted in a strong correlation between V},,,, and associated water dynamics. We
proposed that flexible associated water dynamics at low Ficoll-70 concentration

favour the rate of product formation from the enzyme-substrate complex, while the
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rigid associated water dynamics at high Ficoll-70 concentration impede the same

(Scheme 2).

Overall, our study highlights the critical role of water in dictating protein stability
and activity in a crowded environment, which is often overlooked. For protein
stability in crowded milieu, our work can explain observations where traditional
crowding theory falls short. We should consider the modulation of associated water
structure, where rigid water stabilizes protein by entropy and destabilizes it through
enthalpy, and flexible water has the opposite effect. For protein activity in crowded
media, there was only a little understanding. Our study bridged this gap through
conclusions like microviscosity of the medium controls enzyme-substrate complex
formation, and flexible water dynamics favour product formation, whereas rigid

water dynamics impede it.

This report enhances our understanding of protein behaviour in crowded
environments, offering a novel perspective on the relationship between protein
stability, activity, and associated water dynamics. While further research is needed
to generalize the mechanism, this study provides a foundation for exploring how
water dynamics influence protein function, potentially sparking extensive future

research in this area.

Stability Activity

Enthalpic
stabilization

E+S—ES
Complex formation

Water flexibility —

Entropic

ES-> P
Product formation

7

destabilization Micro-viscosity ——>

Water flexibility ——>

Scheme 2. The critical role of water beyond protein and macromolecular crowders to explain
protein stability and activity in a crowded milieu. In the case of protein stability, one should
consider the modulation of associated water structure, where rigid water stabilizes protein by
entropy and destabilizes through enthalpy, whereas the flexible water has the opposite effect.
Micro-viscosity of the medium controls the formation of enzyme-substrate complex, however,
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the modulation of associated water controls the product formation from the enzyme-substrate
complex, where flexibility of associated water favours the process.
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8.1. Summary of Chapter 3:

In this chapter we have measured the spatial and dynamic heterogeneity of a novel
non-ionic DES, 0.5A¢/0.3Ur/0.2Sor DES, using a range of spectroscopic techniques.
Additionally, we have compared the heterogeneity of our DES with the already
reported acetamide based non-ionic DESs. The key observations from this study are

outlined below.

Principal observations and insights of this chapter

1) Although deep eutectic solvents (DESs) are widely recognized for their
inherent spatial and dynamic heterogeneity, most existing studies have
primarily focused on ionic DESs. This is largely due to the ease of their
formation, driven by strong ionic interactions between constituent
molecules. However, from an application standpoint, non-ionic DESs are
particularly valuable, especially due to their enhanced ability to solubilize
hydrophobic compounds, making them highly relevant in areas such as drug
delivery, extraction, and sustainable chemistry. Among these, the acetamide—
urea system is one of the most extensively studied non-ionic DESs; however,
its lack of liquidity at room temperature limits broader applicability.
Interestingly, the addition of sorbitol to the acetamide—urea mixture results
in a ternary DES (0.5Ac/0.3Ur/0.2Sor DES) that remains liquid even at
temperatures as low as 280 K, significantly enhancing its usability. In this
chapter, I examine this novel sorbitol-based ternary DES, synthesized by our
group, and investigate its spatial and dynamic heterogeneity using a

combination of spectroscopic techniques.

1) To probe the structural characteristics of the ternary DES system
(0.5Ac/0.3Ur/0.2S0r), we employed a comprehensive set of spectroscopic

techniques, including red-edge excitation shift (REES), solvation dynamics,
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rotational relaxation, dielectric relaxation, and single-molecule fluorescence
correlation spectroscopy (FCS). Our findings reveal clear evidence of both
spatial and dynamic heterogeneity within this system. Notably, the
significant shift in the excitation wavelength-dependent emission maxima of
the solvatochromic dye Coumarin 153 (C153) highlights pronounced spatial

heterogeneity in the local microenvironments of the DES.

The fractional viscosity decoupling of average solvation time (p = 0.4)
indicates pronounced dynamic heterogeneity in the nanometer length and
picosecond—nanosecond timescale of solvation dynamics. Dielectric
relaxation (DR) measurements probing the medium’s inherent dynamics
similarly show substantial decoupling (p = 0.41). The average rotational time
of the probe, reflecting anisotropy on the nanometer and nanosecond scale,
also exhibits viscosity decoupling (p = 0.6), suggesting a definite but
comparatively weaker dynamic heterogeneity. In contrast, translational
dynamics measured by single-molecule FCS, operating at micrometer length
and microsecond—millisecond timescales—revealed the strongest viscosity
decoupling (p = 0.3), indicating pronounced heterogeneity at larger
spatiotemporal scales. Collectively, these findings highlight that the
observed dynamic heterogeneity is strongly dependent on both the length

and timescale of the measurement technique.

I have also compared the extent of heterogeneity across three acetamide-
based non-ionic DESs: acetamide—urea (0.66Ac/0.33Ur), acetamide—urea—
PEG (0.55A¢/0.36Ur/0.09PEQG), and acetamide—urea—sorbitol
(0.5Ac/0.3Ur/0.2So0r). Among these, the sorbitol-based DES exhibited the
highest degree of decoupling in all dynamic measurements, followed by the
PEG-containing system, while the binary acetamide—urea DES showed the
least. These findings suggest an additive induced heterogeneity as both

sorbitol (a solid additive) and PEG-300 (a liquid additive) enhance dynamic
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heterogeneity in the Ac/Ur matrix. However, the effect is significantly more
pronounced with sorbitol, highlighting its stronger influence on the

structural and dynamic complexity of the system.

Although dynamic heterogeneity has long been observed in ionic liquids and
DESs, its relevance to biocatalysis and reaction mechanisms remains
underexplored. When an enzyme exhibits activity, it typically relies on the
diffusion of large biomolecules, a process expected to be significantly
hindered by the high viscosity of DESs. However, our findings suggest
otherwise. The lowest viscosity coupling parameter (p = 0.33) for
translational motion indicates that solutes experience much reduced
resistance, implying that medium viscosity may not hinder diffusion as
expected. To probe deeper, we analyzed solvation dynamics by separating
fast and slow components. The shorter time component, which is attributed
to the immediate solvation shell, shows strong viscosity decoupling (p =
0.16), suggesting this local environment remains intact even in viscous DES.
This may explain why DESs, despite their high viscosity, can still support
efficient biocatalysis: they preserve the enzyme’s microenvironment while
modulating bulk physical properties, thereby maintaining both stability and

activity.

Limitations and future directions

i)

While our study demonstrates that additive-induced heterogeneity is more
pronounced with the inclusion of a solid component (sorbitol) compared to
a liquid additive (PEG 300), literature reports suggest that liquid additives
can also lead to greater decoupling. Therefore, such conclusions should not
be generalized based on limited data. More comprehensive research is

needed to systematically explore additive-induced heterogeneity, especially
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since incorporating water or other solvents into a DES is a common practice

in the field.

This study reveals a length- and timescale-dependent heterogeneity,
consistent with observations in other DESs and ionic liquids. However, the
underlying origins of this behavior remain poorly understood, highlighting

the need for more extensive and systematic investigations.

The component-wise analysis of solvation dynamics and the observed
viscosity decoupling across all dynamic measurements suggest a possible
explanation for the remarkable stability and activity of proteins in viscous
DES. However, to validate this hypothesis, studies involving real enzymes
are essential. Future research incorporating actual biocatalysts may offer

deeper insights into the molecular basis of this phenomenon.

8.2. Summary of Chapter 4:

In this chapter, I have investigated solvation dynamics, conformational fluctuation

dynamics, and stability of human serum albumin (HSA) in hydrated

0.5Ac/0.3Ur/0.2Sor DES of varying concentrations to understand the intricacy of

protein behaviour in DES. The main findings of this study are summarized below.

Principal observations and insights of this chapter

D)

In our previous work, viscosity decoupling and solvation dynamics analysis
indicated an unperturbed solvent environment around the probe. This is
particularly relevant for proteins, where the integrity of the immediate
solvent environment (known as biological water) is crucial for stability and

function. Despite significant changes in bulk properties like viscosity and
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polarity upon DES addition, the local solvation environment appears largely
unaffected. In this chapter, solvation dynamics around domain I of HSA
slowed only marginally, even with an ~83-fold increase in viscosity at 90%

0.5Ac/0.3Ur/0.2Sor DES, supporting this observation.

The fast hundreds of picosecond solvation component arises from coupled
motion between water molecules near the protein surface known as
associated/ biological water, and side chain motion, while the slower
component reflects protein-side chain motions and polar residue dynamics.
In this study with HSA, the fast component remains unchanged despite
increasing DES concentration. Moreover, its near-zero slope in a log-log plot
against viscosity confirms viscosity independence, indicating that water
dynamics in the immediate solvation shell remain intact even up to 70%
(v/v) DES. This suggests the protein experiences an aqueous-like
environment, which may explain the preserved stability and activity of

enzymes in DESs, offering important implications for biocatalysis.

Using transient absorption spectroscopy, we measured solvation dynamics
of the hydrated DES media in the absence of protein and found that the
average solvation time closely follows medium viscosity, unlike the case
with protein. This contrast highlights the unique, tunable nature of DES

environments.

This chapter also addresses the debated question of whether the DES
network is preserved in hydrated systems. By measuring micro viscosity
using FCS, we compared hydrated DES with a simple aqueous mixture of
its components at identical concentrations. From 30% (v/v) DES onward,
distinct differences in micro viscosity emerge, indicating above this
threshold, a DES network is retained which cannot be achieved just by

mixing the constituents in water.
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Although the component mixture and hydrated DES differ in micro
viscosity, the solvation dynamics of HSA domain I show similar behaviour
in both, highlighting the critical role of associated water in preserving

protein behaviour regardless of the additive.

An important but underexplored aspect in DES research is the microsecond-
scale conformational fluctuation dynamics that governs protein activity. In
this study, domain I of HSA shows unperturbed fluctuations up to ~30%
DES, beyond which the dynamics gradually slow, likely due to increased

viscosity and a corresponding rise in protein size.

The thermal stability of HSA decreases with increasing DES concentration,
with a more pronounced effect in the component solution than in the
corresponding hydrated DES. This suggests that the structured network of

DES may offer some protection against thermal stress.

Limitations and future directions

)

Despite observing an unperturbed immediate solvent environment, this
study found a gradual decrease in the thermal stability of HSA with
increasing DES concentration. This may be attributed to slight
conformational changes or partial unfolding of the protein at higher DES
levels (above 30% v/v). However, this interpretation remains speculative.
Future studies should focus on systems where protein conformation remains

unchanged upon DES addition, allowing for more definitive conclusions.

Although the preservation of associated water around the protein in DES was

clearly demonstrated in this study, the implication of this observation in
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protein behaviour has not been observed. A proper mechanism where how
the modulation of this associated water will influence the protein stability in

the presence of DES is required.

Protein function is one of the most important parameters that has been
affected by DES or hydrated DES. However, this study does not address that
aspect. Future work should aim to uncover the mechanistic basis of how
DESs modulate protein function, providing a more comprehensive view of

their utility in biocatalysis.

8.3. Summary of Chapter 5:

In this chapter, I have tried to address the limitations of the previous chapter. Herein,

using bromelain as the model enzyme and hydrated 0.5Ac/0.3Ur/0.2Sor as the model

DES, we provide experimental evidence that modulation of associated water plays a

key role in dictating protein stability and activity in hydrated DES. The major

conclusions drawn from this chapter are listed below.

Principal observations and insights of this chapter

i)

Using femtosecond fluorescence up conversion (TDFSS technique) this
study reveals, in hydrated 0.5Ac/0.3Ur/0.2Sor DES, associated water around
bromelain becomes more flexible at lower DES concentrations (<30% v/v)
and rigidifies at higher concentrations (>40% v/v), highlighting a non-

monotonic modulation.

Contrary to previous literature, bromelain stability decreased at higher DES
concentrations despite the rigidity of associated water, challenging the

assumption that rigid hydration always enhances stability. This suggests a
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need to re-evaluate stability in terms of entropic and enthalpic contributions

rather than overall stability.

The rigid associated water at higher DES concentrations (beyond 40% v/v)
stabilizes bromelain through entropy but destabilizes it through enthalpy. On
the other hand, flexible associated water dynamics at lower DES
concentrations result in an opposite thermodynamic outcome. The work
suggests a plausible mechanism of enthalpy—entropy compensation through

DES-induced changes in associated water dynamics.

No correlation was found between bromelain behaviour and bulk water
solvation dynamics, affirming the dominant influence of the water near the

protein surface (associated water).

This is the first study to experimentally correlate associated water dynamics
with both protein stability and proteolytic activity in a DES environment.
Bromelain activity increases in flexible hydration environments (low DES)
and decreases with retarded hydration (high DES), reinforcing the role of

associated water in facilitating enzymatic function.

The effects of DESs or any additives on protein stability and activity are
highly specific to both the protein and the additive. The same DES may
stabilize one enzyme while destabilizing another, and different DESs can
have varying impacts on the same protein. However, since our hypothesis
centres on the role of associated water, which is the water that are directly
interacting with the enzyme surface, it offers a unifying framework to

explain these protein- and DES-specific behaviours.
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Limitations and future directions

D)

iii)

The findings are based on a single enzyme (bromelain) in a single hydrated
DES. Broader studies across diverse protein and various DESs are required

for generalizing our hypothesis. Future works should focus on this.

While correlations between hydration dynamics and protein function are
shown, the poorer correlation for activity suggests additional factors are at
play. Also, the precise mechanism by which associated water influences
catalysis remains speculative. More comprehensive kinetic studies like
Michaelis-Menten analysis and controlled hydration environments may

clarify this.

Although from the modulation of associated water dynamics, we are
suggesting the modulation of the hydrogen bonding network of the enzyme,
this is an indirect measurement. The hypothesis on hydrogen-bond network
alteration remains unquantified. Methods like FTIR, 2D-IR, or

computational hydrogen-bond analysis could offer more direct evidence.

8.4. Summary of Chapter 6:

In the previous two chapters, [ examined HSA and the enzyme bromelain in the same

hydrated DES system, 0.5A¢/0.3Ur/0.2Sor DES. As we stated, our hypothesis lacks

from a generalization with different DESs. To address this, the current chapter

explores two of the most widely studied DESs, choline chloride—glycerol (1:2) and

choline chloride—ethylene glycol (1:2), using HSA as the model protein. By

employing red edge excitation shift (REES), which captures the excitation-

dependent shift in emission maxima, we investigated the solvation dynamics around

the protein and correlated them with its stability in these distinct DES environments.

The main findings of this study are summarized below.
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Principal observations and insights of this chapter

D)

iii)

Both the DESs, ChCl-glycerol and ChCl-ethylene glycol stabilizes the
protein up to 50% (v/v) DES. However, at higher DES concentrations (75%
v/v), ChCI-EG shows some detrimental effects whereas ChCI-Gly continues

to stabilize the protein.

REES results reveal that Domain-I of HSA experiences progressive
solvation retardation (positive AREES with respect to buffer), while
Domain-IIT shows a non-monotonic trend—initial hydration flexibility
(negative AREES with respect to buffer) followed by rigidification at higher

DES concentrations.

Recognition of individual entropy-enthalpy of thermal unfolding shows
clear entropy—enthalpy compensation. The correlation between solvation
dynamics and stability was strong in Domain-III but absent in Domain-I
when only global unfolding data was considered. This highlights the need

for domain-specific analysis in multidomain proteins.

The modulation of solvation dynamics correlates well with the entropic and
enthalpic components of domainwise thermal unfolding. The study finds that
hydration flexibility around Domain-III (reflected in negative AREES) leads
to enthalpic stabilization and entropic destabilization, while rigid hydration
(positive AREES) around Domain-I produces the opposite thermodynamic
trend reinforcing the mechanistic role of surrounding water in protein

unfolding.

Even within the same protein, hydration dynamics and their thermodynamic

consequences vary by domain. This finding is significant for understanding
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enzyme behaviour in DES media, especially in proteins with multiple

functional or folding domains.

This chapter also reinforces the simple fluorescence-based REES as a
sensitive, low-sample, site-specific approach to map hydration shell

dynamics around proteins.

Most importantly, this chapter extends the hypothesis from Chapter 5 (on
bromelain in Ac/Ur/Sor DES) by confirming that hydration shell dynamics
modulate protein stability across different proteins and DES systems,

establishing this principle as potentially generalizable.

Unlike in other chapters, structural analyses using CD and FCS confirm that
HSA retains its native conformation in both ChCI-EG and ChCI-Gly DESs.
This reinforces our conclusion that thermal stability changes are primarily

driven by alterations in hydration dynamics.

Limitations and future directions

Although this chapter generalizes the hypothesis of associated water modulation in

controlling protein behaviour in DESs and covers the limitations of the previous

chapters to a certain extent, some limitations still exist.

D)

Both ChCl-glycerol and ChCl-ethylene glycol DESs primarily stabilize the
protein. Including a DES with contrasting, destabilizing behavior would
serve as a valuable negative control to further validate the hydration-based

stabilization mechanism.

Although hydration shell dynamics are inferred and correlated with stability,

they were assessed indirectly through REES. Direct measurement of
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solvation timescales using time-resolved techniques such as TDFSS could

offer deeper mechanistic insight and strengthen the conclusions.

This chapter centres on protein stability. However, incorporating enzymatic
activity would reveal whether hydration dynamics similarly influence

function in ChCl-based DESs.

Furthermore, while this chapter suggests higher thermal stabilization of HSA
with the greater number of hydroxyl groups in glycerol versus ethylene
glycol, the precise origin of this effect remains to be definitively proven.
This could be elegantly achieved by designing experiments that compare
DESs with the same effective number of hydroxyl groups but different
constituents, such as 1:2 choline chloride:glycerol and 1:3 choline
chloride:ethylene glycol. Such a study would provide more definitive,
molecular-level insight into how HBD-HBA stoichiometry truly governs the

protein's microenvironment and stability.

While hydration dynamics are highlighted, specific interactions between
DES constituents and protein amino acid residues are not probed. MD

simulations or other experimental studies could clarify these interactions.

The study infers hydration behaviour from dynamic measurements but does
not directly visualize hydrogen bonding networks. Future work
incorporating computational simulations, vibrational spectroscopy,
advanced NMR (NOESY, HOESY), and/or small-angle neutron scattering
techniques might provide structural perturbations of hydration shells in the

presence of DESs.
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8.5. Summary of Chapter 7:

To further generalize the hypothesis that associated water modulation governs
protein stability and activity, this chapter explores a biologically relevant system
using macromolecular crowding. Crowding mimics the intracellular environment,
making this study not only a conceptual extension but also biologically meaningful.
Here, bromelain and Ficoll-70 (MW ~70,000 Da) were used as the model enzyme
and crowder, respectively. Enzyme stability and activity were assessed across
varying concentrations of Ficoll-70, while associated water dynamics near the active
site were measured using time-dependent fluorescence Stokes shift (TDFSS) and

correlated with both functional and structural parameters.

Principal observations and insights of this chapter

1) The solvation time around bromelain first decreases (indicating more
flexible water) with increasing Ficoll-70 up to ~100 g/L, then increases again

(indicating rigidification) with increasing crowder concentrations.

11) The melting temperature of bromelain remains nearly constant, but a
decomposition into enthalpic and entropic components reveals that at low
Ficoll-70 concentrations, stabilization is enthalpic and destabilization is
entropic, while at high concentrations, the trend reverses. This entropy—

enthalpy compensation cannot be explained by classical crowding theory.

1i1) The faster solvation time (ps scale), attributed to associated water dynamics,
correlates strongly with both enthalpy and entropy changes reinforcing the
mechanistic link between water structure and stability. Consistent with the
previous chapters, this study reinforces the conclusion of our previous study,
1.e., rigid-associated water stabilizes proteins via entropy and destabilizes

them via enthalpy, while flexible water has the opposite effect.
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This chapter addresses two key observations, namely, negative entropic
contributions and entropy—enthalpy compensation in the presence of
crowders through the lens of associated water dynamics. These phenomena
cannot be fully explained by classical crowding theories based on excluded
volume and interaction effects, reinforces the need to consider hydration
shell modulation. Moreover, CD spectroscopy confirms that bromelain’s
secondary structure is preserved across the full range of Ficoll-70
concentrations, indicating observed changes arise from hydration dynamics,

not conformational shifts.

This chapter also provides mechanistic insights into one of the
underexplored phenomena of protein activity in crowded milieu. By
distinguishing the steps of enzyme catalysis through Michaelis-Menten
analysis and correlating them with microviscosity and associated water, the
study offers rare mechanistic clarity on why enzymatic activity varies so

unpredictably in crowded media.

Michaelis-Menten analysis of bromelain activity reveals that the increasing
Ficoll-70 concentration leads to an increase in K,;, indicating hindered
enzyme-substrate complex formation which is more closely correlated with
micro viscosity measured via FCS than the bulk viscosity. Another
parameter from the analysis is Vj,,,, which shows a non-monotonic
modulation with crowder concentration. V,,,, increases at low Ficoll-70
concentrations (where associated water is more flexible) and decreases at
high concentrations (where associated water becomes rigid), suggesting that

flexible associated water facilitates the catalytic step of product release.

Most importantly, this chapter validates that regardless of additive type

(synthetic crowders or DESs), protein stability and function is critically
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modulated by the flexibility or rigidity of the hydration shell, and this effect

can explain both the protein and additive specific effect.

Limitations and future directions

Although this chapter addresses several limitations of the previous ones and helps
generalize the hypothesis, certain constraints still remain and can be resolved

through future investigations.

1) Although this study itself is a generalization of the proposal but still some
scopes left unattended. The study focuses on one protein (bromelain) and
one synthetic crowder (Ficoll-70). Generalizing the findings requires testing
with multiple proteins and different crowder types (e.g., PEG, proteins,

polysaccharides).

1) The strong correlation between microviscosity and K, and between
hydration flexibility and 1;,,,,, is well-documented here, but the mechanistic
link, especially how viscosity and local water dynamics affects the protein
needs further theoretical exploration. Systematic studies by keeping one
parameters constant (viscosity or dynamics) at each time could provide

meaningful insights.

1i1) While solvation dynamics are measured with TDFSS, the structural changes
in the hydration shell (e.g., hydrogen bond networks) are inferred, not
directly visualized. Future studies using neutron scattering or ultrafast IR
techniques could provide higher-resolution insights. MD simulations could
strengthen the proposed mechanism by visualizing the hydration shell under
varying crowding conditions. Integrating computational results would

provide molecular-level confirmation of experimental findings.
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Through the collective insights presented in Chapters 3 to 7, this thesis advances a
unified understanding of how associated water dynamics, rather than bulk solvent
properties or conformational changes, critically govern protein stability and activity
in complex environments like deep eutectic solvents (DESs) and crowded media.
Beginning with the characterization of a novel non-ionic DES, we established that
dynamic heterogeneity, especially at the nanoscale, is intrinsic to DES systems and
can preserve local environments conducive to protein function. Building on this, the
role of associated water was elucidated in both DESs and macromolecular crowders,
revealing consistent entropy—enthalpy compensation and hydration modulation as
fundamental determinants of protein behavior. Importantly, these findings were
shown to transcend specific systems—validated in different DES types, with two
different proteins, and in biologically relevant crowded conditions. Despite these
advances, the complexity of hydration shell dynamics still presents open questions.
A key limitation of this work is that it provides an indirect, dynamic picture of the
solvation shell; therefore, a top priority for future work must be to obtain a direct,
molecular-level visualization of its composition. Future studies integrating advanced
structural techniques, such as NOESY NMR, SANS, with molecular dynamics (MD)
simulations will be instrumental in refining this framework by explicitly quantifying
the relative abundance of water versus DES components at the protein interface.
Ultimately, this work lays the groundwork for rational design of DESs and

biomimetic environments tailored for protein stabilization and biocatalysis.
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