Effect of Ethylene glycol and Polyols on Thermal
Stability of Globular Proteins

A Thesis Submitted
for the Degree of

Doctor of Philosophy

by
K. Tejaswi Naidu

Department of Biotechnology and Bioinformatics
School of Life Sciences
University of Hyderabad
Hyderabad — 500046, India

January 2021



UNIVERSITY OF HYDERABAD
(A central university established in 1974 by an act of Parliament)
Department of Biotechnology and Bioinformatics
School of Life Sciences
University of Hyderabad, Hyderabad 500 046, India

STATEMENT

I, K. Tejaswi Naidu, hereby declare that the work presented in this thesis, entitled as “Effect
of Ethylene glycol and Polyols on Thermal Stability of Globular Proteins” has been carried
out by me under the supervision of Dr. N. Prakash Prabhu at Department of Biotechnology
and Bioinformatics. To the best of my knowledge, this work has not been submitted for the
award of any degree or diploma to this or any other university or institute. A report on
plagiarism statistics from the University Librarian is enclosed.

ke g nai®
Place: Hyderabad K. Tejaswi Naidu
Date: 07-01-2021 (13LTPHO03)

oL
#Mﬁ/g/,,/m,

Supervisor
Dr. N. Prakash Prabhu
N. Prakash Prabhu, ph.0.

Assistant Professor

Dept. Biolechnology & Bioinformatics
School of Life Sciences

Universily of Hyderabad
Hyderabad-500 046



UNIVERSITY OF HYDERABAD
(A central university established in 1974 by an act of Parliament)
Department of Biotechnology and Bioinformatics
School of Life Sciences
University of Hyderabad, Hyderabad 500 046, India

CERTIFICATE

This is to certify that the thesis entitled “Effect of Ethylene glycol and Polyols on Thermal
Stability of Globular Proteins” submitted by Mr. K. Tejaswi Naidu bearing registration
number 13LTPHO3 in partial fulfilment of the requirements for the award of Doctor of
Philosophy in the Department of Biotechnology and Bioinformatics, School of Life Sciences
is a bonafide work carried out by him under my supervision and guidance.

This thesis is free from plagiarism and has not been submitted previously in part or in
full to this or any other university or institution for award of any degree or diploma

Further, the student has the following publication(s) before submission of the thesis/monograph
for the adjudication and has produced evidence for the same in the form of acceptance letter or
the reprint in the relevant area of his research:

1. K.T. Naidu, D.K. Rao, N.P. Prabhu, Cryo vs Thermo: Duality of Ethylene Glycol on
the Stability of Proteins, J. Phys. Chem. B. 124, (2020), 10077-10088.
https://doi.org/10.1021/acs.jpch.0c06247. (ISSN Number: 1520-5207), Chapters of
dissertation where this publication appears 2 and 3

2. K. Tejaswi Naidu, N. Prakash Prabhu, An able-cryoprotectant and a moderate
denaturant: distinctive character of ethylene glycol on protein stability, J. Biomol.
Struct. Dyn. (2020) 1-13. https://doi.org/10.1080/07391102.2020.1819422. (ISSN
Number: 1538-0254), chapter of dissertation where this publication appears 4



https://doi.org/10.1021/acs.jpcb.0c06247
https://doi.org/10.1080/07391102.2020.1819422

has made presentations in the following conferences

1. Asaposter in “Bio-Quest 2015 Symposium held at School of Life Sciences,
University of Hyderabad on 23-24th Sept 2015. (National)

2. As a poster in “43rd Indian Biophysical Society Meeting (Molecules to Systems)”
held at Indian Institute of Science Education and Research, Kolkata on 15-17th March
2019. (International)

Further, the student has passed the following courses towards the fulfilment of the
course work requirement of the Ph.D. degree.

S.No. Coursecode Name Credits Pass/Fail
1 BT 801 Seminar | 1 PASS
2 BT 802 Research Ethics & Management 2 PASS
3 BT 803 Biostatistics 2 PASS
4 BT 804 Analytical Techniques 3 PASS
5 BT 805 Lab Work 4 PASS

p festlyetll

T
Supervisor Head of Department of
Biotechnology and
N. Prakash Prabhu, ph.o. Bloinformatics e
Assistant Professor _ ) AN
' { Biotechnology & Bioinformatics HEAD .
g::”' of Lfe sgg"c" Dept. of Biotechnology & Bioinformatics School of Life Sciences

University of Hyderabad

University of Hyderabad University of Hyderabad Hyderabad - 500 048

Hyderabad-500 046 Hyderabad



& (oo
T QO BB,
)L SN IS, DA (0 B0 o)
Peblolenby)

o0

3
290390




ACKNOWLEDGMENTS

The path towards this thesis has been a lot of ebbs-and-flow. Its completion is thanks
in large to all the special people who struck with me supported me along this entire journey.

| am tremendously fortunate to have Dr. N. Prakash Prabhu, my mentor, who
provided continuous support, motivation during the course of my Ph.D. | sincerely thank him
for his guidance, thoughtful feedback and always aimed at moving me forward.

Besides my guide, 1 am also grateful to my thesis committee: Prof. Jogadhenu Syama
Sundar Prakash and Dr. Sunanda Bhattacharyya for their encouragement and for insightful
inputs. | would like to thank the Prof. K.P.M.S.V. Padmasree (Head of the Department of
Biotechnology and Bioinformatics) and Prof. Niyaz Ahmed, Prof. Anand K. Kondapi (former
Heads) for providing necessary facilities during these years. | would like to express my
gratitude to Prof. Dayananda Siddavattam (Dean of the School of Life Sciences) and Prof. A.S.
Raghavendra, Prof. P. Reddanna, Prof. KVA Ramaiah (former Deans) for providing necessary
facilitates in the school. I sincerely thank the office staff of the Department Mr. Rajshekhar,
Mr. Rahul, Mr. Shekhar, Mr. Murali and Mr. Krishna for their invaluable support. | thank BIF
and CMSD for providing me with the computational facility which was indispensable for my

work.

It will be indispensable to acknowledge the financial support provided by UGC
(JRF/SRF), without which it would be impossible to complete my Ph.D. with tranquillity. |
would also like to thank DST and CSIR for funding support to the lab.

| thank all my present (Archi Saurabh, Subhasree Ghosh, Pratibha Kushwaha and
Sanjay Kumar) and former lab (Dr. Neshatul Haque, Dr. Kiran Kumar, Dr. Bramhini
Anumalla) Ph.D. students for their valuable discussions and for providing a pleasant working
environment in our lab. I also would like to thank all the former project students of the lab
Deepak Prasad, Audrey, Gangasagar (Ganges ocean), Krishna kanth (KK), Sushree Rekha,
Haider, Sai Abhilash Reddy, Sharath Mohan, Manikyaprabhu, Swathi, Dhanyasree, Sreevidya,
Dipasree Hajra, Sowmya, Soumyaranjan Pujahari, Mouly Chatterjee, Harshita joshi,

Shashikant patel, Vani Gangwar and Sanjana.

| am deeply indebted to Neshat bhai for his valuable and insightful discussions
regarding my work and his personal support as a brother. His has a great scientific vigour which

always inspires me even today.



My heartful thanks to my room mates and friends Satyajit Mukhopadhyay and Suraj
Chauhan for their seamless support and patience they showed from that past two years. Along
with that I would like to thank friends Neha Tomar, Sai Kiran Madireddi, Santosh, Sayan Are,
Tanvi Suhane Gupta, Farhan, Moin bhai for their moral support. My Special thanks to Tanu
for bearing with all my inadequacies and for her immense patience. It would be unvirtuous of
me if 1 do not acknowledge my seniors and batchmates of the Department of Biotechnology

and Bioinformatics and the School of Life Sciences

| would like to express my eternal appreciation towards “My Parents” for their
unconditional love and for the moral, emotional and financial support during this entire
journey. I am too indebted them and can never pay them back for all the troubles they took
during all these years of my life. | sincerely thank my Akka (Siri) and Bava (Satish) and both

my nephews Sriyansh and Srivatsal.

The most important of all I would like to thank the almighty “My Master” for bestowing
upon me his benevolence, kindness and beneficence without which this long journey was

absolutely impossible.

... K. Tejaswi Naidu

VI



BLG
Cyt
Mb
ACT
o-LA
EG
Gly
Gdm
NaCl

Tm

Tc
AHm
AHc
ASm
ASc
Tmax
ACp
CD
AGunf
Mg

o

MD
PDB
RMSD
SASA
RDF
RDFsurt
H-bond

ABBREVIATIONS

Bovine B-lactoglobulin

Horse heart cytochrome ¢

Horse myoglobin

Bovine pancreatic a-lactalbumin

Bovine a-lactalbumin

Ethylene glycol

Glycerol

Guanidinium hydrochloride

Sodium chloride

Temperature

Heat transition midpoint temperature

Cold transition midpoint temperature

Change in enthalpy at the heat transition midpoint temperature
Change in enthalpy at the cold transition midpoint temperature
Change in entropy at the heat transition midpoint temperature
Change in entropy at the cold transition midpoint temperature
Temperature of maximum stability

Change in heat capacity

Circular dichroism
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Molecular Dynamics
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preferential interaction coefficient

Number of water molecules within a cut-off distance from protein
Number of EG molecules within a cut-off distance from protein
Total number of water molecules in the system

Total number of EG molecules

number of water molecules nearer to hydrophobic residues

number of water molecules nearer to polar residues
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number of EG molecules nearer to polar residues
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REMD - Replica exchange molecular dynamics
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RMSIP - Root mean square inner produce
FEL - Free energy landscape
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PREFACE

“A poet once said, “The whole universe is in a glass of wine.”” We will probably never know
in what sense he said that, for poets do not write to be understood. But it is true that if we look
in glass of wine closely enough, we see the entire universe. There are the things of physics: the
twisting liquid which evaporates depending on the wind and weather, the reflections in the
glass, and our imagination adds the atoms. The glass is a distillation of the earth’s rocks, and
in its composition, we see the secrets of the universe’s age, and the evolution of the stars. What
strange array of chemicals are in the wine? How did they come to be? There are the ferments,
the enzymes, the substrates, and the products. There in wine is found the great generalization:
all life is fermentation. Nobody can discover the chemistry of wine without discovering the
cause of much disease. How vivid is the claret, pressing its existence into the consciousness
that watches it! If our small minds, for some convenience, divide this glass of wine, this
universe, into parts — physics, biology, geology, astronomy, psychology, and so on —
remember that nature does not know it! So, let us put it all back together, not forgetting

ultimately what it is for. Let us give one more final pleasure: drink it and forget it all!”

Richard Feynman

X1
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Introduction

“Function follows structure” is an often well-accepted paradigm in biology. Nature
always favors the attainment of the functional forms in biological macromolecules
spontaneously, rooted within the molecules themselves. Among these macromolecules,
proteins (addressed as nanomachines) perform a plethora of functions in all the three kingdoms
of life, and are known to be most heterogeneous in structure. The building blocks of proteins
are amino acids, and the linear chain of amino acids constitute the “primary structure” of the
protein. For a protein to function, the linear chain must fold and attain a unique three-

dimensional structure [1].

1.1. HISTORICAL PERSPECTIVE OF PROTEIN STRUCTURE AND

FOLDING

In the early 1900°s Hofmeister and Fischer independently proposed that proteins are
polymers constituted by amino acids linked with peptide bonds [2]. The earliest work on the
structure of proteins was reported by Astbury & Street in 1931, who used X-ray diffraction to
show that human hair exhibits a characteristic diffraction pattern, which changes upon
stretching. They named the extended forms as [3-keratin while contracted form as a-keratin [3].
Two years later in 1933, Astbury & Woods proposed that B-keratin is the one with extended
sheets, held by interaction between carbonyl groups and imino groups [4]. These interactions
were recognized as a hydrogen bond [5]. Pauling proposed the existence of two helical
conformations, a- helix (with 3.7 residues per turn) and y-helix (with 5.1 residues per turn), as
shown in Fig. 1.1, based on the crystal structures of amino acids, peptides and other simple

substances related to proteins [6,7].

The first hierarchical organization of protein structure was introduced by
Linderstr@dme-Lang in 1952 as: primary, secondary, tertiary and quaternary structures [8]. The
first concrete evidence for the existence of such a structural organization in proteins was
confirmed from the work of Kendrew & Perutz, who solved the crystal structures of myoglobin
[9] and hemoglobin [10] and were awarded the Nobel Prize in 1962. These data also provided
the first evidence for the existence of a definite 3D-structure for proteins held by various non-

covalent interactions and might possess a hydrophobic core.
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Fig. 1.1. Drawings of (A) a-helix and (B) y- helix. The structure of proteins: two hydrogen-bonded helical

configurations of the polypeptide chain. Adopted from Pauling et.al., 1951
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In the mid-20" century, many groups around the world were studying the process of
protein folding, as stated by Anfinsen in his Nobel lecture “The work that my colleagues and |
have carried out on the nature of the process that controls the folding of polypeptide chain into
unique three-dimensional structures of proteins was, indeed, strongly influenced by
observations on the ribonuclease molecule. Many others including Anson and Mirsky in the
1930s and Lumry and Eyring in the 1950s had observed and discussed the reversibility of
denaturation of proteins. However, the true elegance of this consequence of natural selection
was dramatized by the ribonuclease work, since the refolding of this molecule, after full
denaturation by reductive cleavage of its four disulfide bonds, required that only 1 of the 105
possible pairings of eight sulfhydryl groups form four disulfide linkages take place.” Further,
Anfinsen’s proposal of the “thermodynamic hypothesis”, which states “the three-dimensional
structure of a native protein in its normal physiological milieu (solvent, pH, ionic strength,
presence of other components such as metal ions or prosthetic groups, temperature and others)
is the one in which the Gibbs free energy of the whole system is the lowest; that is, that the
native conformation is determined by the totality of the interatomic interactions and hence by
the amino acid sequence, in a given environment” [11]. The thermodynamic hypothesis,
although the most accepted theory primarily focuses on the spontaneity of the protein to attain
the native state, but does not provide any insights into the pathway(s) of the protein folding.

The theory undermining the pathways of protein folding was first hypothesized by
Levinthal [12], who reported a gedanken experiment stating that, of all the enormous number
of possible configurations in a protein of 100 amino acids (assuming 2n number of backbone
torsional angles of an n residue protein, with a minimum of 3 stable conformations, totally
yield 32" =10" conformations if the side-chain conformations are ignored), if the molecule
explores 102 conformations per second, still the total time taken for the protein to fold would
be 108 seconds. This would be equal to ~13 billion years, but apparently proteins fold in the
time scale of millisecond regime. This discrepancy is classically called Levinthal's paradox.
Levinthal further argues that the folded conformation need not be the lowest energy state, but
could be a metastable state sufficiently deep in the energy well so as to survive the perturbations
in the biological system. These arguments of Levinthal led to the proposal of protein folding
pathways, in which, the intermediate states would act as milestones in the enormous

conformational space of the protein to reach the minima (the native state).
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Anfinsen’s thermodynamic view and Levinthal’s pivotal argument on folding pathways
raised two basic questions in the field of protein folding, (i) if the pathways are
thermodynamically driven, how does a protein fold within milliseconds after the synthesis of
polypeptide chain? and (ii) if the process is kinetically driven, how are the misfolded states
minimized or completely avoided? These questions although mutually exclusive led to the

proposal of new theories and models of protein folding.

1.2. THEORIES AND MODELS OF PROTEIN FOLDING

1.2.1. Diffusion-collision theory

According to this model, a protein molecule consists of multiple elementary
microdomains, such that each domain can search for their own conformational space and form
a stable structural domain. These microdomains then diffuse under the influence of internal
and external forces resulting in their collision. Collision leads to the formation of higher-order
subdomains. This overall process can lead to the formation of a stable molten globule like state,
which finally undergoes diffusion to generate a stable tertiary structure, with proper side-chain
packaging [13]. The theory was proposed by Karplus & Weaver in 1976 [14]. The process of
folding might follow a unique single pathway or might have multiple initial pathways.
However, the microdomains containing structures formed might lead to off-pathway
intermediate structures [15]. Further the model does not provide information about the
atomistic details of the motions in the folding process, nor deals with the energetic barriers and
the population of various conformations during the folding, thus is a semi-quantitative model
[16].

1.2.2. Framework theory

After six years of the proposal of the diffusion-collision model, Kim & Baldwin (1982)
proposed the framework model, which is an extension of the diffusion-collision model. The
model suggests that folding begins with the formation of secondary structures which then
interact and pack against each other to form a final stable tertiary structure [17,18]. The
fundamental drawback of the framework theory is, in many cases the secondary structures are
formed even in the denatured state, which fluctuates with the random coiled structure [19].

Notwithstanding, in many fast-folding proteins like helical coiled GCN4 [20],
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protein L [21] it was demonstrated that secondary interactions play only minor role in the

determination of protein folding kinetics [22].

Apart from these above-mentioned models, some of the other early protein folding
theories are nucleation-condensation model and hydrophobic collapse model. In the
nucleation-condensation model, some of the key residues in the protein form a nucleus, on
which the entire protein tertiary structure develops [23,24]. In the hydrophobic collapse model,
the process of folding begins with the collapse of some hydrophobic residues, non-specifically,
followed by the formation of secondary and tertiary structures [25]. All these models are called
classical models that deal with the existence of different intermediate states of proteins apart
from the native (N) and the unfolded (U) states during the folding process. The most commonly

observed pathways are: off-pathway scheme [26]

NeU
N (1.2.1)
X
on-pathway model [27]
NeXaUu (1.2.2)
and sequential model [28]
NeXieX 22U (1.2.3)

Where U represents the fully unfolded state, Xi represents the intermediate state and N

represents the native state.
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1.2.3. Energy landscape theory

This theory comes from the statistical mechanical perspective of protein folding, also
called as “folding funnel” model. According to this theory, a statistical ensemble of unfolded
states sieves through the funnel via a myriad of pathways to the minima, corresponding to the

lowest energy and entropy [29].

Collapse

——+—Entropy——F—

Transition state

Folding
intermediates
10 L

Native

Fig. 1.2. Hlustration of a free energy landscape of a fast folding 60 amino acid protein. The picture depicts
the new view of protein folding pathway inferring that the protein must folds energetically downhill
through intermediate states like the molten globule before attaining the Native conformation. The width
and the depth of the funnel corresponds to the entropy and energy of the protein, respectively. Adopted
from Wolynes et.al., 1997

A folding energy landscape is usually a plot of energy against conformational entropy.
An example of the funnel energy landscape of a 60 amino acid protein is illustrated in Fig. 1.2
[30,31]. Understanding and modulating the free energy landscapes of proteins help us to learn

how organisms have evolved through eons of ages to live under hostile
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environmental conditions. Further, these principles are essential in the fields of biotechnology

to develop better methods for engineering proteins with desired properties.
1.3. PROTEIN STABILITY AND THE EFFECTS OF ADDITIVES

A common practice among the biochemists is to use cosolvents in the medium during
the isolation of organs, organelles and biomolecules in order to retain their function and
activity. These cosolvents are commonly referred as osmolytes [32]. These are small organic
molecules that are strategically accumulated intracellularly by various organisms across the
living kingdoms to counter different environmental stress [33,34]. They are classified into three
categories: polyols and sugars (glycerol, sorbitol, sucrose etc.) [35], amino acids and
derivatives (glutamate, betaine etc.) [36] and amine oxides (TMAOQ) [37]. It is believed that

most of these osmolytes stabilize via a common mechanism of “preferential interaction” [38].

Preferential interaction can be expressed as preferential binding or as preferential
exclusion (or preferential hydration) of the cosolvent on the protein loci. The term
“preferential” is a measure of relative affinity. If the affinity of cosolvent is greater than water,
it results in preferential binding, while less affinity results in preferential hydration. In
thermodynamic viewpoint at constant temperature and pressure preferential binding can be
expressed as [39],

(allc

_ _ompdne (13.)

d
G

(amp Uc

_<aﬂ> _— (1.3.2)
Ouc my,

where mp and mc are the molal concentrations of the protein and cosolvent respectively, while
up and uc are the corresponding chemical potentials. Equation 1.3.2 suggests that preferential
binding (I'rc) is the mutual adjustment of the number of solvent and cosolvent composition
within the vicinity of the protein (mutual perturbation of chemical potentials) [40]. If T'pc is
negative, the interaction between the cosolvent and protein is unfavorable (preferential
exclusion of cosolvent) and the surface hydration is favorable which is usually observed for

stabilizing or compatible osmolytes. If I'pc is positive, the interaction of cosolvent is
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favorable (preferential binding) over surface hydration of the proteins which is usually

observed for denaturants (non-compatible osmolytes) as depicted in Fig. 1.3.
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Fig. 1.3. A Schematic depiction of mode of action of a stabilizing osmolyte and a denaturant. Scheme (i)
Addition of a compatible osmolyte (stabilizing osmolyte (#)) to the protein solution results in preferential
exclusion and protein compaction. Scheme (ii) while addition of a non-compatible osmolyte (a denaturant (¥
)) results in preferential binding of the cosolvent and protein denaturation.
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1.4. METHODS TO STUDY PROTEIN STABILITY

Experimentally, protein stability is studied by perturbing the structure of the protein by
thermal denaturation, chemical denaturation, pressure denaturation or altering the pH [41-44].

Among these methods, the most widely used procedures are heat and chemical denaturation.

1.4.1. Thermal denaturation

The experimental approach employed to study protein thermal stability is to track the
change in some property of the protein with temperature. The most common techniques include
absorbance, CD, NMR [45]. The variation of the chosen property measures as a function of
temperature is called a thermogram, which upon fitting to an appropriate equation can yield
equilibrium thermodynamic parameters like the transition temperature (Tm or T¢ described
below) and the change in enthalpy at the transition temperature (AH) [46]. These parameters
can be used to construct a protein stability curve, as first defined by Schellman [41], is a plot
of free energy of unfolding (AG) as a function of temperature, which is a valuable tool for

studying protein stability. A typical protein stability curve is shown in Fig. 1.4. The curve

AG (kcal/mol)

1 1 1 1 1
260 280 300 320 340

Temperature (K)

Fig. 1.4. A typical stability curve of a protein. It is derived from the temperature variation of the enthalpy and

entropy of protein unfolding.
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suggests that a protein can undergo denaturation both upon increase and decrease in
temperature. The stability curve intersects the zero point at two temperatures corresponding to
heat transition temperature (Tm) and cold transition temperature (T¢). These parameters along
with enthalpy of unfolding measured at transition midpoint for both heat (AHm) and cold (AHc)
denaturation are important thermodynamic parameters to define protein stability [41]. An
increase of Tm and AHm in presence of a cosolvent implies that the protein is stabilized by the
cosolvent, while a decrease indicates a denaturant. On the other hand, a decrease in Tc and AH¢
(more negative) in presence of a cosolvent implies stabilization against cold stress, while an

increase of these parameters implies destabilization.

1.4.2. Chemical denaturation

Chemical denaturation is another routinely used method to study protein stability. In
this process, protein in titrated against an increasing concentration of denaturant like guanidine

hydrochloride or urea. The cause of denaturation is due to the negative transfer free energy,

1.0 -
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Fraction of Unfolding
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0 1 2 3 4
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Fig 1.5. A typical protein chemical denaturation curve. It is a plot of concentration of the denaturant against
the fraction of unfolding which can be calculated from any spectroscopic data recorded during protein chemical

denaturation.

upon transfer of a protein from aqueous medium into the denaturant solution [47]. A typical
protein denaturation curve is shown in Fig. 1.5. The data when fit to an appropriate equation

by a non-linear least square method stability parameters such as free energy of unfolding (AG),

10
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measure of dependence of AG on denaturant concentration (mg) and transition mid-point of
unfolding (Cm) can be calculated. An increase in AG and Cr, in presence of a cosolvent implies
that the cosolvent is a protein stabilizer, while a decrease in the values implies destabiliser. The
above techniques, although very handy cannot provide a thorough insight into the molecular
mechanism of the stabilization of proteins by cosolvents. The most convenient methods which
evolved in the recent times to deal with mechanistic aspects of biological, biochemical

processes and to understand protein denaturation are “Molecular dynamics simulations”.

1.4.3. Molecular dynamics simulations

Molecular dynamic (MD) simulations are used to study the time evolution of interaction
of molecules in a system. In this technique, configurations are generated successively by the
integrating the “Newton’s laws of motion”. This results in a trajectory which provides

information about the momentum and position of particles with time.

Force field methods are employed to perform MD simulation studies, in which
electronic motions are ignored and the energy calculations are performed according to the
position of the nucleus. Of the various MD force field employed, the “hard sphere potential”
[48] and the “square well potential” [49] are of historic importance for the study of interacting
classical particles. The first successful simulation involving the use of molecules was
performed by Rahman in 1964. He simulated 864 particles of liquid argon interacting via
Lennard-Jones potential and found that the calculated values of self-diffusion coefficient and
pair correlation function were in concordance with that of the experimental values [50]. The
first molecular mechanics force field and a computer program for macromolecules (like
proteins and nucleic acids), was “AMBER” (Assisted Model Building with Energy
Refinement) developed by Kollman & co-workers in 1981 [51]. Following this Karplus group
developed another computer program in 1983 and a force field, “CHARMM” (Chemistry at
HARvard Macromolecular Mechanics) [52], van Gunsteren group built GROMOS (Groningen
molecular simulation) in 1987 [53] and Jorgensen group developed OPLS force field in 1988
[54]. Most of the molecular mechanics force fields typically consists of functions describing
inter- and intra-molecular forces [55]. An example of the functional form of the potential

energy function (equation 1.4.1) used to model a molecular system is [56]:

11
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Where U(r) denotes the potential energy as a function of position of atoms. The first summation
in the function accounts for the bond stretching, where k; is the bond force constant and
(b — by) is the deviation from the equilibrium bond length. The second term accounts for the
bond angles, where kg is the force constant for bond angle and (6 — 6,) represents the
deviation from the equilibrium bond angle. The third term represents the dihedral or torsional
angle, where k, is the force constant for the torsional angle, n is the multiplicity, y is the
torsional angle and 4 is the phase shift. The non-bonded interactions are represented by the last
two terms, where van Der Waals energy (Lennard-Jones 6-12 potential) is calculated by the
fourth term and the electrostatic energy is calculated by the fifth term (Coulombic potential).
All the molecular mechanics force fields contain the above terms, with some additional terms
which are force field specific. Given the great importance of water in biology, a number of
interaction potentials were developed for water molecules to be used in simulations. Among
these, the most prominent ones are the rigid non-polarizable water models with (i) three
interaction sites (SPC/E and TIP3P), (ii) four interaction sites (TIP4P and TIP4P/2005) and
(iii) five interaction sites (TIP5P) [57]. The simplest water model of TIPn (N-point model) is
the TIP3P water, which is based on gas phase geometry of water (#ZHOH = 104.5° and the 3-
point charges placed on the nuclei). To reproduce the quadrupole moment of water, the
negative point charges on the oxygen of TIP3P was displaced onto the bisect of HOH towards
the H-atoms leading to TIP4P water model [58]. Later, the point charge was replaced by two
negative charges to replicate the lone pair of electrons on the oxygen atom leading to the TIP5P
model [59]. Additional water models built on TIP4P of significance is the TIP4P/2005 model
(used in this study), developed based on the fit to the temperature of maximum density

estimated from the hexagonal ice melting point [60].

In the past twenty years, because of a considerable advancement in the computation

power, MD simulations were successfully used to understand the molecular mechanism behind
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many biological reactions such as ligand binding [61-63], protein-protein interactions [64,65],
enzyme conformational changes [66,67], protein-cosolvent interactions [68—71]. Further most
of the above-mentioned force fields are regularly updating new parameters for additional
chemical entities and are also developing algorithms and servers to automatically identify and
generate new parameters for small molecules. Some examples for such servers are CGenFF for
CHARMM (used in this study) [72,73], PRODRG [74] and ATB [75] for GROMOS,
AnteChamber for GAFF and AMBER [76]. For the study of all the above-mentioned
biochemical processes classical MD simulations can provide valuable insights into the
atomistic details and the energetics of the processes. However, to study processes like protein
folding and protein fibrillation classical MD simulations cannot provide deeper insights as
sample conformations that are separated by a high energy barrier (rugged energy landscape)
cannot be attained via classical simulations. To overcome such drawbacks enhanced sampling
methods like REMD (Replica Exchange Molecular Dynamics) [77,78], umbrella sampling [79]
etc are employed. In REMD simulation, several copies of the simulation system are run in
parallel at different temperatures and exchange between the adjacent replicas is attempted with
the probability provided by Metropolis criterion. The exchange process often allows the
conformation to escape an energy minimum, thus enhancing the sample space. In umbrella
sampling, conformational dynamics along a reaction coordinates are performed and the relative
free energy difference between the states is analyzed [80]. System coordinates are assembled
into sets of collective variables, with each set corresponding to an umbrella window. A restraint
bias potential (usually a harmonic or a quadratic function) determines the weighting function
of each window, thus forces the collective variable to remain within the centre of mass of the
window. However, a slight overlap between the windows allows correct reconstruction of the
transition [81]. After the simulation, WHAM (Weighted Histogram Analysis Method) [82] is
employed to recover the unbiased free energy.

1.5. ABOUT THE PRESENT STUDY

A major part of the thesis deals with the effect of ethylene glycol on the thermal stability
(heat and cold denaturation) of proteins. Chapter 2 deals with the effect of ethylene glycol on
the stability of proteins against heat and cold. Four model proteins were used in the study (B-
lactoglobulin, cytochrome ¢, myoglobin and a- chymotrypsin). All the four model proteins
showed a clear destabilization upon heat denaturation, while showed a significant stabilizing

13



Chapter 1

effect against cold denaturation. Further, upon performing guanidine hydrochloride induced
unfolding in presence of ethylene glycol, the proteins were destabilized at room temperature
(293 K), while they were stabilized under sub-zero condition (263 K). The thermal and
chemical denaturation results were compared with the well-known protein stabilizer glycerol,
where the proteins were found to stabilized both against heat and cold denaturation. In order to
obtain an atomistic insight into the molecular mechanism of the contrasting nature of ethylene
glycol (EG) on the stability of proteins with temperature (chapter 3), MD simulations were
performed for all the above proteins at three different temperatures (240K, 300K and 340K)
under two different cosolvent concentrations, 20% and 40% (v/v) of EG. The MD simulations
suggested that the mode of stabilization of EG under sub-zero temperatures is due to
preferential binding of the cosolvent to the protein, thus decreasing the hydrophobic hydration
of the proteins, therefore stabilizing the proteins under sub-zero temperatures.

As there was no prominent unfolding of the model proteins in the MD simulations, to
confirm the temperature dependant effect, REMD simulation (chapter 4) of a-lactalbumin were
performed in two temperature ranges (240- 300K) and (290-340K). Two solvent conditions
were employed (i) protein in water and (ii) protein in 30% (v/v) of EG. To confirm that EG
imparts a similar temperature dependant effect, heat and cold denaturation of a-lactalbumin
was also performed with increasing concentration of EG. The data from both experiments and
the simulation reaffirms that EG stabilizes the protein under sub-zero conditions while
destabilizes the protein at higher temperatures. Further, dynamics of the solvent and cosolvent
around a-lactaloumin also suggested that preferential binding of EG to protein at lower
temperature stabilized the protein, while at higher temperature preferential binding resulted in
destabilization of the protein as observed in case of other denaturants [70,83,84].

In the last chapter (chapter 5), effect of polyols (ethylene glycol, glycerol. erythritol,
xylitol and sorbitol) on the equilibrium intermediate identified during the thermal denaturation
of cytochrome ¢ at pH 5 was investigated. The results suggested that all the polyols could
destabilize the intermediate. However, the extent of destabilization varied based on the number
of -OH groups. EG clearly destabilized the intermediate while glycerol only slightly
destabilized the intermediate. In case of ethylene glycol and glycerol, the temperature at which
the intermediate is maximally populated also decreased with the increase in the concentration

of cosolvent. Higher order polyols such as erythritol, xylitol and sorbitol also slightly
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destabilized the intermediate, but the temperature at which maximum population of

intermediate exists increased to a higher temperature.
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Dual Nature of EG on Protein Stability

2.1. ABSTRACT

Osmolytes are known to stabilize proteins under stress conditions. In this chapter, we analyse
the effect of ethylene glycol (EG), a polyol class of osmolyte, on the stability of four model
proteins, B-lactoglobulin, cytochrome c, myoglobin, a-chymotrypsin. In order to obtain a
complete stability curve, both heat and cold denaturation of the proteins was carried out in the
presence of varying concentrations of EG. The free energy change over the entire temperature
range was analysed in the presence and the absence of EG for all the four proteins. The results
suggest that the addition of EG stabilizes the proteins against cold-denaturation whereas
destabilizes during heat-induced denaturation. Further, chemical denaturation experiments
were performed at room temperature and at sub-zero temperature (-10 °C) with increasing
concentrations of EG. It was observed that EG imparts stability to the proteins at lower
temperature against chemical denaturation, while at room temperature it destabilizes. The
results were compared with a well-known stabilising osmolyte, glycerol which stabilized the
proteins under all the temperature conditions. To the best of our knowledge, a temperature-
dependent differential stabilization effect has not been reported for any other osmolyte and
might be specific to EG.
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2.2. INTRODUCTION

Temperature governs most of the biochemical processes such as enzyme Kinetics, ligand
binding, and protein folding « unfolding equilibrium, to name a few. Though most of the
proteins effectively function at physiological temperature, food, pharmaceutical and other
biotechnology-related industries require the use of sub-zero temperatures for storage of
proteins and peptides [1,2]. Nevertheless, freezing can have detrimental effects on proteins
including denaturation, aggregation and loss of their activity. The substances used to prevent
and protect proteins from these detrimental effects are called cryo-protectants. Many osmolytes
can act as cryo-protectants particularly polyol class of osmolytes. Osmolytes are naturally
occurring organic molecules used by both plant and animal kingdoms to protect themselves
against the natural environmental extremum [3,4]. Accumulation of osmolytes is one of the
key survival strategies of the organisms living under extreme conditions such as heat, cold,
pressure and high salt [3]. Osmolyte molecules increase or decrease the free energy of
unfolding, thus stabilize or destabilize the proteins, respectively [5].

Proteins undergo denaturation under both the extrema of temperatures, termed as heat
denaturation (by increase in temperature) and cold denaturation (by decrease in temperature),.
There are remarkable differences in the conformations of proteins resulting from heat and cold
denaturation. Heat denaturation is an entropically driven process, where the unfolding happens
as a result of gain in conformational entropy. The process of cold denaturation is an
enthalpically driven caused by the negation in the solvophobic interactions [6-8].
Thermodynamically, the process of protein thermal denaturation is a consequence of an
increase in the heat capacity (Cp) and the extent of increase is protein specific [9]. This
concludes that the difference in the thermodynamic parameters of the two macroscopic states
(native and denatured) are certainly temperature dependent functions. For a thermodynamic

process occurring at constant pressure [10],

OAH aAs _ AGp
1 = ACpand 2= — (2.2.1)
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Since enthalpy is a state function, the change in enthalpy for the process can be written as
AH(T) = HP(T) — HN(T)
= AH(T®) + [;, AC, dT
= AH(T®) + AC,(T — T°) (2.2.2)
Similarly, entropy can be written as

AS(T) = SP(T) — SN(T)

T

= AS(T) + [po—=2dT

= AS(T°) + AC, In () (2.2.3)
Where, AC,, is the difference in heat capacity between the denatured and the native state. T° is

a reference temperature and in this case T® = Ty, , the transition midpoint temperature.

For the phase transitions like protein unfolding, the change in Gibbs free energy at the transition

temperature is equal to zero. Hence,

AG = AH(T,,) — TyAS(T,,) = 0 (2.2.4)

and thus,

AH(Tp)
AS(Ty) = -

where, AH(T®) is the enthalpy at the transition temperature.

From equation 2.2.2, it is evident that the change in the enthalpy is a linear function of
temperature which decrease with decrease in temperature and at a certain temperature it is
expected to change its sign to a negative value. This temperature, is called inversion

temperature [11], which can be written as
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Similarly, the change in entropy is should also decrease with decrease in temperature (equation

AH

Tiny = T® — —
mnv ACp

2.2.3) but in a nonlinear fashion.
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Fig 2.1 Representative plots of temperature dependent change in (A) free energy, (B) enthalpy and (C) entropy
during protein unfolding by cold and heat induced denaturation processes. Here in (A) Tm and Tc represents the
transition midpoint temperatures of heat and cold transitions, respectively. Tmax is the temperature at which Gibbs
free energy of denaturation is at its maximum value. In (B) Tinv is the inversion temperature where change in

enthalpy is equal to zero.

The Gibbs free energy difference as a function of temperature for the transition can then be
written as following,

T, — lnTl)

m

T
AG = AH(Ty) (1 - E) + AC, (T - (2.2.6)
A plot of free energy (AG), enthalpy (AH) and entropy (AS) as a function of temperature
for a small globular protein that follows a two-state transition is shown in Fig. 2.1. The plot of

free energy (AG) against temperature is generally referred as a stability curve of a protein (Fig.
2.1A) and has the following salient features. The slope of the plot is given by ?—TG = —AS. The

temperature at which the slope becomes equal to zero (AS = 0) is defined as the temperature of
maximum stability of the protein (Tmax). The stability curve intersects the abscissa (AG = 0) at
two temperature values represented by Tm and Tc. These points constitute the heat and the cold
transition midpoint temperatures, respectively. A comparison of the stability curves of different
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proteins or a same protein under different conditions is one of the most valuable tools to assess

the protein stability.

Fig 2.2 Cartoon diagrams of the model proteins used in the study. (A) p-lactoglobulin (3BLG), (B) cytochrome
¢ (IHRC) (C) myoglobin (1YMb) and (D) a-chymotrypsin (1YPH). The three-dimensional structures are from
the protein data bank and their PDB ids are given in parentheses. Light blue, pink and brown ribbons represent a.-

helix, B-sheet and loops, respectively. Purple sticks are heme and red spheres are iron atoms.

Osmolytes hitherto reported are known to either protect proteins against both heat and
cold denaturation (for instance, glycerol and sucrose) or promote both heat and cold induced
denaturation (for instance, urea) [12-14]. Here, we report the effect of ethylene glycol (EG), a
diol, on four model proteins, B-lactoglobulin (BLG), myoglobin (Mb), cytochrome ¢ (Cyt), and
a-chymotrypsin (ACT). All the model proteins are different in their sequence, structure (Fig.
2.2) and biological functions. The effect of EG on the proteins were measured by cold- and
heat-induced denaturation of the proteins. Also, Gdm- induced unfolding of the proteins in the
presence of EG was also measured at room temperature and at a sub-zero temperature as well.
The results suggest that EG exhibits a temperature dependent stabilizing effect on the proteins.
It destabilizes the proteins at room temperature while stabilizes under sub-zero temperature
conditions. The results were compared with that of a well-known protein stabilizer, glycerol

(Gly) which stabilizes the proteins against all the denaturing conditions.

2.3. MATERIALS AND METHODS

2.3.1. Materials

All the proteins, bovine B-lactoglobulin, horse myoglobin, horse cytochrome ¢ and
bovine a-chymotrypsin were purchased from Sigma-Aldrich. Both the cosolvents ethylene
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glycol and glycerol were also from Sigma-Aldrich. Guanidinium chloride (Gdm), urea and all

the buffer salts were purchased from SRL Pvt. Ltd.

2.3.2. Thermal denaturation

All the thermal denaturation measurements were recorded using JASCO J1500 circular
dichroism spectrophotometer attached to a circulating water bath, Julabo F32. In case of BLG
(in 4M urea and pH 2) [15], change in the ellipticity was followed in the near-UV region, while
in case of Mb (pH 4) [11], Cyt (in 2 M Gdm at pH 5) and ACT (in 1.5 M Gdm at pH 4)
ellipticity changes in the far-UV region were followed to measure the unfolding. All the
experiments were performed at a scan rate of 0.5 °C/min. In case of BLG, Cyt and ACT, a low
concentration of denaturant was added to induce an early cold denaturation that is within the
experimentally accessible range and to reduce the freezing point of the buffer. The
concentrations of the denaturants were chosen such that it was within the pre-transition baseline

of their corresponding chemical denaturation curves [16-19].

All the denaturation transitions were analysed using a two-state model (Native «»
Unfolded). The unfolding transitions were followed by change in ellipticity at 293 nm for BLG,
222 nm for Mb and Cyt, and 230 nm for ACT. The ellipticity values were normalized to
calculate the fraction of unfolding at each temperature. From the fraction of unfolding
equilibrium constant (K., = [Unfolded]/[folded]) was evaluated, and the thermodynamic
parameters for the transitions were obtained by fitting the equilibrium constant data to the
following equation [20].

T® T®
InK,, =A+B (?> +Cln (?) (2.3.1)

With

A\ [—Acp + AS,(T°)
R

o [AC — ASw(TO)] _ AG'(T®)
R RT,,
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Where, T is the transition temperature, AG’ is the change in the Gibbs free energy of the
transition, AS, is the change in entropy at the transition temperature and AC,, is the change in
the heat capacity of the transition. The In Keq values at different temperatures were used to
calculate the protein stability curve i.e. change in free energy vs temperature. The stability
curves were extrapolated to lower temperatures, if necessary, to evaluate the thermodynamic
parameters for the cold denaturation process. The AC,, is assumed to be constant for entire

temperature range [20-22].

2.3.3. Chemical denaturation

Chemical denaturation of the proteins was performed at 293 and 263 K using Gdm as
a denaturant. The protein samples were prepared in varying concentration of the denaturant
and were pre-incubated in a water bath at 293 or 263 K for 45 minutes before recording their
spectra. In case of BLG and ACT, intrinsic fluorescence of the protein at 332 nm was used to
follow the unfolding of the protein after exciting the samples at 280 nm. The measurements
were performed in JASCO FP8500 spectrofluorometer connected with a circulating water bath.
In case of Mb and Cyt, unfolding transitions were followed using the changes in ellipticity at
222 nm. All the chemical denaturation transitions were also analysed using the two-state model

[23] with the following equation.

((-AGypf+mglGdm]))
_ (yp+tmg[Gdm])+(yy+my[Gdm])e RT
- ((~8Gyp+mglGdm]))
1+e RT

Y

(2.3.2)

Where Y is the normalized spectroscopic signal for the unfolding fraction, y¢ and y,, are the
intercepts of the native and the unfolded baselines, m¢ and m,, are the corresponding slopes of
the native and the unfolded baselines, respectively. AG, s is the Gibbs free energy of unfolding

and my is the slope of the transition region. R is the gas constant and T is the experimental

temperature.
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2.4. RESULTS

2.4.1. Thermal denaturation of Proteins

The structural stability of all four model proteins upon changing the solution temperature, from
300 to 350 K and also from 300 to 255 K, was monitored by the change in ellipticity of the
proteins in the presence of varying concentrations of EG. As a control experiment, stability of
the proteins was also measured in presence of 20% of glycerol. Gly is known to stabilize
proteins against various temperature and pH stress conditions [12,24]. The unfolding

thermograms of all the four proteins (Fig. 2.3 A1-D1), suggested that upon addition of EG,

Fraction of unfolding

1 1 1 1 1
260 . 90 20 940 260 280 300 320 340

no EG

Eife ' B27 | » c2
1 1 ! 1 1 1 1 1 1 1 1 1 1 1 Il L 1 1
260 280 300 320 340 260 280 300 320 340 260 280 300 320 340 260 280 300 320

Temperature (K)

Fig 2.3. (A1-D1) Representative plots of fraction of unfolding measured against temperature for BLG, Cyt, Mb
and ACT in the absence (black) and the presence of EG (cyan and pink), and in the presence of Gly (grey). The
solid lines are for visual clarity to follow the changes. (A2-D2) Representative plots of In Keq calculated from the
fraction of unfolding of the proteins in the absence (black circles) and in the presence (pink circles) of EG. The

solid lines are data fit using equation. 2.3.1.

the heat denaturation was induced earlier whereas cold denaturation occurred later than in
absence of EG. Using the two-state assumption, the fractions of unfolded and folded forms
were calculated, and the equilibrium constants as a function of temperature were determined.
The resultant plots are presented in Fig. 2.3 (A2-D2) and were fit to constant ACp model using
equation 2.3.1. Change in the free energy of the proteins against temperature (Fig. 2.4 A1-D1)
was calculated from the transitions and the transition midpoint temperatures of the heat
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(Tm) and cold denaturation (T¢) were estimated by locating the points on the free energy curve,
where AG = 0.
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Fig 2.4. Free energy of unfolding of BLG (Al), Cyt (B1), Mb (C1) and ACT (D1) calculated from the transition
curves in Fig. 2.3 in the absence (black) and in presence of EG (cyan and pink) or Gly (grey). Transition midpoints
of heat-induced denaturation, Tm (red), and cold-induced denaturation, Tc (blue), for (A2) BLG, (B2) Cyt, (C2)
Mb and (D2) in the absence and presence of varying concentrations of EG (circles) and in the presence of 20%
Gly (squares). Enthalpy of unfolding measured at transition midpoint temperatures of heat- and cold-induced
denaturation, AHm (red) and AHc (blue), respectively, for (A3) BLG (B3) Cyt (C3) Mb and (D3) ACT. Entropy
of unfolding measured at transitions midpoint temperatures of heat- and cold-induced denaturation, ASm (red)
and ASc (blue), respectively represented as TAS values for (A4) BLG, (B4) Cyt, (C4) Mb and (D4) ACT in the

absence and the presence of varying concentrations of EG (T—transition midpoint temperature).
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The values of the transition midpoints suggested that the proteins were destabilized in presence
of EG during heat denaturation, thus lowering the Tr, value whereas they were stabilized during
cold denaturation as T values were further lowered to sub-zero temperatures (Fig. 2.4 A2-D2).
In the presence of Gly, T value was slightly increased and T. value decreased suggesting that
Gly stabilized the protein against both heat and cold induced denaturation. The enthalpy of
unfolding of heat-induced denaturation (AHm) decreased upon the addition of EG whereas it
was slightly increased in presence of Gly. The enthalpy changes upon cold denaturation (AHc)
IS negative as observed in the case of other globular proteins [20,25], and it increased upon the
addition of both EG and Gly (Fig. 2.4 A3-D3). The entropy of unfolding calculated at midpoint
temperature, ASyw and AS. also showed the similar trend for all the four proteins (Fig. 2.4 A4-
D4).
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Fig 2.5. The change in heat capacity (ACp) during thermal denaturation of the proteins (A1l-D1), and the
temperature of maximum stability (Tmax) of the proteins (A2-D2) in presence of varying concentrations of EG
(black circles) and Gly (grey squares) evaluated from their respective free energy curves in Fig. 2.4 A1-D1 and

using equation 2.3.1.

The change in heat capacity (ACp) of the overall thermal transitions were evaluated
from their respective free energy curves (Fig. 2.5 A1-D1). AC; values of all of the four proteins
decreased upon addition of EG, though the extent of decrease was marginal in case of BLG.
Further, the temperature of maximum stability (Tmax, the temperature at which AS = 0), was
also evaluated for all the proteins (Fig. 2.5 A2-D2). The addition of EG and Gly, shifted the
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Tmax towards lower temperature. It may be noted that the addition of cosolvents such as Gdm
and ficoll [14,26] do not change the Tmax values of proteins during thermal denaturation, but
alcohols shift the Tmax value towards lower temperature [13]. These observations suggest that
the change in Tmax Might be specific to the interaction of osmolytes with the proteins.

2.4.2. Chemical denaturation of proteins
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Fig 2.6. Representative Gdm-induced denaturation transitions of the proteins BLG, Cyt, Mb and ACT carried out
at 263 K (A1-D1) and at 293 K (A2-D2) in the absence (black) and the presence of (cyan and pink) of EG and in
the presence of Gly (grey). The solid lines represent data-fit with an assumption of two-state transition using

equation 2.3.2.

To further ascertain the temperature dependent changes on the effect of EG, Gdm-
induced unfolding of all the four model proteins was performed in presence of varying
concentrations of EG at 263 K and at 293 K. The chemical denaturation curves of all the model
proteins measured at 263 K showed that the transitions were moved towards higher denaturant
concentration upon addition of both EG and Gly (Fig. 2.6 A1-D1). When the experiments were
performed at 293 K, the transitions shifted to a lower denaturant concentration with the addition
of EG, whereas they moved toward the higher side in the presence of Gly in all proteins (Fig.
2.6 A2-D2).
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Fig 2.7. Upper panels: the unfolding transition midpoint concentrations (Crs) from Gdm-induced denaturation of
(A1) BLG, (B1) Cyt, (C1) Mb, and (D1) ACT measured at 263 K (blue) and 293 K (red) in the absence and
presence of varying concentrations of EG (circles) and in the presence of 20% Gly (squares). Middle panels: free
energy of unfolding (AGunf) calculated from the Gdm-induced denaturation transitions at 263 K (blue) and at 293
K (blue) in the presence of EG (circles) or Gly (squares) for (A2) BLG, (B2) Cyt, (C2) Mb, and (D2) ACT. Lower
panels: The mg-values of chemical denaturation transitions of the proteins, (A3) BLG, (B3) Cyt, (C3) Mb, and
(D3) ACT measured at 263 K (blue) and at 293 K (red) in the absence and presence of varying concentrations of
EG (circles) and in presence of 20% Gly. The values were calculated from their respective chemical denaturation

transition curves (Fig. 2.6) using equation 2.3.2.

From the transition curves, the midpoint concentration (Cn), the free energies of
unfolding (AGunf) and the slopes of the unfolding transitions (mg) were evaluated by a non-
linear least square fit of the denaturation curves to equation 2.3.2 (Fig. 2.7). The Cn (Fig. 2.7
Al-D1) values and AGunt (Fig. 2.7 A2-D2) at 263 K increased upon addition of EG and Gly
suggesting stabilization of the proteins by both the osmolytes. At 293 K there was a decrease
in both the values of Cn (Fig. 2.7 A1-D1) and AGunt (Fig. 2.7 A2-D2) upon increase in the
concentration of EG whereas the values slightly increased in presence of Gly. The only

exception found was the case of ACT, where at lower concentration of EG, there was a slight
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increase in both the parameters suggesting a slight stabilization, but at higher concentrations
there was a clear destabilizing effect. Further, the mg values, the slope of the unfolding
transitions, were also analyzed for all the denaturation transitions (Fig. 2.7 A3-D3). The mqg
values increased upon the addition of EG at 263 K, except in the case of BLG. However, it is

decreased with the increase in the concentration of EG at 293 K.

2.5. DISCUSSION

2.5.1. Effect of EG on thermal denaturation

Characterization of thermodynamic stability of proteins against temperature would not
be fully complete without analysing the cold-induced denaturation process of the proteins [27].
For evaluating the effect of osmolyte molecules, the energy profiles of the proteins covering
both heat and cold denaturation processes are to be investigated.

Experimental investigation on the effect of EG on the thermal stability of four globular
proteins indicate that the proteins are destabilized during heat denaturation while there is a
stabilizing effect against cold denaturation. The overall change in the free energy profiles of
the proteins upon addition of EG (Fig. 2.4 A1-D1) is a combined effect of decrease in AC;, (Fig.
2.5 A1-D1) and shift in Tmax Value towards lower temperatures (Fig. 2.5 A2-D2). The curvature
of a free energy curve can be defined as ~ ACy/T and the decrease in ACp broadens the curvature
[13,28]. This accompanied with the change in Tmax provides pronounced shift in both Tr, and
Tc values towards lower temperature. This demonstrates that the addition of EG can broaden
the stability range of the proteins around Tmax. Further, the low-temperature stabilization is
associated with decrease in both negative enthalpy and entropy. Since the negative enthalpy
could be attributed to the hydrophobic hydration of the proteins at low temperature, the
decreasing value might indicate the reduction of hydration of hydrophobic residues upon the
addition of EG. At the same time, the increase in entropy (less negative) might arise due to
increasing configurational entropy of water molecules. Destabilization of the proteins by EG
during heat-induced unfolding transitions, on the other hand, is due to decrease in both enthalpy
and entropy. This is similar to the changes observed with the addition of denaturants such as
urea and Gdm during the thermal denaturation of proteins [14] rather than stabilizing osmolytes
such as Gly [24].
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2.5.2. Enthalpy-entropy compensation

The enthalpy-entropy compensation of EG-induced changes on the proteins can be
analysed by plotting AAHm (AHm in water - AHm in EG) against TAASw (TASm in water - TASm
in EG, where T represents the transition midpoint temperature). The combined analysis of
enthalpy-entropy contributions [29,30] of the thermal transitions of all the four proteins (Fig.
2.8) suggest that the stabilization effect imparted by EG during cold denaturation is mainly
enthalpy-driven. For small cosolutes, it has been proposed that enthalpic contribution would
be significant in the stabilization of macromolecules [31]. The destabilization by EG during
heat denaturation might arise due to a decrease in the enthalpy of unfolding similar to the effect
of denaturant molecules such as urea, which induces enthalpy-driven destabilization[14]. These
thermodynamic parameters suggest that the soft interactions between the protein and EG could
be the major factor in altering the stability, which could be mainly governed by preferential

interaction of the cosolutes [31].
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Fig 2.8. Enthalpy-entropy plot for EG-induced changes on the stability of the proteins. The blue crosses represent
the changes observed during cold denaturation and red crosses represent the changes during heat denaturation in

the presence of varying concentrations of EG calculated for all the four model proteins.

Polyols and alcohols are reported to alter protein stability similarly during heat- and cold-

denaturation condition [12,13]; however, only EG shows difference in its effect. There are
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certain ionic liquids such as 1-butyl-3-methylimidazolium that shows a differential effect on

protein stability [32], but this is the first report on a polyol class of osmolyte.

The extent of stabilization is not found to be equal to the extent of destabilization
exerted by EG (in terms of either temperature midpoint or enthalpy of unfolding) on the same
protein. It is observed that the stabilization provided by EG during cold denaturation is slightly
larger than its destabilizing effect at higher temperature. Most of the osmolytes and denaturants
as well show such inequality [14,33]. For instance, guanidinium hydrochloride (Gdm)
destabilizes T4 lysozyme and its effect is more pronounced at sub-zero temperature compared
to the ambient temperature [20]. Yeast frataxin is stabilized by lower concentrations of alcohols
against cold and heat denaturation, but the extent of stability is more against cold denaturation
[13]. However, in the case of barstar, the effect of Gdm is almost same against both heat- and
cold- induced unfolding transitions [14]. These variations are generally attributed to the
difference in the structure of heat- and cold-induced unfolded states and the difference in their

unfolding pathways [34,35].

2.5.3. Effect of EG on Gdm-induced unfolding

The free energy of unfolding (AGunr) (Fig. 2.7 A2-D2) and concentration midpoint (Cm)
(Fig. 2.7 A1-D1) values obtained from Gdm-induced denaturation of the proteins (Fig. 2.6 and
2.7) also suggest that EG stabilizes the proteins at sub-zero temperature similar to Gly and
destabilizes them at room temperature. Interestingly, the stability of all the proteins is less at
263 K (-10 °C) compared to those at 293 K (20 °C) in the absence of EG. The mg-value of
chemical denaturation represents the exposure of buried residues during unfolding [36]. An
increase in mg values, at lower temperatures, in the presence of EG (except for BLG) suggests
that EG might preferentially interact with the hydrophobic residues of the proteins. The
decrease in mg values at higher temperatures upon addition of EG could be due to its mild
denaturing effects [37]. This further emphasizes that the change in hydration of the proteins

could be the major factor for the dual behaviour of EG.
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2.6. CONCLUSION

The experimental results evidently show that EG imparts different effects on the
stability of the proteins during heat- and cold-induced denaturation. The chemical denaturation
studies carried out at room temperature and at sub-zero temperature further confirm the fact
that EG acts as a stabilizing osmolyte at sub-zero temperature whereas it is a destabilizing
osmolyte at room temperature. Such an effect has not been observed so far for any other
osmolyte molecule against proteins. The cold denaturation is found to be enthalpy-driven and
the enthalpy of denaturation reduces upon addition of EG suggesting the probable reduction of
hydrophobic hydration of the proteins. Further, the addition of either EG or Gly, broadens the
stability range of the proteins and shifts the temperature of maximum stability to lower

temperature.
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Molecular Mechanism of the Dual Nature of EG

3.1. ABSTRACT

Protein stability in a mixed solvent system is determined by relative abundance of cosolvent
and solvent molecules in the bulk and solvation domains. To understand the differential effect
of ethylene glycol on protein stability (reported in chapter 2), preferential interaction of
ethylene glycol with all the four-model proteins (B-lactoglobulin, cytochrome ¢, myoglobin, a-
chymotrypsin) was studied at 240, 300 and 340 K using molecular dynamics simulation. The
simulation studies suggested that ethylene glycol preferentially binds to the proteins at all the
three temperatures. It was also observed that ethylene glycol preferably accumulates around
the hydrophobic residues of the proteins and reduces the hydrophobic hydration of the proteins
at lower temperature leading to stabilization of the proteins at 240 K. This is in contrast to the
preferential interaction hypothesis on protein stability which proposes that an osmolyte is
completely excluded from the protein surface to impart stability to the protein. At 340 K,
however, reduction of preferential hydration of the protein, and the preferential binding of EG
destabilizes the protein like common denaturants.
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3.2. INTRODUCTION

Addition of cosolvents will have a significant influence on the structural stability [1,2]
and biological activity [3] of proteins. Cosolvents such as glycerol, TMAO, and glutamate
(termed as compatible osmolytes or protein stabilizers) are known to stabilize proteins [4-6],
while urea and arginine are known (termed as non-compatible osmolytes or denaturants) to
denature proteins to a varying degree [7,8]. Cosolvent molecules alter the chemical potential
of a protein in the system by either strong or weak association, a phenomenon referred to as
“preferential interaction” [9]. The change in chemical potential of a protein upon addition of
cosolvent (X) is depicted as [10]

Autl = mx(aﬁ) dm
He = | (Gpyme dmx (3.2.1)
X Opx omy
- fO (amx>mp (amp)ux de (322)

Where ApY is the free energy of transfer of protein from water to a mixed solvent system, m
is the molality. The subscripts P and X corresponds to protein and cosolvent, respectively. In
equation 3.2.2 the first partial derivative corresponds to the dependence of cosolvent’s
chemical potential on its molality and the second term is called the “preferential binding
coefficient” (I'xp):
dmy
Ixp = (ﬁ)ux (3.2.3)

The preferential binding coefficient (particularly useful when the binding is weak and non-
specific) is the measure of excess or deficit of cosolvent molecules in the protein hydration
domain as compared to the bulk [11]. A broad range of priori experimental and simulation
studies suggests that a denaturant would exhibit a positive I'xp value, thus reduces the protein’s
chemical potential resulting in denaturation (preferential binding), while a protein stabilizer
exhibits a negative I'xp value and increases the chemical potential of the protein (preferential
hydration) [12-17].
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In order to elucidate the molecular mechanism behind the differential effect of ethylene glycol
(EG) with temperature on protein stability (as discussed in Chapter 2), molecular dynamics
(MD) simulations of the protein were performed in the presence of EG. MD simulations are
proven to be an invariable tool to obtain a comprehensive understanding of processes that occur
in the time scale of femtoseconds to milliseconds [18,19]. This includes the processes such as
protein dynamics, protein ligand interactions, protein stability and solvent dynamics to name a
few [20-23]. The term MD simulations underlines the use of a potential energy function
interpreted in terms of inter- and intra-molecular forces to model a molecular system [24]. MD
simulations of four model proteins, B-lactoglobulin (BLG), myoglobin (Mb), cytochrome ¢
(Cyt), and a-chymotrypsin (ACT) were performed at three different temperatures (240 K, 300
K and 340 K) in absence and in presence of 20% and 40% (v/v) of EG. The results were
analysed according to the theory of preferential interaction. The data suggests that the
preferential binding of EG at sub-zero temperatures resulted in stabilizing the protein, while at
higher temperatures it resulted in destabilization. The stabilizing effect at lower temperature
might be a result of EG’s interaction with the hydrophobic residues of the protein and

protecting them from hydrophobic hydration.
3.3. METHODS

All the MD simulations were performed in GROMACS [25] molecular dynamics
package (Version 5.1.4). Three dimensional structures of the model proteins were obtained
from protein data bank having the PDB ids 3blg (BLG), 1hrc (Cyt), 1ymb (Mb) and 1yph
(ACT) [26]. After the removal of any ligands in the PDB structure, the protein was placed in a
virtual box and filled with water molecules. This system was energy minimized using
CHARMM 36 force field [27]. The system was then equilibrated for NVT (N: number of
particles in the system, V: system Volume and T: absolute Temperature) and NPT (N: number
of particles in the system, P: system Pressure and T: absolute Temperature) ensemble
conditions for 1 ns each using V- rescale thermostat [28] and Parrinello- Rahman barostat [29]
for 300 K temperature and 1 atm pressure, respectively. Following this, production simulation
was carried out for 100 ns. To study the effect of EG, water molecules in the system were
replaced with EG to obtain the concentration of either 20% of EG or 40% of EG. These systems
were also simulated with the above conditions. All the four protein simulations with and

without EG were carried out for the temperature conditions 240 K and 340 K as well. Since the
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simulations are of wide range of temperature, TIP4P-2005 water model was used for all the
simulations. This water model has been optimized and tested for the temperature ranging from
123 K to 573 K [30]. The list of the simulations performed are given in Table 3.1.

Table 3.1. List of MD Simulations

Protein PDBid  Solvent system (% in v/v) Tem?:}(r)ature Simu'?:;? Time

Water (TIP4P-2005) 240 K

B-lactoglobulin (BLG) 3BLG 20 % EG 300 K 900
40 % EG 340 K

Cytochrome c (Cyt) 1HRC -do - -do - 900

Myoglobin (Mb) 1YMB - do - - do - 900

?A‘?%')m(’trypsm 1YPH -do - -do - 900

Total simulation time 3600

+ - simulation run for 100 ns in each solvent condition at each temperature

The parameters of EG (Fig. 3.1) were obtained from CGenFF [31,32] and are tabulated in Table
3.2.

Fig 3.1 Ball and stick model of ethylene glycol with the atom labels as used in the simulation parameter file

shown in Table 3.2.
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Table 3.2. Parameters of EG used in MD simulation

Atom label Mass Charge Atom typet
Cland C2 12.011 0.050 CG321
H1, H2, H3, H4 1.008 0.090 HGA2
Ol and 02 15.999 -0.650 0G311
H5 and H6 1.008 0.420 HGP1

T As obtained from CGenFF.

3.4. ANALYSIS

The parameters of EG were validated by calculating heat of vaporization (AH,,,) [33] and

density of EG. AH,,, was calculated from the following relation.

AHvap = Hgas - Hliquid
= Ugas — Uliquia + P(Vgas - Vliquid) (3.4.1)
“ Vgas >> Viiquia as the assumption is that of ideal gas

= Ugas - Uliquid + P(Vgas)

Uliqui
= Ugas — =2 +RT (3.4.2)

mol

Where Ugas and Ujiguia are the potential energies in liquid and gas phases, R is the universal

gas constant and T is the temperature. To calculate Ugas, EG molecule was simulated in vacuo.

Density of EG was calculated directly using the gmx density tool.

Root mean square deviation (RMSD) and the solvent accessible surface area (SASA)
were calculated using gromacs tools gmx rms and gmx sasa. Radial distribution function (RDF)
was calculated using gmx rdf tool of gromacs. RDF of water around protein was evaluated by
indexing the oxygen of water molecules and the heavy-atoms of proteins. RDF of EG around
protein was derived by indexing oxygens of EG and the heavy atoms of protein. The number

of hydrogen bonds between protein and solvent from each simulation trajectory was obtained
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using Gromacs tool gmx hbond with the default distance and angle cut-off of 0.35 nm and 30°,

respectively [34].

To analyse the preferential interaction of EG from the simulation trajectories, two
different parameters were employed. First is the local-bulk partition coefficient (Kp) that is

evaluated using the following relation [35].

_ (ngeINw'

— VEG/TTW (3.4.3)
P (nW)NEOGt

Where (ng¢) and (nyy) are the average number of EG and water molecules within 0.5 nm

distance from the protein surface, while N{y® and NE% are the total number of EG and water

molecules in the system. K, > 1 would suggest that the accumulation of the cosolvent around
the protein is higher than its bulk concentration. The average value of last 40 ns of the

respective simulations were considered for analysis.

The other parameter is preferential interaction coefficient [2,36,37] of EG (/&c) that
was calculated from the surface of the protein to 0.8 nm for every 0.1 A interval using the
following relation with an in-house python code,

o= (ngg — Nee — ngg nw) (3.4.4)
Nw — nw
where ng¢ and nyy represents the number of EG and water molecules within the distance cut-
off from the surface of the protein. Ng¢ and Ny represents the total number of EG and water
molecules in the system. For calculating /¢ values, the average values of the last 40 ns of the
respective simulation trajectories were considered. The preferential interaction coefficients
calculated in the 20% EG and 40% EG are labelled as (720-ec) and (I40-c), respectively.

The interaction of water molecules with the hydrophobic residues were calculated as

hydrophobic hydration such that

(ny_nya)/hydrophobic — SASA

3.4.5
(nyw_po1)/polar — SASA ( )

hydrophobic hydration =
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where, ny_pyq and ny_pe is the number of water molecules nearer to hydrophobic residues
and polar residues, respectively, within the cut-off of 0.4 nm from the surface of the proteins
representing the second hydration shell. The hydrophobic and polar solvent accessible surface
area (SASA) values were calculated from the MD simulation using Gromacs tool gmx sasa and
the average value of the last 40 ns was used to calculate the hydrophobic hydration. Similarly,
the interaction of EG with the hydrophobic residues of the proteins were calculated as

hydrophobic cosolvation,

(nEG—hyd)/hydrophObiC — SASA (346)

hydrophobic hydration = (NpG_por)/polar — SASA

where ngg_pyq and ngg_per IS the number of EG nearer to hydrophobic residues and polar

residues, respectively.

3.5. RESULTS

3.5.1. Validation of parameters of EG

The simulation parameters of EG derived from CGenFF were validated by calculating
the heat of vaporization (AH,,,) of pure EG and comparing it with the experimental data from
literature [38]. The AH,, value obtained from the MD simulation of EG, calculated using

equation 3.4.2, was 68 kJ/mol which is found to be within the error range of experimentally
derived value of 65 + 3 kJ/mol. Further, the densities of different concentration of EG
calculated from MD simulation (Table 3.3) were also within 5% of deviation from the
experimental values [39].

Table 3.3. Densities of EG calculated from simulation

S. No. % of EG (v/v) Density (kg m™®) Density (kg m™)
(Experimental data) (Calculated from simulation)
1 20 1025 1024
2 40 1052 1034
3 60 1076 1045
4 80 1095 1055
5 100 1110 1065
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3.5.2. Structural changes of proteins in different solvent conditions with temperature

In order to analyse the molecular mechanism of EG induced changes on the proteins at

different temperatures, MD simulations of the proteins were performed at 240, 300 and 340 K

in absence and in the presence of 20% (v/v) and 40% (v/v) of EG (Table 3.1).

RMSD (nm)

Fig. 3.2. Root mean square deviation (RMSD) of Ca atoms of (A1-A3) BLG, (B1-B3) Cyt, (C1-C3) Mb and
(D1-D3) ACT calculated from their respective MD simulations performed at 240 K (blue), 300 K (yellow) and
340 K (red) in the absence (A1-D1) and in presence of 20% EG (A2-D2) and 40% EG (A3-D3).
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The structural distortion in the proteins during the course of the simulation were initially
analysed by calculating the root mean square deviation (RMSD) of the Ca atoms. The data
suggests that the mean fluctuations of the proteins were higher at 340 K (Fig. 3.2). In presence
of EG, the RMSD was slightly reduced at 240 K, whereas it was slightly increased at 340 K as
compared in the absence of EG (Fig. 3.2 A2-A3, B2-B3, C2-C3 and D2-D3).

1 1 | 1 | | | | | 1 0
CUN o S e . m— — 8°é — T T T T O T T T T 1
B1 240 K 2 B3
300 K
75 — 340 K = 75 — - 75 —

SASA (nm?)

105 ~D1 -~ 105 D2 — 105+ D3 -
100 — - 100 100
95 95

90 90

gs Ll 1 L1 1 1 g5 L1 1 1 1 | 1 g5 L1 1 1 1 1 1
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

Time (ns)

Fig. 3.3. Solvent accessible surface area (SASA) of (A1-A3) BLG, (B1-B3) Cyt, (C1-C3) Mb and (D1-D3) ACT,
calculated from their respective MD simulations performed at 240 K (blue), 300 K (yellow) and 340 K (red) in
the absence (A1-D1) and in presence of 20% EG (A2-D2) and 40% EG (A3-D3).
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Further the structural integrity of the proteins was also assessed using the SASA (Fig. 3.3). In
presence of EG, SASA values decreased at 240 K, while there was a slight increase at 340 K.

The representative structures obtained from each simulation is presented in Fig. 3.4.

40% EG

Fig. 3.4. Representative structure of the proteins, (A1-A3) BLG, (B1-B3) Cyt, (C1-C3) Mb, and (D1-D3) ACT
obtained from the MD simulations carried out in the absence (green) and in the presence of 20% EG (blue) and
40% EG (pink) at 240 K (left panels), 300 K (middle panels) and 340 K (right panels). For better visualisation,

heme groups are not shown in Cyt and Mb.
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3.5.3. Distribution of solvent and cosolvent around proteins

The distribution of water and EG around the proteins were initially analysed using
radial distribution function (RDF) calculated using heavy-atoms of the proteins as reference
sites. RDF plot of water around the protein showed a maxima at 0.26 and 0.37 nm distance
from the surface of the protein that are consistent with the earlier studies on protein-water
interactions[17,41,42] (Fig. 3.5 A1-D3). As the simulation temperature increased from 240 K

o 0, 20% EG
no EG : ZOA.EG' 4[0/o$§ . FeER

40% EG
L

e
»

e
N

oo

RDF (protein-water)
e o
=9

RDF (protein-EG)
e

o

»
=4
o

o
IS

00 02 04 06 08 1.0 00 02 04 06 08 10 00 02 04 06 08 1.0 00 02 04 06 08 1.0 00 02 04 06 08 1.0
Distance (nm) Distance (nm)

Fig. 3.5. Radial distribution functions calculated with reference to the heavy atoms of the proteins to evaluate
water around the proteins for (A1-A3) BLG, (B2-B3) Cyt, (C1-C3) Mb, and (D1-D3) ACT in the absence (Al-
D1), and in the presence of 20% EG (A2-D2), and 40% EG (A3-D3) at 240 K (blue), 300 K (green) and 340 K
(red). Radial distribution functions of EG around the proteins calculated for (A4-A5) BLG, (B4-B5) Cyt, (C4-C5)
Mb, and (D4-D5) ACT in the presence of 20% EG (A4-D4), and 40% EG (A5-D5).

to 300 K, there was a notable decrease in the water density in the first and second hydration
shells in all the four proteins (Fig. 3.6 A1-B4). Such a temperature dependent change in water

density around the protein has been observed earlier as well [43,44]. Similarly, the RDF
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values were calculated for the distribution of EG around the proteins as well (Fig. 3.5 A4-D5).
The first and the second minima were observed at 0.28 nm and 0.40 nm which again
corresponds to the first and the second hydration shells of the proteins (Fig. 3.6 C1-C4 and D1-
D4). The RDFs of protein-EG interactions for both first and second solvation shells did not

show any common behaviour in their temperature-dependent changes.
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Fig. 3.6. The radial distribution values at first (0.26 nm) and second (0.37 nm) maxima for the distribution of
water around the proteins (A1-A4 and B1-B4, respectively) and for the distribution of EG around the proteins
(C1-C4 and D1-D4, respectively) at 240 K (blue), 300 K (green) and 340 K (red) extracted from their RDF curves
presented in Fig. 3.5.
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The first and the second minima were observed at 0.28 nm and 0.40 nm which again
corresponds to the first and the second hydration shells of the proteins (Fig. 3.6 C1-C4 and D1-
D4). The RDFs of protein-EG interactions for both first and second solvation shells did not

show any common behaviour in their temperature-dependent changes.
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Fig. 3.7. Radial distribution function of water around the surface of the proteins (RDFsurf) calculated for (Al-
A3) BLG, (B2-B3) Cyt, (C1-C3) Mb, and (D1-D3) ACT in the absence (A1-D1), and in the presence of 20% EG
(A2-D2), and 40% EG (A3-D3) at 240 K (blue), 300 K (green) and 340 K (red). Radial distribution function of
EG around the proteins calculated for (A4-A5) BLG, (B4-B5) Cyt, (C4-C5) Mb, and (D4-D5) ACT in the presence
of 20% EG (A4-D4), and 40% EG (A5-D5).

Further, the number of solvent molecules around the surface of the protein were evaluated
using the radial distribution function considering all the surface residues, RDFsut (Fig. 3.7).
The first and the second maxima of the RDFsurt plot was analysed for all the four proteins (Fig.
3.8). This showed a similar change that as the temperature increased the number of water
molecules around the protein was decreased. Similarly, the distribution of EG was also

calculated which again did not show any common behaviour.
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Fig. 3.8. The radial distribution values calculated for surface atoms of the proteins (RDFsurf) at first (0.26 nm)

and second (0.37 nm) maxima for the distribution of water around the proteins (A1-A4 and B1-B4, respectively)
and for the distribution of EG around the proteins (C1-C4 and D1-D4, respectively) at 240 K (blue), 300 K (green)
and 340 K (red) extracted from their RDF curves presented in Fig. 3.7.
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3.5.4. H-bond between protein-solvent and protein-EG

For further analysis, the number of hydrogen bonds formed between protein and water,
and between protein and EG were calculated from all the MD simulations (Fig. 3.9). The
increase in temperature decreased the number of H-bonds between the proteins and water. Also,
the addition of EG slightly reduced the number of H-bonds between protein and water. This
could be due to replacement of some of the protein-water H-bonds by EG molecules. The
analysis of H-bonds between protein and EG showed that the number of H-bonds ranged from

15 to 60 that varied with the protein and temperature.
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Fig. 3.9. Number of hydrogen bonding interactions between protein-water (A1-A4) and protein-EG (B1-B4)
calculated from the MD simulations of all the four model proteins at 240 K (blue), 300 K (green) and 340 K (red)
in the absence and in the presence of 20% EG and 40% EG.

3.5.5. Preferential interaction of EG with proteins

The fraction of EG between the surface of the proteins and the bulk was compared with
the fraction of water as partition coefficient (Kp) using equation 3.4.3. The K, value greater
than one (Fig. 3.10) suggested that the fractional occupation of EG was more around the protein
surface as compared to the bulk. To further decipher the effects of EG, the extent of hydration
changes was analysed in terms of preferential interaction coefficient of EG (/'eg) with the
protein using equation 3.4.4. As discussed above, preferential interaction coefficient represents

the change in the chemical potential of the protein upon cosolvent addition.
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Fig. 3.10. The partition coefficient of EG molecules between the protein surface and bulk solvent calculated
using equation 3.4.3 from the MD simulations performed at 240 (blue), 300 (green) and 340 K (red) for the
proteins (A) BLG, (B) Cyt, (C) Mb, and (D) ACT.

A negative value of I' till the bulk domain of the protein is a suggestive of preferential
hydration, which is characteristic of stabilizing osmolytes whereas a positive value within the
hydration shell of the protein would represent preferential interaction of the osmolyte, which

might destabilize the protein.

0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6
Distance (nm)

Fig. 3.11. Distance-dependent preferential interaction coefficient of 20% EG (Al-A4) and 40% EG (B1-B4)
calculated from the surface of the protein to 0.8 nm distance at the regular interval of 0.1 A from the MD
simulations performed at 240 K (blue), 300 K (green), and 340 K (red) for all the four model proteins (BLG, Cyt,
Mb and ACT) using equation 3.4.4.

The I'ec values at varying distances from the surface of the protein calculated for all the
proteins in presence of both 20% EG (I'20-ec) and 40% EG (I's0-ec) is presented in Fig. 3.11.
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All the proteins showed a minimum (negative value) at the distance of ~0.24 nm; however, the
I'ec values become positive at above 0.3 nm. These changes suggested that EG preferentially

interacts with the proteins at both the concentrations and at all three temperature conditions.

3.5.6. Hydrophobic hydration

The earlier studies have proposed that the cold denaturation is induced by hydrophobic
hydration of the proteins at low temperature [45,46]. The RDF and I'ec values in the present
study also evidences that the hydration around the protein was significantly altered with
temperature. Therefore, we calculated the distribution of water and EG around the hydrophobic
residues of the proteins using equation 3.4.5 and 3.4.6, respectively. These parameters are
named as hydrophobic hydration and hydrophobic cosolvation, respectively. The addition of

EG decreased the hydration around the hydrophobic residues at all three temperatures for BLG,
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Fig. 3.12. (A1l-A4) Fraction of water molecules around the hydrophobic residues (hydrophobic hydration), and
(B1-B4) fraction of EG molecules around the hydrophobic residues (hydrophobic cosolvation) of the proteins
calculated at 240 K (blue), 300 K (green), and 340 K (red) using equation 3.4.5 and 3.4.6. The horizontal line in

the panels B1 to B4 represent the fractional value of 0.5.

Cyt and Mb (Figure 3.12, A1-A3). The extent of reduction was found to be more for 240 and
340 K compared to 300 K. In case of ACT (Figure 3.12, A4), the change in hydrophobic
hydration was marginal at low and high temperatures whereas it was significantly reduced at
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300 K. The hydrophobic cosolvation by EG molecules was high (the fractional values are above
0.5) in all the cases (Figure 3.11, B1-B4) suggesting that the number of water molecules

replaced by EG around the hydrophobic residues were more than that around the polar residues.

3.6. DISCUSSION

3.6.1. Effect of EG on the conformation of proteins

The experimental data presented in Chapter 2, provided vital clues on the
thermodynamic nature of the stabilization changes induced by EG; however, it lacked the
information on molecular-level interactions. MD simulations has been established as a reliable
computational tool to analyse protein-cosolvent interactions in different conditions [5,6,15]. A
preliminary analysis was performed on the simulation trajectories of the proteins in EG using
RMSD and SASA values. RMSD values show a slight increase at higher temperatures, but a
decrease at lower temperature (Fig. 3.2). The SASA also shows a slight increase at higher

temperature and a decrease at lower temperature (Fig. 3.3).

3.6.2. Interaction of EG with the proteins

The analysis of both RDF between heavy atoms of protein and water (Fig. 3.5), and
RDFsurf (Fig. 3.7) calculated between surface residues and water reveals that the hydration of
proteins is more at lower temperatures than at higher temperatures. The number of H-bonds
(Fig. 3.9, Al- A4) between protein and water also complements the same observations.
However, the analysis of protein-EG interactions by RDF, RDFsyrt and the number of H-bonds
could not show any particular feature for stability changes. The partition coefficient of EG (Kp)
between the protein surface and the bulk clearly indicates that EG preferentially interacts with
proteins at all the three temperature conditions for all the proteins (Fig. 3.10). An earlier study
[47] on the measurement of K, values suggest that diols and low molecular weight PEGs show
preferential interaction with proteins whereas glycerol shows preferential exclusion from

protein surface.

Preferential interaction or exclusion of an osmolyte molecule from protein surface is an
important factor that determining osmolyte-induced stability changes in proteins. Higher
preferential binding of an osmolyte to the denatured state of a protein destabilizes the protein
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by decreasing the free energy of unfolding. On the other hand, unfavourable binding of an
osmolyte to the denatured state preferentially excludes the osmolytes from the protein surface
and increases surface hydration of the protein, thus stabilizing it [2,39,48,49]. Though the
interaction of osmolytes with denatured-state is an influential factor for the stability, obtaining
denatured conformations for both heat and cold induced states for these model proteins are
computationally a limiting factor. Therefore, we have constrained our discussions on

preferential interaction within near-native conformational states.

The distance based preferential interaction coefficient (I') calculated (Fig. 3.11) for the
proteins suggests that the EG preferentially interacts with the protein (positive I'e value above
0.3 nm). A positive I" value has been observed for chemical denaturants whereas for stabilizing
osmolytes a negative value of I" has been reported in various simulation studies carried out at
room temperature and at higher temperatures [2,50]. However, cold-denaturation phenomenon
is different from heat-induced denaturation process. The preferential hydration of hydrophobic
residues at sub-zero temperatures is attributed to the cold-denaturation of proteins, since
hydrophobic effect is largely negated at sub-zero temperatures and the denaturation is said to
be enthalpically-driven [51,52]. However, addition of EG reduces the hydrophobic hydration,
the fraction of water around the hydrophobic surface over the water molecules around polar
surface, which might stabilize the proteins against cold denaturation (Fig. 3.12, A1- A4). This
is complemented by the hydrophobic cosolvation of non-polar residues by EG (Fig. 3.12 B1-
B4), that the presence of EG is more around hydrophobic residues than the polar residues.
Therefore, we propose that the EG molecules around the hydrophobic residues reduce the
hydrophobic hydration of the proteins, thus, stabilizing the proteins at lower temperature.
However, at higher temperatures, the preferential binding of EG might destabilize the proteins
as it is commonly observed in the case of chemical denaturants such as urea and arginine
[2,50,53]. The preferential binding of EG around the hydrophobic residues could decrease the
cost of hydrophobic exposure of the residues at higher temperature, thus destabilizing the
native conformation. These observations indicate that the effect of preferential binding of the
cosolvent on protein stability might change with temperature particularly at sub-zero

temperature conditions, and the nature of the interactions they exert with the proteins.
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Only ACT shows an exceptional trend in the values of hydrophobic hydration. In fact,
ACT during the chemical denaturation at 293 K shows a marginal increase in stability at lower
EG concentrations (Chapter 2, Section 2.4.2). Therefore, it can be assumed that the interaction
of ACT with EG might vary from other proteins. In addition, ACT consists of three polypeptide
chains of different lengths connected with disulphide bonds [54,55]. The solvation of
interfacial chains might be different from the solvation properties of single-chain globular
proteins. Within the limitations of the present MD simulation studies, we could not
quantitatively analyse those solvation effects and their plausible effect on the hydration

changes in the protein.
3.7. CONCLUSION

The experimental data reported (in chapter 2), suggested that EG destabilizes the
proteins during heat denaturation while stabilizes the proteins against cold denaturation.
Further, cold stabilization induced by EG is enthalpy driven. This thermodynamic observation
is corroborated by the MD simulation data, which suggests that EG induced cold stabilization
might be due to preferential binding of EG with the protein, which results in reduction in
hydrophobic hydration. At room temperature and higher temperatures these EG protein

interactions might destabilize the proteins similar to most of chemical denaturants.
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Distinctive Character of EG analysed by REMD

4.1. ABSTRACT

Osmolytes are known to stabilize proteins against denaturing conditions. Ethylene
glycol (EG), however, shows a distinctive effect on a-lactalbumin (a-LA) that it stabilizes the
protein against cold-induced denaturation, whereas it destabilizes during heat denaturation. The
replica exchange molecular dynamics (REMD) simulation of a-LA in the presence of EG
shows that EG denatures the protein at higher temperatures whereas it retards the denaturation
at sub-zero temperature. Representative structures of a-LA were selected from REMD
trajectories at three different temperature conditions (240, 300 and 340 K) with and without
EG, and classical molecular dynamics (MD) simulations were performed. The results suggest
that the presence of water around a-LA is more at lower temperatures; however, water around
the hydrophobic residues is reduced with the addition of EG at sub-zero temperature. The
partition coefficient of EG showed that the binding of EG with hydrophobic residues was
higher at lower temperatures. Preferential interaction parameters at different temperatures were
calculated based on the mean distribution (I"23) and Kirkwood-Buff integral (G23) methods. I'23
shows a larger positive value at 240 K compared to higher temperatures. G2z shows positive
values at lower temperatures, whereas it becomes negative at above 280 K. These results
indicate that the preferential binding of EG with a-LA is more at sub-zero temperature
compared to higher temperature conditions. Thus, the study suggests that the preferential
binding of EG reduces the hydrophobic hydration of a-LA at lower temperatures, and stabilizes
the protein against cold denaturation. However, the preferential binding of EG at higher
temperature drives the folding equilibrium towards the denatured state.
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4.2. INTRODUCTION

Computer simulations although have emerged as an important tool in various fields of
chemistry [1,2], physics [3], soft matter [4,5] and biology [6-10] over decades, still a large gap
exists between the time scale that can be achieved in simulations and that observed
experimentally [11,12]. One of the most common cause for the problem is insufficient
sampling, which is to a greater extent attributed to the ruggedness in the energy landscape
(containing many local minima often separated by high-energy barriers) of the system being
studied. [13,14]. In order to overcome the issues related to sampling, many enhanced sampling
methods such as replica-exchange molecular dynamics (REMD) [15], simulated annealing
[16], and metadynamics [17] were developed. Among these REMD represents a versatile
approach to study and understand a wide range of biological processes such as, protein folding
kinetics [18], protein cold denaturation [19], peptide binding to membrane[20], and constant
pH processes [21].

REMD is a hybrid approach combining molecular mechanics with Monte Carlo
algorithm [15]. The method involves performing a finite number of MD simulations or replicas
of an original system (a canonical ensemble) at different temperatures. The systems at higher
temperature are responsible for sampling over a large phase space, while the ones at lower
temperature helps in precisely sampling those regions of phase space involving local energy
minima. A good sampling is achieved as the system is allowed to exchange the complete
configuration at different temperatures.

4.2.1 Theory of REMD

A system consisting of N particles of mass mk (k = 1, 2, 3, ..., N) with the position
vectors g = (Jz, 02, 93, ..., gn) and corresponding momenta being p = (p1, P2, P3, ..., pn), the
Hamiltonian of the system [22] can be written as a sum of the potential energy E(q) and the

kinetic energy K(p):

H(p,q) = E(q) + K(p) (4.2.1)
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Where

N

K(p) = P (4.2.2)

2m
k=K

For a canonical ensemble at temperature T, each state x = (q,p) with the Hamiltonian H(q,p) is

weighted by Boltzmann factor [23]:

WB (x’ T) — e_.BH(QIp) (423)

Where B is the inversion temperature defined as f = 1/ksT (kg is the Boltzmann constant). The

average Kkinetic energy for a specific temperature T [24] is given by

(K(p))T = (Zg=12p7kk)7~ = %NkBT (4.2.4)

In general, for M non-interacting replicas [15] at M different temperatures (Tm, where m =1,
2, 3, ..., M), such that there is always one replica at each temperature. The labelsi (i=1, 2, 3,
..., M) for replicas is a permutation of m labels (m = 1, 2, 3, ..., M) for temperatures, and vice

Versa:

{ i=i(m) =f(m) (4.2.5)
m=m() = f7'()

Where f(m) and (i) correspond to the permutation” function of m and its inverse respectively.

Let X = (x'™ . 2fO) = (..., xI,)) be a state in this generalized

ensemble. The subscripts and superscripts represent the temperature and the replica,
respectively. The state X is specified for J sets of coordinates and momenta of N atoms in the

replica k at temperature Tj:

xr[ril] _ (q[i]’p[i])j (4.2.6)
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The weighting factor for each state X can be written as

WREM (X) = exp{_zllyzl Bm(i)H(q[i]'p[i])} — exp{‘Z%:l ﬁmH(q[i(m)]rp[i(m)])} (427)

Upon considering exchange between a pair of replicas (suppose k and | replicas between

temperature Tj and Tn, respectively):

The resulting permutation function f” upon exchange is given as:

{i =f(m) —»j= f'(m), (4.2.9)
j=fm-i= f'(n).

The detailed form for the exchange is thus,

xn = (q[]],p[]])n RN xn = (q[l]'p[l] )n

Where p represents the momentum and is given as:

)
plll = ;_n pli
m
) (4.2.11)
plil’ = Tn pll
T,
k n

This assignment represents the uniform rescaling of velocities of all the atoms by the square

root of the two temperatures such that conditions in equation 4.2.4 are satisfied.
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In order to converge to an equilibrium distribution, it is necessary to impose the detailed

balance condition on the transition probability w(X = X):

Wrem X)) wX = X') = Weegy XD wX' - X) (4.2.12)
From equations 4.2.1, 4.2.2, 4.2.7, 4.2.11 and 4.2.12, we have

{—ﬁm[K(pm')+E(qU])] - ﬁn[K(p[i],)+E(q[i])]}
= exp' +Am[K(E)+E(@ )]+ Ba[k(PU)+E(dV)]

wX - X"
wX' - X)

Tn

{—ﬁmi—gx(ﬂﬂ)— ﬁnmx(za[il)wmx(p[il)wnx(pm)}
= expl  mlE@)-E@@D)]-palE(d)-E@ )]

= exp(™® (4.2.13)
where

A= [Bn— Bml(E(q") — E(aU)) (4.2.14)

here i, j, m and n are related to equation 4.2.5, before exchange:

i=fm), j=fn) (4.2.15)
which can be satisfied by Metropolis criterion:

1, for A< O,

4.2.16
exp=Y, for A> 0, ( )

WOt X = wablid) = |
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It is assumed that B1 < B2 < B3 < ... <Pm. An REMD simulation can then be written as a two-

step process, where

Q) Each replica of the canonical ensemble at a fixed temperature is simulated
simultaneously and independently for MD step.
(i) Avpairof replicas, say x,[,il] and x,[,’l]+1 at neighboring temperatures undergo exchange

according to metropolis algorithm.

The Hamiltonian expressed in equation 4.2.1 was described for an NVT simulation. The above
discussed scheme can be adapted for an NPT ensemble with the Hamiltonian of the system

expressed as [25]
H(q,p) =E(qQ) + K(p) + PV (4.2.17)

where V and P are the volume and pressure of the system, respectively. The contribution of

fluctuations in volume to the total energy was found to be negligible [26].

Fig. 4. 1. Cartoon diagram of a-LA. The three-dimensional structure was taken from the protein data bank (PDB

id: 1HFZ). Light blue, pink and brown ribbons represent a-helix, B-sheet and loops, respectively.

Although, classical simulations performed at fixed temperatures (Chapter 3) could
provide valuable information about dual nature of EG on protein stability, the major drawback
was the lack of sufficient sampling of unfolded states. Further, specific affinity of EG to
different types of amino acids in the denatured states also could not be evaluated from the
classical simulations performed at fixed temperatures. In order to overcome these drawbacks

REMD simulations of a model protein was performed in the temperature range of 300 to 240
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K and 290 to 340 K both in absence and the presence of EG (30% (v/v)). The model protein
employed for this study was a-lactalbumin (a-LA). a-LA is a 124 amino acid protein, mainly
an o+p protein (Fig. 4.1.). Initially, the dual nature of EG, as observed for other model proteins,
was tested on a-LA using circular dichroism spectroscopy. The data clearly suggested that o-
LA was stabilized against cold denaturation by EG, while it was destabilized during heat
denaturation. The trajectories obtained from REMD and classical simulations were analyzed
according to the theory of preferential interaction. The results suggested that the distinctive
effect shown by EG could be attributed to the temperature-dependent changes in the

preferential interaction (PI) of EG with the protein.

4.3. METHODS

4.3.1. Materials

a-LA was purchased from Sigma-Aldrich and was used without any further processing.
Ethylene glycol and glycerol were also purchased from Sigma-Aldrich. Guanidine

hydrochloride (Gdm) and phosphate buffer components were purchased from SRL Pvt. Ltd.

4.3.2. Thermal denaturation experiments

Thermal denaturation of a-LA was performed at pH 7 in presence of 2M Gdm [27].
Gdm was added in order to induce early cold denaturation, and the concentration was chosen
such that it was within the pre-transition baseline of the Gdm induced denaturation curve of
the protein [27]. The heat and cold unfolding was followed at 270 nm with a scan rate of 0.5°
C/min in Jasco-J1500 circular dichroism (CD) spectrophotometer attached to Julabo-F32

circulating water bath.

4.3.3. Molecular dynamic simulations

REMD simulations of a-LA were performed in two different temperature ranges. (i) 300-240
Kand (ii) 290-340 K. The protein structure was obtained from protein data bank (PDB id: 1hfz)
[28]. All the water and the ligand molecules in the structure were removed and the protein was
enclosed in a cubic box. In both the temperature ranges, a-LA was simulated in presence of
water and in presence of 30% EG (four simulations in total). The temperature intervals for all
the four simulations were determined using REMD temperature generator [29] and the

temperatures are listed in Table 4.1.
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Table 4.1. List of temperatures employed in REMD simulation

Simulation condition

Temperatures in K

without EG, cold

300, 298.60, 297.12, 295.65, 294.19, 292.73, 291.28, 289.83, 299.39, 286.96,
285.53, 284.10, 282.68, 281.27, 279.86, 278.45, 277.06, 275.67, 274.28,
272.90, 271.52, 270.15, 268.78, 267.42, 266.07, 264.72, 263.37, 262.03,
260.69, 259.36, 258.04, 256.72, 255.41, 254.10, 252.79, 251.49, 250.20,

248.91, 247.62, 246.34, 245.06, 243.79, 242.52, 241.26, 240

Without EG, heat

290, 291.45, 292.90, 294.36, 295.83, 297.30, 298.77, 300.25, 301.74, 303.23,
304.73, 306.24, 307.75, 309.27, 310.79, 312.32, 313.85, 315.39, 316.94,
318.49, 320.05, 321.61, 323.19, 324.76, 326.35, 327.94, 329.53, 331.13,

332.74, 334.35, 335.97, 337.60, 339.23, 340

30% of EG, cold

300, 297.46, 295.52, 293.59, 291.67, 289.76, 287.85, 285.96, 284.68, 282.21,
280.35, 278.49, 276.63, 274.80, 272.97, 271.16, 269.35, 267.55, 265.77,
263.99, 262.22, 260.46, 258.70, 256.96, 255.22, 253.49, 251.79, 250.08,

248.38, 246.69, 245, 243.33, 241.66, 240

30% of EG, heat

290, 291.91, 293.83, 295.76, 297.70, 299.65, 301.61, 303.58, 305.56, 307.55,
309.56, 311.57, 313.59, 315.62, 317.66, 319.71, 321.78, 323.85, 325.93,

328.03, 330.13, 332.25, 334.38, 336.51, 338.67, 340

All the simulations were performed in GROMACS 5.1.4 [30] using CHARMM 36 force field
[31]. Charges were assigned to the protein termini to emulate zwitterionic nature and the overall

system was neutralized using seven Na* ions. The system was energy minimized using steepest

descent method and then equilibrated at the respective temperatures and 1 atm pressure for 1

ns using V- rescale thermostat [32] and Parrinello-Rahman barostat [33]. The production run

was performed for 100 ns with an average exchange attempted for every 2 ps to attain an

acceptance ratio of exchange up to 25%. This acceptance ratio was used in earlier studies on

cold denaturation of small proteins as well [19,34]. The water model used was TIP4P-2005

[35] which is efficient for low-temperature simulations.
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4.4. ANALYSIS

4.4.1. Thermal denaturation

The denaturation curves were analyzed and the thermodynamic parameters were

derived using equation 2.3.1 as discussed in Chapter 2 of the thesis.

4.4.2. Contact area

The extent of protein’s structural loss was analyzed using contact area (CA) calculated by the

following relation [36].

n
cA = z 1SASAhydr0phobic — SASA ore (4.4.1)
=

Here, SASAnydrophobic 1S sSum of the solvent accessible surface area of hydrophobic residues (Ala,
Gly, Val, Leu, lle, Phe, Tyr, Trp, Met and Pro) in the protein calculated in presence of all the
surrounding residues and n is the number of hydrophobic residues. SASAcore represents the
total-SASA of the hydrophobic residues by considering the steric interference of the
neighboring residues, but excluding the residues that are in tertiary contacts. The difference in
SASA values would provide the contact area of the hydrophobic core of the protein. A decrease
in contact area would indicate stabilization (intact hydrophobic core), while an increase in
contact area would imply destabilization (more exposed hydrophobic core) of the protein. The
SASA calculations for CA were performed in VMD using the in-built package [37]. The SASA
values for the classical simulations (described below) were calculated using gmx SASA tool

of Gromacs using probe radius of 0.14 nm [38,39].

4.4.3. Free-energy landscape

The trajectories from the three extreme temperatures that is 240, 300 and 340 K were
separated from the REMD simulation of a-LA in both the presence and the absence of EG (Six
trajectories in total). The covariance matrix for each trajectory was created from the cartesian
coordinates of the Ca atoms of the protein and the principle component analysis (PCA) was
performed by diagonalization of the covariance matrix using gmx covar in Gromacs [40]. The

eigenvector and eigenvalues were obtained for all the six trajectories separately. The
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convergence of the trajectories was then analyzed by root mean square inner products (RMSIP)
for each trajectory. RMSIP is the measurement of similarities between subspaces (two sub-
parts of the same trajectory) with an assumption that the essential subspace of the system is
defined by first 10 eigenvectors with higher eigenvalues [9,41,42].

10 10

1 2
RMSIP = — (Z Z n;.v) (4.4.2)

i=1 j=1

where n; and vj are the eigenvectors of the subspaces. The trajectories were split into 10 ns

subspaces and their covariance values were calculated.

The free energy landscape (FEL) was constructed using the first and the second eigenvectors
as reaction coordinates for all the six conditions. The structures from the minima of each energy
landscape were extracted from all the three temperature conditions (240, 300 and 340 K) in the
absence and presence of EG. For those selected six conformations, classical simulations (C-
MD) were performed using the same force field, water model and EG parameters. The
simulations were performed with NPT ensemble conditions at their respective temperatures
that is 240, 300 and 340 K for 200 ns each.

4.4.4. Radial distribution function, H-bonds and hydrophobic hydration

Radial distribution functions and number of hydrogen bonds for protein-water and
protein-EG were calculated using gromacs tools gmx rdf and gmx hbond, respectively as
described in section 3.2 of Chapter 3. The last 40 ns of the simulation trajectories were used
for the purpose of analysis of the C-MD trajectories and trajectories obtained for selected

temperatures from REMD simulation.

The extent of hydrophobic hydration was calculated using the equation 3.4.5 as
described in Chapter 3. The function was calculated at a distance cut-off of 0.28 and 0.40 nm
of the hydrophobic and polar residues of the protein. The cut-off values correspond to the first
and the second hydration shells of the protein as identified from the first and second dips in the
RDF plots of the protein, respectively. The last 40 ns of the simulation trajectories were used

for calculation of hydrophobic hydration.
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4.4.5. Partition coefficient and preferential interaction

The partition coefficient (Kp) was calculated according to equation 3.4.3 as discussed
in Chapter 3. Residue specific K, was also calculated using the same function, but the number
of water and EG molecules were calculated from individual amino acid residues. For the
purpose of analysis, amino acids were divided into hydrophobic (Ala, Gly, lle, Val, Leu, Phe,
Trp and Tyr), less polar (Thr, Ser, Pro, Cys and Met) and highly polar (His, Glu, Gln, Asp,
Asn, Lys and Arg). Domain-based (local vs. bulk) preferential binding coefficient was
calculated using equation 3.4.4.

Preferential binding of EG was also evaluated using Kirkwood-Buff integral from the
RDF [43-45] of protein-water and protein-EG as,

Gz = p3 (G3 (r) — G, (T)) (4.4.3)

while

r

G(r) = f 4mr? (g(r) — dr (4.4.4)
0

where p3 is the density of cosolvent and G2(r) and Gs(r) is the Kirkwood-Buff integral of the
solvent and the cosolvent, respectively. The G2z values were calculated with the distance cut-
off (r) of 0.5 nm. The value of p3 was calculated as a number density of the bulk domain at
each temperature. Based on the definition of Trout and co-workers [46], the region above 6 A

from the surface of the protein was considered as bulk domain for calculations.
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4.5. RESULTS

4.5.1 Thermal unfolding of a-LA

Chapter 4
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Fig. 4.2. Thermal denaturation of a-LA. Representative plot of fraction of unfolding (A) in absence (black) and

in presence of EG (cyan and pink), and in presence of 20% Gly (grey). The solid lines are for visual clarity to

follow the trend. Temperature-dependent free-energy curves of a-LA derived from the transition curves (B).

Transition midpoint temperature of heat (Tn) and cold (T¢) denaturation (C) and the corresponding change in

enthalpy at transition midpoint temperature (D). Change in heat capacity during thermal denaturation (E) and

temperature of maximum stability (F) in varying concentration of EG. Circles and squares represent the

parameters obtained in the presence of EG and Gly, respectively. Red and blue symbols represent the parameters

calculated from heat- and cold-induced transitions, respectively.

The change in stability of a-LA during heat and cold denaturation was monitored using

near UV-CD in presence of varying concentrations of EG ranging from 0 to 30% (v/v). The

change in the ellipticity at 270 nm was used to follow the unfolding transitions of a-LA (Fig.

4.2A). The addition of EG shifted both cold- and heat-induced transition towards lower

temperatures. Temperature-dependent free-energy changes were derived from the transition

curves (Fig. 4.2B) and the temperature midpoint of both heat and cold transitions were

evaluated (Fig. 4.2C). The temperature midpoint of heat denaturation (Tm) decreased upon

addition of EG, suggesting destabilization. However, the decrease in the temperature midpoint

of unfolding of cold denaturation (Tc) upon addition of EG indicated the stabilization of a-LA

84




Distinctive Character of EG analysed by REMD

upon addition of EG. The enthalpy of unfolding at the Tm value (AHm) decreased with
increasing EG. However, the enthalpy of unfolding at T¢ (AHc) showed a negative value as
observed in case of other globular proteins [47-49] and increased with increasing EG
concentration (Fig. 4.2D). As a control experiment, thermal denaturation experiments were
performed in presence of 20% Gly. From the free-energy profile, the transition temperatures
(Tm and T¢) and the enthalpy of unfolding (AHm and AHc), it was evident that Gly could protect
a-LA both against heat and cold denaturation. Further, the change in heat capacity (ACp)
decreased (Fig. 4.2E) and the temperature of maximum stability (Tmax) of a-LA shifted towards
a lower value (Fig. 4.2F) upon addition of both EG and Gly as observed for other proteins
(Chapter 2). These results suggested that EG destabilizes a-LA during the heat denaturation
process, whereas stabilized the protein against cold denaturation.

4.5.2 Efficiency of REMD simulation

REMD simulations of a-LA were performed in absence and in the presence of 30% (v/v) of
EG in two different temperature ranges; 240 - 303 K representing cold denaturation and 290 -
340 K representing heat induced denaturation. In order to attain a high acceptance probability
as suggested by equation 4.1.15, the potential energy difference or the difference in the
temperature between the replicas must be small [15,25]. A plot of the potential energy
distributions of the replicas (Fig. 4.3) suggested that the necessary criteria for sampling [50,51]
were attained in all the four REMD simulations performed. The curves of the neighbouring

replicas exhibit a considerable overlap ensuring sufficient overlap between the replicas [52].
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4.5.3 Structural Changes During Molecular Dynamic Simulation of a-LA

460

Contact Area (A?)
F S
-y
o

420 — Ei 30% EG =

250 290 330
Temperature (K)

Fig. 4.4. Contact area of hydrophobic core as a
function of temperature calculated from the REMD
simulations of a-LA in the absence (grey) and in the
presence (pink) of 30% EG. Contact area was

calculated using equation 4.4.1

The extent of unfolding of the
protein from all the four REMD
simulations were quantified using a
parameter referred as contact area (CA) of
the hydrophobic core [36] of the protein
(equation 4.4.1). A decrease in CA would
indicate  stabilization  (an intact
hydrophobic core), whereas an increase
would imply destabilization (more
exposed hydrophobic core) of a protein.
The average CA of o-LA at each
temperature replica was calculated and
plotted against temperature (Fig. 4.4). Itis
evident from the plot that the CA is

reduced at lower temperatures in presence of EG as compared to control (in absence of EG).

However, at higher temperatures, the presence of EG increases the CA. This suggested that

REMD simulation trajectories reflect the experimental observations and could be used to

analyse the conformational changes of a-LA. To analyse the temperature-dependant changes

Table 4.2. RMSIP values calculated for the trajectories chosen from REMD simulations

Simulation condition

RMSIPf

a-LA in water at 240 K
a-LA in water at 300 K
a-LA in water at 340 K
a-LA in 30% EG at 240 K
a-LA in 30% EG at 300 K

a-LA in 30% EG at 340 K

0.637

0.730

0.728

0.673

0.742

0.719

TRMSIP - root mean square inner product
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induced by EG on the protein, the conformational states at three different temperatures 240,
300 and 340 K were extracted from the REMD simulations in the absence and in the presence
of EG (six different conditions in total). The convergence of the conformational states of all
the six trajectories were analysed by RMSIP using equation 4.4.2. The RSMIP values of >0.6
for all the six trajectories (Table 4.2) suggested that the simulation trajectories were sufficiently
converged. Covariance matrix of the fluctuations in the positions of Ca-atoms were generated
at each condition and the PCA was performed. Free-energy landscapes were then constructed
by projecting the first and the second eigenvectors obtained from their respective PCA (Fig.
4.5).

Fig. 4.5. Free energy landscape of a-LA constructed by projecting the first and second eigen vectors of PCA
derived from the covariance matrix of fluctuations in Ca atoms of the protein. The REMD trajectories at 240, 300
and 340 K in the absence of EG (A-C) and in presence of 30% EG (D-F) were used for the construction of FEL.
Representative conformations of minimum energy states are shown as cartoon diagram where cyan, pink and
brown indicate helices, sheets and loops, respectively. The energy levels are depicted by colours ranging from

purple (0 kJ/mol) to red (12 kJ/mol) as given in the legend.
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In order to examine the interactions

between the protein and EG at different

temperature conditions, a representative

S e 240 K

§ 60 300 K - low-energy conformational states were
5 340 K .

o obtained from each FEL and the key
250 [ . . :

2 differences in the secondary structures
= i | were analysed (Fig. 4.6) using DSSP [53].
) 40); ¥

510’ - 1 The calculated values suggested that the
T

§ structural content of a-LA was less at 240
2 0

Fig. 4.6. Secondary structural contents of a-LA (a- K compared to its native state at 300 K. In

helix, p-strands and p-turns) for the representative the presence of EG, the overall structure

structures obtained from the free energy landscapes in

was increased at 240 K, whereas

the absence and the presence of EG at 240 K (blue),

marginally reduced at 340 K.
300 K (green) and 340 K (red).

For further elucidation of their conformational changes, classical MD simulations (C-MD) of
the selected-representative conformations were performed for 200 ns each at their respective
temperatures. Initial analysis of RMSD of Ca atoms suggested that the mean fluctuation of the
protein was higher at 340 K (Fig. 4.7). In presence of EG, RMSD was reduced at 240 K,

whereas it increased at 340 K compared to its value in absence of EG.

1 T T
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£
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Fig. 4.7. Root mean square deviation (REMD) of Ca atoms of a-LA for the representative structures obtained
from REMD simulations at different temperatures, 240 K (blue), 300 K (green), and 340 K (red) in the absence
(A) and the presence (B) of EG. (C) The average of RMSD values calculated for the last 100 ns in the absence
(grey-filled bars) and the presence of EG (grid-filled bars) at different temperatures.
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The structural integrity of the protein was assessed using the change in SASA during
the C-MD simulations. The probability distribution function of SASA of a-LA was evaluated
at three different temperatures (Fig. 4.8A). The plot shows a unimodal distribution at 240 and
300 K, and the distribution was wider at 300 K compared to 240 K. The addition of EG at 240
K, shifted the SASA distribution to a lower value and at 300 K the SASA was not significantly
altered. This suggests that EG stabilizes the native conformation of the protein at 240 K,
whereas it did not show significant effect at room temperature. At 340 K, a-LA showed a
bimodal distribution with significant amount of conformational states with higher SASA. With

the addition of EG, the conformations with higher SASA values increased and

(2]

S 06 ©1.0 B El 240 K-
= S BN 300K
5 c BN 340K
2 o
E 04 &
= = Qo8 .
- s
2 c
% 0.2 e
o 06 - -
e =
A= 3]
a 0.0 ©

1 [] 1 1 1 1 “h_

70 72 74 76 78 80 noEG  30% EG
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Fig. 4.8. (A) Normalized probability distribution of solvent accessible surface area (SASA) and (B) the fraction
of native contacts in a-LA (with reference to the number of contacts in the absence of EG at 300 K) calculated
from the C-MD simulations of [I-LA carried out at 240 (blue), 300 (green) and 340 K (red) in the absence (solid

lines) and in the presence of (broken lines) 30 % of EG.

the peak at lower SASA values also shifted towards higher values. The conformational changes
were also evaluated with the fraction of native contacts retained at various conditions by
considering the conformational state of a-LA at 300 K in the absence of EG as fully native
(Fig. 4.8B). The calculations showed that either increase or decrease in simulation temperature
reduced the number of native contacts in a-LA. However, in presence of EG, the number of
native contacts were more at 240 K, whereas it was less at 340 K. The results were
complementing with the experimental observations that EG stabilizes the protein at lower
temperatures, whereas destabilizes at higher temperatures, whereas destabilizes at higher

temperature.
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To identify the specific structural changes, a representative conformational state from
each C-MD simulation was obtained and analysed (Fig. 4.9 and Table 4.3). The conformation
of a-LA obtained at 300 K in the absence of EG was considered as fully native conformation.
The secondary structures are labelled as per the convention of PDBsum [54] which uses
Promotif [55] to assign secondary structures. At 240 K, all the S-strands were unfolded along
with distortion in S-turns 9 and 10, and the helix was partially unfolded. The addition of EG
prevented the unfolding of strand-1 and strand-2, and the distortion of g-turns. At 340 K, only
strand-3 was fully unfolded along with the partial unfolding of helix-1 and helix-8. With the

Fig. 4.9. The minimum energy conformational states obtained from the free energy landscapes of a-LA
constructed at different temperature conditions in the absence (upper panels) and the presence (lower panels) of
30 % EG (Fig. 4.5. free energy surface plots). The structure of a-LA at 300 K in the absence of EG is considered
as a fully-native conformation and the loss of structures at different conditions are listed in Table 4.3. The symbols

represent, H: helix. S: strand and T-f: p-turn.

addition of EG, all three strands and helix-8 were fully unfolded along with distortions in -
turns 9 and 10. The conformations of a-LA at 300 K showed that the addition of EG only partial
unfolding of helix-8 at ambient conditions. These structural changes indicate that the
simulations carried out at different conditions reflect experimentally observed results that a-
LA is stabilized against cold denaturation at 240 K, whereas it is more destabilized at 340 K

with the addition of EG. Earlier experimental studies [27,56] also show that denaturation
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of a-LA is initiated by the disruption of f-strands followed by unfolding of termini helices,
helix-1 and helix-8. Therefore, these simulation trajectories were used for further analysis to
illustrate the mechanism of interactions between a-LA and EG.

Table 4.3. Secondary structures unfolded during simulation calculated from snapshots in Fig.
4.9.

Temperature
Cosolvent
240K 300 K 340K
Helix 1 (p) Helix 1 (p)
Strands 1 to 3 (f) ) Strand 3 (f)
No EG All native )
B-turns 9 &10 (d) Helix 7 (c)
Helix 7 (c) Helix 8 (p)
Helix 1
Helix1 (p) . ()
Helix 7 (¢)  Strands 1 to 3 (f)
30% EG Strand 3 (f) .
. Helix 8 (p) B-turns 9 &10 (d)
Helix 9 (c)

Helix 8 (f)

p-partially unfolded, f - fully unfolded, d-distorted, c- compact

4.5.4 Solvent verses cosolvent interactions with a-LA

|
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0.4
03 0.4
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Fig. 4.10. Radial distribution function of water around all the residues of a-LA (A & D), only around hydrophobic
residues (B & E) and only around hydrophilic residues (C & F) calculated in the absence (upper panels) and in the
presence of (lower panels) EG from the C-MD simulations carried out at 240 (blue), 300 (green) and 340 K (red).
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Fig. 4.11. The values of first (top panels) and second (bottom panels) peaks of RDF plots for the distribution of
water molecules around a-LA (Fig. 10) obtained from C-MD simulations of the protein at different temperatures
in the absence (black bars) and the presence (grey textured bars) of EG. The peak values were obtained from the
RDFs plotted by taking into account of all the residues of the protein (A & D), only the hydrophobic residues (B
& E) and only the hydrophilic residues (C & F).

To evaluate the solvent and cosolvent occupancy around the protein, RDF for water
and EG around a-LA were analysed from C-MD simulations. The RDF of water (Fig. 4.10)
decreased with increasing temperature around both the hydrophobic and the hydrophilic
residues of a-LA in the absence of EG. In the presence of EG as well, the distribution of water
was reduced at higher temperatures. However, the distribution of water around hydrophobic
residues was reduced at lower temperature (240 K) upon addition of EG and at higher
temperatures the changes were minimal (Fig. 4.11). The water molecules around polar residues

were notably increased at higher temperatures (300 and 340 K) in the presence of EG.
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Fig. 4.12. Radial distribution function of EG around all the surface residues of a-LA, only around hydrophobic
residues and only around hydrophilic residues calculated from the C-MD simulations carried out at 240 (blue),
300 (green) and 340 K (red).

In addition, RDF of EG around the protein (Fig. 4.12) suggested that the distribution of EG
reduced at higher temperatures. The EG around hydrophobic residues was slightly more at 240

K (Fig. 4.13) and it showed significantly higher values around hydrophilic residues at lower

temperatures.
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Fig. 4.13. The values of first (top panels) and second (bottom panels) peaks of RDF plots for the distribution of
EG molecules around o-LA (Fig. 4.12). The peak values were obtained from the RDFs plotted by taking into
account of all the residues of the protein (A & D), only the hydrophobic residues (B & E) and only the hydrophilic
residues (C & F).
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The RDFs were also plotted for the trajectories obtained from REMD simulations at
four different temperatures. They also showed similar changes (Fig. 4.14 and 4.15) in RDF
plots. These results indicated that the distribution of water and EG around hydrophilic and

hydrophobic residues was significantly altered with temperature.
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Fig. 4.14. Radial distribution function of water around a-LA calculated from the conformations extracted from
REMD simulation at varying temperatures, 240 K (dark blue), 270 K (light blue), 300 K (green), and 340 K (red),
in the absence (upper panels) and the presence (lower panel) of EG. The distribution of water around all the
residues (A and D), only hydrophobic residues (B and E), and only hydrophilic residues (C and F) of a-LA
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Fig. 4.15 Radial distribution function of EG around a-LA calculated from the conformations extracted from
REMD simulation at varying temperatures, 240 K (dark blue), 270 K (light blue), 300 K (green), and 340 K (red).
The distribution of cosolvent around all the residues (A and D), only hydrophobic residues (B and E), and only

hydrophilic residues (C and F) of a-LA.
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For further insight into these changes, the
hydration ratio between hydrophobic and
the hydrophilic surfaces was calculated
using equation 3.4.5 with the distance cut-
offs 0.28 and 0.40 nm (Fig. 4.16). These
cut-off values corresponded to the first
and the second dips of the RDF plots,
representing the first and the second-
hydration shells from the protein surface,
respectively.  Hydrophobic  hydration
decreased as the temperature increased
and notably the addition of EG decreased
the value at all the temperatures in both
the first- and second- hydration shells.
The distribution of EG between the
surface of the protein and the bulk solvent
is one of the crucial determinants on its
effect on the stability of proteins. This
was measured as local-bulk partition
coefficient (Kp) for each and every amino
acid residue as given by equation 3.4.3
[57].

Kp values were calculated from the trajectories obtained from C-MD and from four-selected
temperatures (240, 270, 300 and 340 K) of REMD simulation (Fig. 4.17). K values were higher

at 240 K compared to 300 K for all the amino acid residues except for Pro and Met. Though

the Kp values for some of the hydrophobic residues are slightly higher at 340 K compared to

300 K, they were still significantly lesser than the K, values at 240 K. It was also observed that

the Kp values were higher for the hydrophobic residues Trp, Tyr, Ala, Gly, lle, and Leu, and

for charged residues GIn, Asp and His. The values were lowest for Glu and Asp residues.
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Fig. 4.17. The partition coefficient of EG around the protein (Kp) calculated using equation 3.4.3 for each residue
(A) from C-MD simulations performed at 240 K (blue), 300 K (green) and 340 K (red), and (B) from REMD
trajectories at selected temperatures, 240 K (dark blue), 270 K (blue), 300 K (green), and 340 K (red).

For better interpretation, Ky values were calculated for different residue types (hydrophobic,
less-polar and highly-polar) and compared with the values obtained for the whole protein (Fig.
4.18). The higher K, values for the overall protein at lower temperatures suggested that the

extent of binding of EG with a-LA was significantly high at sub-zero temperature.

REMD 240K
270 K-
300 K
340K

Fig. 4.18. The partition coefficient of EG around the protein (Kp) calculated using equation 3.4.3 for all the
residues and different residue types (hydrophobic, less polar and highly polar) from C-MD simulation (A) and at

selected temperatures from REMD trajectories (B).
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The K, values calculated for individual residue types suggested that the binding of EG around
the hydrophobic residues were more compared to the other residues and highly polar residues
have less binding with EG. In addition, Ky values calculated from the trajectories obtained from
REMD simulations at varying temperatures (Fig. 4.18B) also showed similar trend, reiterating

the fact that the binding of EG with hydrophobic residues was higher at lower temperatures.
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Fig. 4.19. (A) The number of hydrogen bonds between a-LA and water in the absence and the presence of EG
calculated at different temperatures from C-MD simulations. The inset shows the number of H-bonds lost between
a-LA and water upon addition of EG. (B) The number of H-bonds between a-LA and EG.

To ascertain this, the number of H-bonding interactions formed by water and EG with a-LA
was evaluated, as H-bonding could be the primary interaction of these molecules with the
protein. It was observed that the number of H-bonds formed by water was reduced at higher
temperatures in absence of any cosolvent, whereas it was marginally increased in presence of
EG (Fig. 4.19). The number of H-bonds lost upon the addition of EG was more at 240 K (inset
Fig. 4.19). At the same time, the number of H-bonds between EG and protein was significantly
higher at lower temperature (Fig. 4.19B). These observations complement the K, values that
EG has more interactions with the protein at sub-zero temperature by replacing a significant

number of water molecules around the protein.
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Fig. 4.20. (A) Distance-wise preferential binding coefficient (I'23) for EG with a-LA calculated using equation
3.4.4 at different temperatures from C-MD simulations. (B) The preferential binding calculated by Kirkwood-
Buff integral (Ggs) using equation 4.4.3 from C-MD simulations. (C) The preferential binding calculated by
Kirkwood-Buff integral (Gz23) from REMD trajectories.

Preferential interaction (PI) of the cosolvent, EG was evaluated by two different
parameters. Domain-based mean distribution of solvent and cosolvent (I'23) [58] was calculated
at regular intervals of the distance from the protein surface (Fig. 4.20A) using equation 3.4.4.
Also, Pl was calculated from Kirkwood-Buff integral approach (G23) using equation 4.4.3.
based on RDF with the cut-off of 0.5 nm from C-MD simulation trajectories (Fig. 4.20B).

Distance-based I"23 showed a small negative value at 0.27 nm corresponding to the first
solvation-shell; however, it became positive above the distance of 0.3 nm. At 240 K, the I'23
values of EG were significantly higher than the values at 300 K which were slightly negative
at higher temperatures. The Gz3 values was found to be positive at 240 K and was slightly
negative at higher temperatures. Also, the temperature-dependent G2z values calculated from
REMD (Fig. 4.20C) simulations showed that Pl of EG with protein was positive up to 280 K
and became negative above 280 K. These observations clearly indicated that the preferential
binding of EG at lower temperature is significantly larger compared to its values at above 300
K.
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4.6. DISCUSSION

4.6.1 Effect of EG on the thermal denaturation and structure of a-LA

The experimental observations (Fig. 4.2) show that a-LA is stabilized by EG during
cold denaturation, whereas EG destabilizes the protein during heat-induced denaturation. The
resultant shift in the free-energy profile (Fig. 4.2B) is found to be due to reduction in overall
heat capacity (ACp) (Fig. 4.2E) and shift in the temperature of maximum stability to a lower
value (Fig. 4.2F). The positive heat capacity change during the thermal denaturation is mainly
attributed to the strong temperature dependence of enthalpy and entropy of exposure of buried
hydrophobic residues to the water [59,60]. Reduction in AC, values suggests that the
hydrophobic exposure is reduced upon the addition of EG. The accompanying shift in the Tmax

towards lower temperature indicates that this effect would be significant at lower temperatures.

The structural changes in a-LA analysed by MD simulation trajectories indicate that
there are significant changes in the secondary structural content of the protein during thermal
denaturation (Fig. 4.6). This is also associated with an increase in SASA and significant loss
of native contacts in the protein (Fig. 4.7). Earlier experimental studies show that the initial
unfolding of a-LA occurs around B-subdomains along with the turns in the region which forms
molten globule-like structural intermediate [27,56]. The hydrogen exchange experiments have
also shown that B-subdomain is less protected in the MG-like state and helix-8 is the least
protected among all a-helices in the protein [56]. The present MD simulation studies show that
either an increase or decrease in simulation temperature led to the loss of all the 3-strands in
the protein (Fig. 4.9 and Table 4.3). At lower temperature, a-LA shows a partial unfolding of
helix-1 and during higher temperature simulation helix-8 is also partially unfolded. The initial
loss of B-strands has been noted during the cold denaturation of protein L9 [61] and yeast
frataxin [62] as well. Kim et al (2016) relate the high stability of a-helices against cold-induced
denaturation to the prevalent presence of helices in the anti-freeze peptides of cold organisms

and hypothesized that this might be an evolutionary constraint.

EG does not significantly alter the secondary structure of a-LA at room temperature.
However, at lower temperatures, the presence of EG retarded the denaturation of strand 1 and

3 and the p-turns during cold denaturation. In contrast, the presence of EG at higher temperature
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denatures the strands and helix-8 as well. The overall structural changes assessed from MD
simulations using SASA, native contacts and secondary structural contents suggests that the
cold-induced unfolding of a-LA is reduced by the addition of EG, whereas the protein is

destabilized in the presence of EG at higher temperatures.

4.6.2 Interaction of EG with a-LA

The density of water and cosolvent around the surface of a protein is mainly attributed
to the stability changes of the protein during cold denaturation [63,64]. The initial analysis of
RDF values shows that the distribution of water around the protein decreases with increasing
temperature, whereas the water around the hydrophobic residues is notably reduced at low
temperature in the presence of EG which is evident from the first two peaks of RDFs of the
protein (Fig. 4.11B and 4.11C). The hydrophobic hydration values calculated for the first and
second solvation (Fig. 4.16) shells also suggest a decrease in the number of water molecules
around the protein with an increase in temperature and with addition of EG as well. Cold
denaturation study with a simple protein monomer-water model [63] predicts that at lower
temperature water molecules destabilize the hydrophobic contacts through ‘solvent-separated
configurations’ by forming clusters around hydrophobic residues. This configuration is
proposed to be similar to the pressure-induced unfolded states of proteins. The solvent layers
around hydrophobic residues might decrease the entropy of the system during cold denaturation
as observed in experiments [49,65-68]. Thus, the decrease in water molecules in the presence
of EG at lower temperature might indicate the reduction in cold-induced unfolding of the

protein.

Furthermore, the partition coefficient of EG (K;) around the protein is higher at lower
temperatures. The residue-wise analysis (Fig. 4.17 and 4.18) clearly demonstrates that the Kp
values are significantly larger for hydrophobic residues at lower temperatures, complementing
the observations that EG preferably binds to hydrophobic residues at lower temperatures. Also,
the number of H-bonds between the protein and water is reduced with the addition of EG and
protein-EG interactions are higher at sub-zero temperature (Fig. 4.19). These results suggest
that the binding of EG with a-LA at lower temperature reduces the hydration of hydrophobic
residues. Earlier experimental results show that hydrophobic hydration is the major driving
force in the enthalpy driven cold denaturation process [59,69]. Computational studies also

suggest that solvent penetration into the hydrophobic regions promotes cold-induced
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denaturation of proteins [19,62]. Therefore, we propose that the addition of EG might stabilize
the protein by reducing the hydration of hydrophobic residues of a-LA. This also corroborates
with the experimental observation that the negative enthalpy of cold-induced denaturation

reduces with addition of EG. (Fig. 4.2D)

Fig. 4.21. Representative cartoons of binding of EG (spheres) on a-LA (surface) obtained from CMD simulations
performed at 240 K (A1-A2), 300 K (B1-B2) and 340 K (C1 and C2). The right panels are 180° rotation of left
panels. Red, blue and white colours on the protein surface represent negative, positive and non-polar charge

distribution.
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At higher temperatures, the binding of EG is reduced; however, the preferential binding

of EG with the protein shifts its equilibrium towards more unfolded state as seen in the case of
the denaturants [70,71]. In contrast, the other polyols such as glycerol [72] and trehalose [73]
increase the preferential hydration of solvent molecules and stabilize the hydration shells
around proteins. However, larger polyols such as chitosan and PEG are found to interact with
proteins through hydrophobic interactions and hydrogen bonding and stabilizes the proteins by
increasing the compactness [74,75]. Furthermore, the Pl parameters (Fig. 4.19) calculated by
mean distribution (I'23) and by Kirkwood-Buff integral (Gzs) suggest that the preferential
binding of EG is significantly higher at sub-zero temperature, whereas it is reduced at higher
temperatures, even it shows a marginal amount of preferential hydration character (Fig. 4.20B).
Representative surface cartoon diagrams were created from C-MD simulation trajectories to
explain the overall interaction between a-LA and EG at different temperature conditions (Fig.4.
21). The structural representations clearly indicate the preferential binding of EG to the
hydrophobic residues at lower temperature and the decrease in interaction of EG with the
protein at higher temperature.
The commonly accepted hypothesis on osmolyte-induced stability changes on protein proposes
that a destabilizing osmolyte would preferentially interact with the protein, thus shifts the
equilibrium towards unfolded state. A stabilizing osmolyte would be exclude from the surface
of the protein to confer stability by increasing it surface hydration. This might be valid at
ambient conditions; however, this phenomenon could not be simply extended to sub-zero
temperature conditions. The thermal denaturation studies of a-LA suggest that EG stabilizes
the protein by preferentially binding to the protein, particularly around the hydrophobic
residues, during cold-induced denaturation. However, the preferential binding of EG
destabilizes the protein against heat denaturation. denaturation processes. Furthermore, this
study is limited to the polyol class of osmolyte alone. The effect of other classes of osmolytes
on cold-induced denaturation of proteins also need to be examined which might establish the
complete role of hydrophobic hydration on the stability of proteins at sub-zero temperatures.
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4.7 CONCLUSION

The thermal denaturation experiment indicates that EG acts as a stabilizing agent or a
denaturant depending on the temperature, whereas the other osmolytes so far reported show
stabilizing effects at all the temperature ranges. Computational studies suggest that a decrease
in the hydration of hydrophobic residues along with increased binding of EG around the
hydrophobic residues stabilizes a-LA during cold-induced denaturation. This could be
associated with the experimentally observed decrease in the negative enthalpy of cold
denaturation upon addition of EG. The presence of EG destabilizes the protein at higher

temperature via preferential binding similar to chemical denaturants.
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Effect of Polyols on Thermal Unfolding Intermediate of Cyt

5.1. ABSTRACT

Studies on intermediate states of proteins provide essential information on folding pathway and
energy landscape of proteins. Osmolytes, known to alter the stability of proteins, might also
affect the structure and energy states of folding intermediates. This was examined using
cytochrome ¢ (Cyt) as a model protein which forms a spectroscopically detectable intermediate
during thermal denaturation transition. Most of the secondary structure and the native heme-
ligation was intact in the intermediate state of the protein. Denaturants, urea and guanidinium
hydrochloride, and ionic salt destabilizes the intermediate and drive the protein to follow two-
state transition. The effect of polyol class of osmolytes, glycol, glycerol, erythritol, xylitol and
sorbitol (with OH-groups two to six), on the intermediate was studied using Soret absorbance
and far-UV circular dichroism. With the increasing concentration of any of the polyols, the
transition-midpoint temperature (Tm) and the enthalpy change (AHm) for native to intermediate
transition was decreased. This indicated that the intermediate was destabilized by the polyols.
However, the polyols increased the overall stability of the protein by increasing Tm and AHm
for intermediate to unfolded transition, except in the case of glycol which destabilized the
protein. These results show that the polyols could alter the energy state of the intermediate, and
the effect of lower and higher polyols might be different on the stability and folding pathway

of the protein.
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5.2. INTRODUCTION

Small globular proteins tend to exhibit "all or none' two-state transition between their
native to unfolded states upon chemical, thermal and mechanical perturbations [1-4]. The two-
state behaviour could be attributed to weak non-covalent interactions stabilizing the native
conformation against unfolded conformations [5]. These transitions could be modulated by
change in the solvent conditions such as pH or by the addition of salts or small organic
molecules [6-10]. At some instances, intermediate states could not be recognized due to the
limitations of probes to distinguish the intermediate states from the native or unfolded
conformations. However, using multiple spectroscopic probes, intermediates have been
identified and characterized for small globular proteins that were earlier known to exhibit a
two-state behaviour [11-13]. Identification of such intermediates is essential to understand the
folding pathway and the energetics involved. One of the well-characterized intermediate state
in many small globular proteins is a molten globule (MG) state [14]. MG state is an expanded
state as compared to the native state, and it retains most of the native secondary structures, but
lacks a tight packaging of the sidechains [14,15]. MG intermediate is identified under
equilibrium conditions and it is also found transiently during the kinetics of refolding reactions
[16,17].

Apart from the MG intermediates, there are other intermediate structures such as dry molten
globules (DMG). DMG is an expanded form of the native state in which the hydrophobic core
is not exposed to the solvent, but lacks the close packing found in the native structure [24]. For
instance, ribonuclease A, dihydrofolate reductase, monellin and villin headpiece show DMG
during their unfolding transitions [25-28]. Moreover, a close structural proximity has been
established between the burst-phase kinetic intermediates and the equilibrium intermediates.
For example, hydrogen exchange pulse labelling experiments on apomyoglobin shows that the
kinetic intermediate formed within 5 ms has a structure similar to that of equilibrium MG [18].
Such reports are available for other proteins like a-lactaloumin, ribonuclease H and B-
lactoglobulin as well [16,19,20]. Further, the kinetic intermediates may be an on-pathway (U

to I transition leads the formation of N, U <> [ <> N)
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or an off-pathway (formation of I requires to attain again U state for proper refolding, I <> U
< N) [21-24]. On- pathway species are known to increases the rate of folding while the off-

pathway intermediates slower down the folding rate [21].

Small organic molecules accumulated by living organisms to counter various
environmental stresses are known as osmolytes [25]. Osmolytes are also widely used in
biotechnology industries to supress protein aggregation, improve the refolding yield and to
protect proteins during storage [26-31]. Polyols are a group of organic molecules and many of
them serve as osmolytes in various living organisms [32]. They impart stability to proteins and
stabilize certain intermediate structures as well [33]. For example, during the folding of L-
amino acid oxidase, glycerol stabilizes the intermediate that allows the enzyme to fold correctly
to the active conformation [34]. In case of cytochrome ¢ and yeast hexokinase A, the acid
unfolded structures (A-states) could be folded into MG states by the addition of polyols [8,35].

Fig. 5.1. Structure of cytochrome ¢ (Cyt) obtained from protein data bank (Id: 1hrc). Helices and loops are
represented in cyan and pink, respectively. The central heme and the coordinated amino acids, His18 and Met80,

are represented as sticks. The central iron atom is shown as sphere.

Cytochrome ¢ (Cyt, Fig. 5.1) is a small heme-protein (~12.4 kDa) which serves as a
model to understand various aspects of protein folding [36-38]. Cyt contains a central heme,
covalently linked by thioether linkages to Cys14 and Cys17, serves as a sensitive spectroscopic
probe. The iron of the porphyrin is coordinated with His18 and Met80 of the protein main chain

[39]. The stability and folding kinetics of Cyt varies depending on the oxidation state of the
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central iron [40]. The reduced ferro-state (Fe?*) is relatively stable to pH variations [41]
whereas the oxidized ferri-state (Fe3*) exhibits a large variation in the conformation depending
on the pH [42]. The oxidized Cyt forms an unfolded state at acidic pH conditions (Uacid) which
under low ionic strength is converted into a MG conformation (A-state). Similarly, at alkaline
pH, Cyt forms MG-like states (B-state) which vary in conformation with pH and ionic strength
of the solution [10,43,44]. Addition of ionic salts and polyols induces formation of
intermediates similar to A-state or B-state [45,46] and a quasi-native state is also identified in
the presence of glycerol [47]. Denaturants, guanidinium hydrochloride and urea also induces
three-state conformational transitions with a detectable unfolding intermediate at pH 5 which
resembles the alkaline-denatured state of Cyt [48]. Spectroscopically detectable intermediates
have been identified for Cyt during temperature-induced denaturation as well. Though the
thermal-intermediate state observed at neutral pH is similar to the alkaline-denatured state, at
lower pHs, it is different in terms of heme ligation and secondary structure content [44,49].

In spite of the fact that polyol class of osmolytes are well-known for altering the
stability of globular proteins [8,47,50-52] their effect on folding intermediates has not been
fully understood. In the present study, we examine the effect of polyols, with OH-groups
ranging from two to six, on the equilibrium intermediate identified during thermal denaturation
of Cyt at pH 5 using absorption and circular dichroism spectroscopic methods. The effect of
denaturants and an ionic salt on the stability of the intermediate is also studied to characterize
the intermediate state. The results suggest that the intermediate state is destabilized by all the
polyols. The overall stability of the protein is increased by the higher polyols (with OH-groups

> 3) whereas the diol decreases the stability.

5.3. MATERIALS AND METHODS

5.3.1 Materials

Horse heart cytochrome ¢ (Cyt) and polyols were purchased from Sigma- Aldrich and acetic
acid from Merck. Sodium acetate, guanidine hydrochloride (Gdm), urea, and sodium chloride
(NaCl) were purchased from SRL, India.
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5.3.2. Spectroscopic measurements

All the experiments were carried out in 10 mM of acetate buffer at pH 5. The protein
concentration was calculated from the absorbance value at 410 nm using the molar extinction
coefficient value of 101.6 mM™ cm™. Absorbance spectra were recorded with the protein
concentration of 10 uM in Cary 100 UV- Vis spectrophotometer equipped with a Peltier for
temperature control. All the thermal denaturation transitions in presence of Gdm, urea, NaCl
and polyols were measured at 395 nm with a scan rate of 1 °C/min. Ellipticity changes at far-
and near-UV regions were measured in Jasco J- 1500 spectropolarimeter equipped with a
Peltier and supported with a circulating water bath. Far-UV CD measurements were performed
using 2 mm path length cuvette with 15 uM of the protein while near UV- CD measurements

were performed using 10 mm path length cuvette with 80 uM of the protein.
5.3.3. Data analysis

Thermal denaturation curves following a three-state transition (N < I < U) were analysed

using the following equation, [9,53]

_[@] _[AG1+AG2]
Oy +meT) + (y; + miT)e 'RTI + (y,, + myT)e RT
Y(T) = AG, AGL+AG,
1+e Rt 4 e TR (5.3.1)
Where,
Tml mi
AGZ - AHmz 1 - (_) + Acpz <T - Tmz - ln (_>>}
m2 m2
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In the equation 5.3.1, Y is the normalized spectroscopic signal, y, yi and yy are the baselines
corresponding to the native, intermediate and the unfolding transitions and mt, mi and my are
the corresponding slopes. Tm1 and T2 are the transition midpoints, AHm1 and AHm2 are the
enthalpy changes, and ACp: and ACy2 are the change in the heat capacities associated with N

< Tand I < U transitions, respectively.

The thermal unfolding transitions that follow a two-state transitions (N < U) were

analysed using the following equation [54],

AHm(1—(%)+ACp(T—Tm—1n(%)
RT

O+ meT) + (O + myTe

AHm(l—(%)+ACp(T—Tm—ln(%)
1+et RT 1

Y(T) =

(5.3.2)

Where Y is the normalized spectroscopic signal, ys and yy are the intercepts of the native and
unfolding transition, while ms and my are the corresponding slopes. Tm, AHm and AC, are the
transition midpoint temperature, change in enthalpy and change in heat capacity of the
unfolding transition, respectively.

5.3.4. Global analysis

Global analysis was performed to obtain a single set of thermodynamic parameters for the
three-state transition of native Cyt. For this process, the shared parameters employed were the
baselines and the slopes (yr, yi, yu and ms, mi and my), while the global parameters were the
thermodynamic parameters, Tm, AHm, and AC,.
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5.4. RESULTS

5.4.1 Thermal unfolding of cytochrome ¢
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Fig. 5.2. Thermal unfolding of Cyt: (A) Soret absorption and (B) Far-UV circular dichroism spectra of Cyt at
varying temperatures from 293 to 363 K. The inset shows the difference spectra between native and unfolded states
correspond to 20 and 90 oC, respectively. (C and D) Fraction of unfolded states calculated from Soret absorption
(at 395 nm, red) and CD (at 222 nm, cyan) spectra. The solid lines represent individual (panel C) or global (panel
D) fit of the transitions with three-state assumption using equation 5.3.1. The parameters obtained from the curve-
fit are presented in Table 5.1. (E) Fraction of the states calculated from global-fit of the unfolding transition and

(F) representative far-UV CD spectra of native (blue), intermediate (gray) and unfolded (pink) states.

Conformational change in Cyt with increasing temperature was initially monitored by
two different probes, Soret absorbance (350-450 nm) which is sensitive to the heme-
environment [48] and far-UV CD corresponding to the secondary structural content of the
protein [55]. Soret absorbance showed a hypsochromic shift along with an increase in
absorbance (Fig. 5.2A) and the ellipticity values drastically decreased in far-UV region of CD
(Fig. 5.2B) with increase in temperature suggested the unfolding of Cyt. The spectral changes,
however, did not show any noticeable isosbestic or isochoric points. In the Soret region, a

difference spectrum was calculated by subtracting the absorbance spectra at 293 K against 363
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K which showed minima at 395 nm that was used to follow the unfolding transition of the
protein. From far-UV CD, the ellipticity changes at 222 nm specific to the a-helix was used to
monitor the thermal denaturation of the protein. The shape of the unfolding transition curves
(Fig. 5.2C) showed a non-sigmoidal behaviour suggesting a deviation from a two-state (N <
U) process. Therefore, the data was fitted for a three-state model (N <> I <> U) using equation
5.3.1. Comparison of the residual obtained from two-state and three-state models (Fig. 5.3)
indicated that curve fit with the three-state assumption had less deviation from the experimental
values, thus three-state model was considered. The thermodynamic parameters obtained from

the data analysis are presented in Table 5.1 which is comparable to the earlier report [56].
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Fig. 5.3. The residual values obtained from the curve-fit of thermal unfolding transitions of Cyt from three-state
(black) and two-state (grey) assumptions using equations 5.3.1 and 5.3.2, respectively. The unfolding transition

was followed by (A) Soret absorbance at 395 nm and (B) ellipticity changes at 222 nm.

Further, to obtain a single set of thermodynamic parameters by combining the probes sensitive
to different conformational changes, simultaneous fit (global analysis) of the data sets were
performed (Fig. 5.2D). From the resultant parameters, the fractions of each states, native,
intermediate and unfolded were calculated (Fig 5.2E). The intermediate population was found
to be largest at 339 K. The far-UV CD spectrum of Cyt collected at 338 K (65 °C) showed that
the ellipticity of intermediate state is slightly reduced at 222 nm compared to the native state
(Fig. 5.2F). Further, the absorption and near-UV CD spectra of Cyt was also measured at 338
K (Fig. 5.4). Soret absorbance showed an increase in intensity without any significant

hypsochromic shift generally observed for the unfolded states. The Q-band and charge transfer
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band collected at 338 K were similar to that of native state of the protein. The near-UV CD
spectrum of Cyt also did not show significant changes between native and intermediates
species. These spectral changes suggested that the intermediate conformation retains the heme-
ligation state as in the native conformation and a slight loss of secondary structural content
without significant change in tertiary packing of the protein.

Table 5.1. Thermodynamic parameters obtained from the thermal denaturation of Cyt.

Tm AHm1 ACp1 Tm2 AHm2 ACp2
Probe

(K) (kcal/mol)  (kcal/mol/K) (K) (kcal/mol)  (kcal/mol/K)

395 nmf 309+1 26+0.3 0.15+0.05 352.6+04 79.04+3 1.4+0.2
222 nmj 308 +0.3 35+23 0.1+0.02 351.8 £ 0.45 89+3 1.5+0.15

Global 309 +0.52 25+14 0.2+0.04 352.6 £ 0.44 93.9+23 15+0.2

T from absorbance, § from CD
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Fig. 5.4. Representative spectra of native (blue), intermediate (grey) and unfolded (pink) states measured at 293
K, 338 K and 363 K, respectively during thermal denaturation of Cyt using (A) Soret absorption, (B) Q-band
absorption, (C) charge-transfer band and (D) near-UV CD.

122



Chapter 5

5.4.2 Effect of denaturants and ionic salt on the intermediate

To investigate the interactions that might stabilize the equilibrium intermediate, thermal
denaturation studies were carried out in presence of, urea (non-ionic denaturant), NaCl (ionic
salt) and Gdm (ionic denaturant). The concentrations of the denaturants were chosen such that

they were within the pre-transition baseline of the respective chemical denaturation curves [48].
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Fig. 5.5. Thermal denaturation transitions of Cyt followed by absorption changes at 395 nm (upper panels) and

ellipticity changes at 222 nm (lower panels) in the presence of varying concentrations of urea (Al and A2), NaCl
(B1 and B2) and Gdm (C1 and C2). The solid lines represent the curve-fit using equation 5.3.1 for three-state
transitions or equation 5.3.2 for two-state transitions. The parameters obtained from the curve-fit are presented in
Table 5.2.

In the presence of low concentrations of urea (< 2 M urea) the intermediate was destabilized,
and at 3M urea concentration the transition was found to be two-state (Fig. 5.5 A1-A2).
Similarly, in presence of 0.5 M NaCl the intermediate was destabilized and upon increasing
the concentration to 1 M, the transition was shifted into two-state (Fig. 5.5 B1-B2). When Gdm
was added, the equilibrium-intermediate was completely destabilized and a two-state transition
was observed even with a low concentration of Gdm, 0.6 M (Fig. 5.5 C1-C2). Thermodynamic

parameters obtained from the respective data analysis are presented in Fig. 5.6. It was observed
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that Gdm destabilizes the intermediate more effectively and the effect of urea and NaCl are

similar.
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Fig. 5.6. Transition midpoint temperature (Tm) and enthalpy of unfolding (AHm) of Cyt in different concentrations
of urea (green), NaCl (cyan) and Gdm (black) calculated from the thermal transitions measured by absorbance
(upper panels) and ellipticity changes (lower panels) that are shown in Fig. 5.5.
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Fig. 5.7. Fraction of native (solid lines), intermediate (dashed lines) and unfolded (dotted lines) states of Cyt as a

function of temperature in the presence of varying concentrations of (A) urea, (B) NaCl and (C) Gdm.
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Further analysis on the fraction of intermediate against temperature (Fig. 5.7) shows that the
fraction of intermediate was reduced and the temperature at maximum fraction of intermediate
(Tmax-inter) formed was shifted to lower temperature upon addition of the denaturants or NacCl.
The far-UV CD spectra of Cyt at Tmax-inter Were measured to analyse the structure of the
intermediate. In the presence of both the denaturants and NaCl (Fig. 5.8), the intermediate

showed only a slight structural loss similar to that observed in the absence of any cosolvent
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Fig. 5.8. Representative far-UV CD spectra of native (blue), intermediate (gray) and unfolded (pink) states of Cyt
obtained from the thermal denaturation of the protein in the presence of (A) 1 M urea, (B) 2 M urea, (C) 0.5 M
NaCl, and (D) 0.3 M Gdm.

5.4.3. Effect of polyols on the intermediate

The effect of polyols with varying number of -OH groups, ethylene glycol (EG, two -OH
groups), glycerol (Gly, three -OH groups), erythritol (Ery, four -OH groups), xylitol (Xyl, five
-OH groups) and sorbitol (Sor, six -OH groups), on the stability of the intermediate formed by
Cyt was examined. Thermal denaturation studies of Cyt in presence of varying concentrations
of these polyols were performed by following the change in Soret absorbance at 395 nm (Fig.
5.9A1-E1) and far-UV ellipticity at 222 nm (Fig. 5.9A2-E2). The addition of EG shifted the
thermal denaturation curves of Cyt towards lower temperature for both Soret absorbance (Fig.
5.9A1) and far UV-CD (Fig. 5.9A2) suggesting destabilization of the protein upon addition of
EG. Also, the early-transition region (temperature ranging from 295-340 K) showed significant
changes in the presence of EG. The addition of Gly did not show significant shift in the
transition curve, though there were slight changes in the early-transition phase (Fig. 5.9B1 and

B2). The polyols, erythritol, xylitol and sorbitol shifted the transition curves toward higher
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temperature suggesting increase in the overall stability of Cyt. They also significantly altered

the early-transition region of the thermal unfolding curves (Fig. 5.9C1 - E2).
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Fig. 5.9. Thermal denaturation transitions of Cyt followed by absorption changes at 395 nm (upper panels) and

ellipticity changes at 222 nm (lower panels) in the presence of varying concentrations of (Al and A2) EG, (B1
and B2) Gly, (C1 and C2) Ery, (D1 and D2) Xyl, and (E1 and E2) Sor. The solid lines represent the curve-fit using
€q.5.3.1 for three-state transitions or eq.5.3.2 for two-state transitions. The parameters obtained from the curve-

fit are presented in Fig. 5.10.

All the thermal transitions were analysed using eq.5.3.1 for three-state transition except for the
far-UV CD data of 30% and 40% (v/v) EG. In these two conditions, data-fit with two-state

assumption (eq. 5.3.2) had the residual values similar to three-state fit (Fig. 5.10), therefore,
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Fig. 5.10. The residual values obtained from the curve-fit of thermal unfolding transitions of Cyt in the presence
of (A) 30 % EG and (B) 40 % EG using three-state (black) and two-state (gray) assumptions. The unfolding
transitions were followed by ellipticity changes at 222 nm (Fig. 5.9-A2).
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two-state transition model was considered for further analysis. The transition midpoints, Tmz
and Tm2 and enthalpies of unfolding, AHm1 and AHm2 obtained from the data-fit are presented
in Fig. 5.11. The Tm1 values correspond to the midpoint of N < I equilibrium decreases with
the addition of any of the polyol (Fig. 5.11A1 and B1). This suggests that the transition is
shifted to lower temperature and intermediate is destabilized by the addition of the polyols.
This is complemented with the constant decrease in the value of AHm1 with the increasing
concentration of any of the polyols (Fig. 5.11A3 and B3). Among the added polyols, EG
showed the largest decrease in the Ty value and in AHm1 as well. The effect of Xyl was found
to be the least when probed with Soret absorption whereas Sor showed the least effect when
probed with far-UV CD.
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Fig. 5.11. (A1-B2) Transition midpoint temperature, Tm and (A3-B4) enthalpy of unfolding, AHm for N « | and
I « U transitions of Cyt in different concentrations of EG (black), Gly (red), Ery (green), Xyl (cyan) and Sor
(ink) calculated from the thermal denaturation transitions measured by absorbance (upper panels) and ellipticity

changes (lower panels) that are shown in Fig. 5.9.

The temperature midpoint, Tm2 correspond to the transition I <> U suggested that EG
significantly reduced the transition midpoint temperature (Fig. 5.11A2 and B2); however, Gly
did not show significant changes in the Tm2 values. Ery, Xyl and Sor increased the unfolding
midpoint indicating stabilization of the protein against denaturation. Though Xyl displayed a
slightly more increment in Tm2 values compared to Ery and Sor when probed with Soret

absorption, the increase in Tm2 values were almost same when measured with far UV-CD. The
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changes observed in AHm2 (Fig. 5.11A4 and B4) also indicated that EG destabilized the protein
whereas Xyl, Ery and Sor stabilized the protein by increasing the enthalpy of unfolding.
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Fig. 5.12. Fraction of intermediate (upper panels), native and unfolded states (solid and dashed lines in lower
panels, respectively) of Cyt as a function of temperature in the presence of varying concentrations of (A) EG, (B)
Gly, (C) Ery, (D) Xyl, and (E) Sor.
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Fig. 5.13. (A) The maximum fraction of intermediate state and (B) the corresponding temperature observed for
Cyt during thermal denaturation in varying concentrations of EG (black), Gly (red), Ery (green), Xyl (cyan) and
Sor (pink). The values were evaluated from Fig. 5.11 (Al1-E1).

For further analysis, the fraction of intermediate population was calculated in the presence of
varying concentration of the polyols (Fig. 5.12A1-E1). The analysis indicated that increase in
the concentration of EG decreased the fraction of intermediate population (Fig. 5.13A) and

Tmax-inter Values were gradually moved to lower temperature (Fig. 5.13B). The addition of Gly

128




Chapter 5

slightly reduced the population of intermediate and the Tmax-inter Was slightly moved to lower
temperature at lower concertation of Gly (< 30%). In case of higher polyols, the population of
intermediate was not significantly altered. Tmax-inter Was slightly decreased in the presence of
lower concentrations of the polyols whereas at above 20% of the polyols, Tmax-inter Value shifted
towards higher temperature. Structural content of the intermediate in the presence of the
polyols was analyzed by measuring far-UV CD spectra of Cyt at the respective Tmax-inter Values
(Fig. 5.14). The spectra indicated that there was a minor structural loss compared to the native

condition.
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Fig. 5.14. Representative far-UV CD spectra of native (blue), intermediate (grey) and unfolded (pink) states of
Cyt obtained from the thermal denaturation of the protein in the presence of 20% (upper panels) and 40% (lower
panels) of (A) EG, (B) Gly, (C) Ery, (D) Xyl and (E) Sor.

5.5. DISCUSSION

Identifying and characterizing intermediate states of proteins is essential not alone to
decipher the folding pathways, they also find relevance in explaining biological functions of
the proteins. For instance, Cyt is proposed to adapt different conformational states during
electron transport, peroxidase activity and apoptosis pathway [57-59]. Most of these
conformational changes are related to the heme-ligation and conformational changes in Q-
loops of the protein [57]. These intermediates are similar to the states obtained in vitro

conditions by altering pH, salt, and temperature [7,10,60]. Though the effect of osmolytes on
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native state of Cyt has been well studied [51,61-63], their effect on structural intermediates are
less understood. We here monitored the effect of polyol class of osmolytes on the intermediate
state of Cyt identified during thermal unfolding of the protein and on the stability of the

intermediate.

5.5.1 Characteristics of thermal denaturation intermediate of Cyt

Cyt undergoes a three-state unfolding transition at pH 5. This is evident from both
absorbance and far-UV CD spectra recorded as a function of temperature that clearly lacking
an isosbestic point and an isodichroic point, respectively. The intermediate population was
maximum at 339 K and the spectral analysis of the protein at this temperature suggests that the
low-spin state of the heme-iron with Fe3*-M80 ligation (Q- and CT-band, Fig. 5.4B-C) and the
globular packing (near UV-CD, Fig 5.4-D) could be similar to the native conformation of the
protein. However, there is a slight loss of secondary structure of the protein (far UV-CD, Fig
5.2F) and a hyperchromic shift in Soret absorption as well. This could be attributed to the
conformational changes around the Q-loops of the protein particularly the loop covering the
residues 70-85. The weakening of Met80 ligation might increase the Soret absorption without
significant shift in wavelength maximum. The disruption of this Q-loop is reported to be the
early stage of unfolding of Cyt [64,65]. Therefore, we could conclude that M80 is still intact
though the conformational states around the loop is altered at 339 K. Similar intermediate
conformation with weakened M80 ligation is observed at 345 K during thermal denaturation
of Cyt at pH 7 [44]. This intermediate, labelled as I11-h state also showed a loss of secondary
structural content in the protein and well distinguished from the alkaline-transition state in

which heme misligation is observed.

Increase in temperature above 339 K reduces the population of the intermediate (Fig.
5.2E) and the unfolded state’s population starts increasing. Spectral analysis of the unfolded
state at 363 K, where the unfolded population reaches its maximum, suggests that Cyt lost its
secondary structural content (Fig. 5.2F) and tertiary packing (Fig. 5.4D) as well. Though the
loss of 695 nm band indicates that heme-M80 ligation is disrupted, the absence of any band at
620 nm (Fig. 5.4D) suggests that the heme-iron still possesses a low-spin state. This could be
probably due to the replacement of M80 by other strong field ligands such as H26 and H33
[64]. In earlier studies as well, a six-coordinated low-spin unfolded state of Cyt with bis-

130



Chapter 5

histidine ligation has been observed in both thermal and denaturant-induced denaturation

processes [56,66].

Table 5.2. Thermal denaturation of Cyt in presence of denaturants and salts

Cosolvent Probe Tmi AHm1 ACp1 Tme AHm2 ACp2
(K) (kcal/mol)  (kcal/mol/K) (K) (kcal/mol)  (kcal/mol/K)

395 nm 305+0.5 13+£1.2 0.24 +0.02 346.7+0.3 740+17 2106

0.3 M Gdm
222 nm 308+0.25 235+0.25 0.2 +0.06 344.2+0.3 80.9+0.3 15+04
0.6 M 395 nm -- -- -- 3409+0.1 66.1+0.8 2.1+0.1
Gdm* 222 nm -- -- -- 339.0+0.13 760+24 20+1.0
0.9 M 395 nm -- -- -- 336.3+0.06 625+0.6 2.1+0.1
Gdm* 222 nm -- - - 334.9+£0.26 732141 20%0.8
395 nm 3065+1.2 19+05 0.1+0.02 3475+1.2 770+£3.0 2.3%0.3
1 M urea
222 nm 308 +0.1 20+0.23 0.20 £0.07 347.3+1.3 82.2+6.0 1.7%+0.6
395 nm 304 +0.5 15+0.1 0.1+0.1 341.6+09 725+7.0 24+11
2 M urea
222 nm 304+0.4 14 +0.32 0.3+0.06 342+1.9 71.0+15 231
395 nm -- -- - 336.7 +0.06 695+1.1 24+0.1
3 M urea’
222 nm -- -- - 336.0+0.3 702+4.0 25+0.1
395 nm 309+0.3 20+0.4 0.4 +0.06 348.8+0.3 747 +35 2.2+09
0.5 M NacCl
222 nm 309+0.2 20+0.6 0.4 +0.06 348.2+0.6 85.5+0.4 1.8+05
10M 395 nm - - - 346.0+0.14 69.0%22 2501
NaCl*

222 nm -- -- -- 3475+0.6 84.0+3.8 2.7+0.3

T two-state transition

131



Effect of Polyols on Thermal Unfolding Intermediate of Cyt

5.5.2 Interactions that stabilizing the intermediate state

The major factors that contribute to the stabilization of the intermediate could be
analysed by studying the effect of ionic and non-ionic additives on the stability of the
intermediate [9,67,68]. Addition of urea destabilizes the intermediate that is evident from the
reduction of enthalpy of unfolding for N < I transition, AHn (Table 5.2). At higher
concentrations, the intermediate is not detectable and the protein follows a two-state transition.
The globular stability of the protein is also reduced by urea as expected for a denaturant (Fig.
5.6). Similarly, the addition of NaCl also reduces the stability of the intermediate and the
protein adapts a two-state transition when the concentration of NaCl is above 0.5 M. Urea is
known to destabilize native-folded structure by disrupting the intra-molecular and protein-
water hydrogen bonding interactions, and weakening the hydrophobic effect [69—72]. On the
other hand, the destabilization effect of salts would arise from charge-charge interactions. The
destabilization of intermediate by both urea and NaCl indicates that hydrogen bonding and

Columbic interactions are the major factors stabilizing the structure.

The addition of Gdm, even at a low concentration (0.6 M), destabilized the formation
of intermediate and the thermal unfolding transition showed a two-state process (Fig. 5.5C1-
C2). Gdm disrupts both hydrogen bonding ionic interactions, thus, acting as a more effective
denaturant than urea [71,72]. Gdm is found to be nearly two-times more effective on globular
proteins and it can act as effectively as the equimolar mixture of urea and NaCl [73,74]. These
observations support the fact that the globular structure of the protein is still intact in the

intermediate state which could be destabilized by the addition of denaturants or NaCl.

5.5.3 Polyols alter the energy landscape of folding intermediates

Polyols having hydroxyl groups 3 or more are found to stabilize many globular proteins
[8,47,50,51], whereas EG destabilizes proteins [52,75-77]. Polyols, EG, Gly, Ery, Xyl and Sor
also show the similar trend on the globular stability of Cyt during thermal denaturation (Figs.
5.9 and 5.11). However, closer analysis on the individual transitions, N <> [ and [ <> U show
that the intermediate is destabilized by all the polyols. This is evident from a decrease in Tn
and AHm (Fig. 5.11A3 and B3) for the transition N < I. The enthalpy of unfolding for I < U
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is reduced by EG whereas it is increased in other polyols. It is interesting to note that the
fraction of intermediate detectable and Tmax-inter 1S @lso reduced in the presence of EG. These
changes suggest that EG destabilizes both the native and intermediate states and Gly has little
effect on both the states. Higher order polyols destabilize the intermediate state, but the extent
of destabilization is lesser that that of EG. On the other hand, they increase the overall stability

of the protein by increasing the unfolding enthalpy of intermediate state.

energy

" polyols |

1EG

jwater

N I U
Fig. 5.15 Relative energy states of native, intermediate and unfolded conformations of Cyt in buffer (gray), in EG
(red) and in other polyols (blue). The energy differences between native and unfolded states are shown as bar lines

on the right. The values are only representative to visualize the differences, not depicting the absolute values.

Based on these observations, the probable energy states are depicted in Fig. 5.15. It shows that
the addition of EG destabilizes the native state more than the unfolded state as generally
suggested for denaturants [78,79]. The higher order polyols, however, destabilizes the unfolded
state more than the native state. All the polyols might destabilize the intermediate state and the

effect of EG could be slightly higher than the other polyols.

Structurally, the intermediate state retains most of the secondary structural contents
(Fig. 5.14) and the heme-M8O0 ligation of the native state even in the presence of polyols. The
conformational changes might occur around the Q-loops covering the residues 70-85. Earlier
studies have suggested that polyols can induce formation of MG state from the unfolded
conformation of proteins, except in the presence of EG [8,35]. The proteins might attain a non-

native state which is less stable than native conformation but more stable than unfolded
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conformations [80]. In case of Gly, a quasi-native state has also been proposed which is
suggested to follow an alternative folding pathway [47]. Also, the polyols increase the stability
of proteins by increasing hydrophobic interactions of non-polar amino acids, since the free
energy of transfer from water to polyols is positive for them [35,81,82]. Though such
preferential exclusion of polyols from the surface of proteins has been suggested [76,83,84],
existence of weak binding interactions are also reported between proteins and polyols [85-87].
EG, an exceptional case, shows preferential interaction with the proteins [52,75,88] and
destabilizes. These observations indicate that preferential exclusion of polyols might provide a
global stability to the protein; however, their weak interactions with the native-like structural
intermediate (analogous to late-folding intermediates) might destabilize the formation of

intermediate. Thus, polyols alter the energy states of different conformations of the protein.

5.6. CONCLUSION

Cyt forms an intermediate during thermal denaturation of the protein at pH 5. The
intermediate retains most of the secondary structure; however, the heme-M80 ligand might be
slightly weaken due to conformational changes in Q-loop. It is stabilized by both hydrogen
bonding and electrostatic interactions. Addition of polyols destabilizes the intermediate state
and the destabilising effect is reduced with the increasing number of OH-groups. The
population of intermediate and Tmax-inter 1S Significantly reduced by EG whereas only slightly
reduced in Gly. Tmax-inter Values is increased by higher order polyols; however, they do not affect
the population of intermediate. Moreover, EG reduces the overall stability of the protein and
behaves like a mild-denaturant whereas other polyols increase the overall stability of the
protein.
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