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Abstract 

 

Several co-solutes like salts, osmolytes, nucleic acids, peptides, proteins etc. surrounding 

body cells create crowded environment around cells. The protein folding equilibrium is 

modulated by these co-solutes in different ways, however, an accurate concept stands 

intangible. To understand the co-solute size-effect, macromolecular crowders are 

generally compared to their monomeric building blocks though the molecular level 

studies for protein crowders are not well reported till now. Hence, how single amino 

acids modulate the protein folding equilibrium is still very obscure. We have addressed 

the effect of some amino acids (Glycine, L-Alanine, L-Arginine, L-Proline) on the stability 

of a model globular protein bovine serum albumin (BSA) upon thermal and urea-induced 

unfolding using spectroscopic and calorimetric techniques. This study manifests that 

hydration effects play a significant role to understand their effect. Apart from that, to 

investigate the hydrophobic effect of co-solutes, we have taken different non-polar 

hydrophobic amino acids (L-Valine, L-Leucine and L-Isoleucine) to study the structural 

and thermal stability of different proteins (Human serum albumin, Lysozyme and 

Ribonuclease-A) containing varying -helical content using circular dichroism (CD) 

measurement procedure. Our study affirms that the conformational stability of proteins 

and the associated thermodynamics do not depend on the hydrophobicity of these amino 

acids, rather they are protein specific where - helicity of the protein has significant 

contribution. We have also investigated the role of these non-polar amino acids on the 

enzymatic activity of lysozyme towards a dead cell (M. Lys.) acting as a substrate. It has 

been found that except Ile, all other amino acids show a bell shaped profile of catalytic 

efficiency (kcat/Km) of lysozyme with the increasing concentration of used amino acids. 

The trend of activation energy (Ea) is also well correlated with the catalytic efficiency of 

lysozyme. This activity study explores that at low concentration of amino acids, soft 

interaction predominates whereas, at higher concentration range excluded volume, 

viscosity, hydrophobicity combinedly decrease the activity of lysozyme. In another work, 
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I have tried to look into the contrasting behavior of two Guanidinium salts; Guanidinium 

chloride (GdmCl) is a well-known strong protein denaturant whereas, Guanidinium 

sulphate (Gdm2SO4) stabilizes the protein slightly by observing their opposite hydration 

dynamics using Mid-infrared (MIR) and Terahertz time-domain spectroscopic (TTDS) 

measurement techniques. It has been explored that neither individual cation nor anion 

controls the hydration dynamics rather their combined effect alters the water structure 

network which influences the stability of the protein. 

 

 

 



 
 

 

Chapter 1 

Introduction    

iomolecules, the organic polymers produced in living cells and organisms, are 

essential to control the cellular processes. The sizes and structures of biomolecules are 

very broad and they are responsible for different biological functions such as 

development of living body, morphogenesis, cell division and many others.1 Several small and 

large substances fall under this category of biomolecules; among them protein is one of the 

major contributors which is the main building block of the living body. It plays pivotal role in 

several processes of living organisms such as transport, reception, storage, signal transmission, 

enzyme catalysis, pH maintenance, balances of body fluids etc.2-13 Proteins are composed of 

polypeptide chains maintaining a particular sequence of twenty canonical amino acids occurring 

in nature and commonly familiar as building components of proteins; nine of them are called 

essential and can be consumed through diet, while five of them are non-essential and formed by 

our human body. Each amino acid contains a central alpha () carbon atom bonded with a 

common carboxyl (COOH) group and an amino (NH2) group. Amino acids can take three 

different ionization forms based upon the pH of the medium; (a) cationic (COOH and NH3
+), (b) 

zwitterionic (COO- and NH3
+) and (c) anionic (COO- and NH2). On the basis of sequential 

ordering and arrangement of amino acids, protein’s structure can be classified into four types; (a) 

primary, (b) secondary, (c) tertiary and (d) quaternary. The linear pattern of canonical amino 

acids linked by the peptide chain to form the entire protein is called primary structure of that 

protein.14 The repeated, regular spatial arrangement of adjacent amino acid residues in a chain of 

polypeptides forms the secondary structure which consists of four major parts: -helix, -sheet 

(parallel and anti-parallel), -turn and random coil. The right handed coiled strand stabilized by 

hydrogen bonds formed amidst the hydrogen atoms of amide bond and oxygen atoms of the 

carbonyl bond in backbone of a peptide is known as -helix. In -sheet conformation, hydrogen 

bond develops among oxygens of the carbonyl bond of one strand and hydrogens of amide bond 

with adjacent strand. Several sheets are lying side by side either in parallel fashion or in anti-

B 
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parallel conformation. The peptide backbone’s orientation of four consecutive amino acids 

changes in -turn and folds the protein whereas, in random coil conformation the secondary 

structure of protein completely breaks and protein no longer retains its native structure.15 The 

complete three-dimensional configuration of a chain of polypeptide is called the tertiary structure 

stabilized by various interactions like ionic, dipole-dipole, hydrogen bonding, hydrophobic, 

covalent disulphide linkages (S-S) etc. between hydrophilic and hydrophobic moiety of amino 

acids.16 The quaternary structure of protein is formed by the tightly packing arrangement of 

several protein chains or subunits attached by the hydrogen bonds and van der Waals interactions 

among side chains of hydrophobic moiety.17 

 

Figure 1.1: Representation of (a) Primary, (b) Secondary, (c) Tertiary and (d) Quaternary structures of protein. 

 

Depending on the charges at neutral pH and water accessibility of their side chains, amino acids 

(AA) are of two types: hydrophilic or polar amino acids and non-polar or hydrophobic amino 

acids. Each amino acid is abbreviated by three letter word. Polar amino acids can be of two 

types: acidic (Asp, Glu) which contains more number of carboxyl (COOH) groups in its side 

chains; whereas, basic (Arg, Lys, His) is composed of more number of amino (NH2) groups in its 

side chains. Non-polar amino acids (Trp, Ile, Gly, Val, Ala, Leu, Pro, Cys, Phe, Met) contain 

non-polar carbon atoms as their side-chains. The extensive network of salt-bridges created by 

interaction of the side chains of polar residues on protein’s surface gives thermo-stability in 

thermophilic organisms and arrest them from denaturation at higher temperatures.18-19 Amino 

acids containing the non-polar groups primarily reside inside a protein forming the hydrophobic 
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core and participate in protein folding process through its van der Waals interactions and 

disulphide (S-S) bridges.20-22 Non-polar amino acids are considered as amphiphilic consisting of 

two parts: (a) a hydrophobic tail part and (b) a head part composed of polar groups. So, structure 

of proteins is visualized as inner hydrophobic core surrounded by surface layer of hydrophilic 

groups of amino acid constituents. Protein folding process is mostly studied in aqueous 

medium23-25 where, several intermolecular and non-covalent interactions are primarily governed 

by the specific properties of solvent (water) molecule. Strong interaction between the water 

molecules results to collapse the hydrophobic moieties of amino acid residues (termed as 

hydrophobic interaction) and by minimizing interface area between hydrophilic surface as well 

as hydrophobic core, protein gets compact structure and thus the folding occurs.26-28 Protein 

folding process is heavily influenced by the hydrophobic effect and the thermodynamic factors 

behind this is not still understood completely. The strength of hydrophobic effect decreases with 

lowering of temperature and this is probably the main reason of cold denaturation of proteins.29 

Both the intracellular and extracellular environments in living cells are considered as 

heterogeneous on account of several organic and inorganic substances present in it and they are 

called as “osmolytes” due to the maintenance as well as balances of osmotic pressure in living 

organisms.30-34 There are large number of macromolecules and other different bio-chemical 

substances that are inhabited approximately half of the total volume of our living cells.35-36 Since 

no single molecule can survive in high concentration, such a densely environment is termed as 

“crowded”. In this crowded milieu, stability and activity of protein are very important because 

proteins are mainly operative in its folded or native form and unfolding or misfolding or 

aggregation often create several diseases37-38 and the collapse of the various part of a living body. 

For example, several neurodegenerative disorders or diseases like Parkinson, Hungtington,  

Alzheimer, Hemolytic anemia, Cystic fibrosis etc. originate due to the aggregation or fibrillation 

of misfolded form of proteins of a particular amino-acid sequence under certain physiological 

conditions like temperature, pressure, pH etc.38-41 One of the most regular distinguishing 

characteristics of those disorders is increment of β-sheet of the secondary structure of protein 

with simultaneous decrease of the content of α-helices.42 Studies by different groups showed that 

certain osmolytes (sugars, polyols, TMAO, amino acids e.g. proline, lysine, arginine) of different 

specific mixtures can act as therapeutic agents against such particular amyloid aggregates.43-46 

Depending on the protection of living organisms from environmental stress, osmolytes can be 
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classified into two categories: (a) “counteracting osmolytes” (betaine, TMAO) which can modify 

protein functionality and stability47, and (b) “compatible osmolytes” (sucrose, glycine, proline 

and some amino acid derivatives) which can only influence the protein stability.48 Apart from 

those, there is another special category of osmolytes called “chemical denaturants” e.g. urea, 

guanidinium chloride, guanidinium thiocyanate; which breaks the quaternary, tertiary and 

secondary structures of native state and as a result, protein loses its biological activity.49-60 This 

demands in-vivo study of stability, functionality and activity as well as dynamics of hydration 

for solvation layers of protein under the nose of different types of co-solutes and osmolytes 

which is a challenging task. Due to this experimental short-comings, researchers have artificially 

mimicked (in-vitro study) the protein stability in crowding environment by externally adding 

chemical denaturants and stabilizing osmolytes. It has been observed that properties of protein 

such as stability, aggregation and activity are altered significantly in this crowded environment35, 

61-81 and such behavior can be explained mainly by two factors: (a) hard sphere “excluded 

volume” theory82-86 and (b) soft or preferential interactions.82, 86-90 In case of hard spherical 

molecules, the sum of the radii of two closest one allows them to approach one another. It creates 

an “excluded volume” that is defined as the unavailable space or volume of one co-solute due to 

presence of another co-solute91. Owing to substantial co-volume capacity of the unfolded 

condition compared to the folded one, such volume exclusion can stabilize folded state by 

destabilizing the denatured state.  

 

 

 

Figure 1.2: Schematic diagram of excluded volume and related calculation 
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In order to comprehend the excluded volume effect in solvated medium, scaled particle theory92-

93 (SPT) is commonly used trustworthy tool to determine the excluded volume segment of the 

solute which is related to its free energy transfer also. The microscopic and macroscopic 

hydrophobic effect can be correlated by this SPT which is a practical generalization based on 

identifying a molecular length serves as a useful radius to connect the macroscopic and 

microscopic illustrations. Excluded volume theory can be applied on the effect of co-solutes on 

equilibrium properties of macro-solutes and its preferential interaction with co-solvent, 

association reactions to form macromolecular complex, diffusive transport of co-solutes and the 

rate of enzyme catalyzed reactions94. Soft chemical interactions can be of two types: non-specific 

and native-state interactions. Urea, TMAO interact with the protein backbone via non-specific 

interactions and depending on the extent of interactions, they can destabilize95 (urea) or 

stabilize96 (TMAO) secondary structure of protein. Small molecules (amino acids) stabilize 

proteins by binding specifically to the native state and such native-state interactions can also 

change the chemical environment of a particular protein region and have a profound effect on the 

protein stability in crowded medium97. 

Every proteins generally try to retain its native conformation because of its minimum energy. 

Perturbation of external environment of protein by several factors like addition of chemical 

denaturants, increment of temperature, pH of the medium, dehydration can cause denaturation 

which increases the energy of protein.98-99 Figure 1.3 showing the energy map of protein clearly 

dictates that native condition of protein is energetically one of the best stable state. Denaturation 

unfolds the protein structure gradually passing through molten globule state intermediate which 

is the semi-folded conformation of protein and finally leads to the fully unfolded form reaching 

maximum energy of the energy funnel. The corresponding Gibbs free energy of protein 

unfolding (∆𝐺𝑢) is measured with the following equation 1.1: ∆𝐺𝑢 = −𝑅𝑇 ln 𝐾𝑢…………………….. (1.1) 

Here R refers to the universal gas constant, T denotes the kelvin temperature and 𝐾𝑢 stands for 

the equilibrium constant of the two state folding-unfolding operation which is defined as, 

𝐾𝑢 = 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑛𝑎𝑡𝑖𝑣𝑒 𝑝𝑟𝑜𝑡𝑒𝑖𝑛  
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The enthalpy change (∆𝐻) for the two state activity can be estimated from the well-known 

Gibbs-Helmholtz equation which is following (equation 1.2) : 

𝜕(∆𝐺𝑢 𝑇⁄ )𝜕(1 𝑇⁄ ) =  ∆𝐻 ………………. (1.2) 

The corresponding change of entropy(∆𝑆) can be calculated by equation 3: ∆𝐺𝑢 = ∆𝐻 − 𝑇∆𝑆 ………… (1.3) 

From the energy diagram, it is found that the stabilization of the native form of protein is not 

entropy driven rather it is enthalpy driven since Gibbs free energy will be lowest for native form 

among the three conformations shown.      

Differential scanning calorimetric (DSC) study is one of the most authentic tool to be used to 

estimate the enthalpy change of the unfolding event. In this technique, area beneath the curve (by 

integrating) between heat capacity (𝐶𝑝)  and temperature (T) is utilized to compute the 

calorimetric enthalpy change (∆𝐻𝑐𝑎𝑙) using the equation 1.4: ∆𝐻𝑐𝑎𝑙 = ∫ 𝐶𝑝 𝑑𝑇 …………… (1.4) 

Another most important parameter, the melting temperature/transition temperature of protein, 

can be obtained from this experiment, is dictated by a particular point of temperature at which 

the surplus heat capacity reaches its extreme value. The associated van’t Hoff enthalpy change (∆𝐻𝑣ℎ) is also be determined by using the following equation 1.5: 

∆𝐻𝑣ℎ(𝑇𝑚) = 4𝑅𝑇𝑚2 ∆𝐶𝑝(𝑇𝑚)∆𝐻𝑐𝑎𝑙  …………………… (1.5) 

Where, ∆𝐶𝑝(𝑇𝑚) is the corresponding heat capacity value at the melting point (𝑇𝑚) of the two 

state operation. From this change of the heat capacity (∆𝐶𝑝) value, the change of entropy (∆𝑆) 

for this process can be evaluated by integrating 𝐶𝑝 versus T curve which is given by, 

∆𝑆 = ∫ 𝐶𝑝𝑇  𝑑𝑇 ……………….. (1.6) 
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Figure 1.3: Energy landscape of folding-unfolding process of protein 

Among various crowding agents, proteins and several bio-chemical molecules like amino acids, 

nucleic acids, peptides are capable to produce good crowding habitat to mimic the cellular 

environment.100-107 From earlier studies it has been observed that amino acid can also be treated 

as stabilizer of protein folding process.108-110 This motivates me to explore the role of amino 

acids as macromolecular crowders in the protein folding unfolding pathway. From the previous 

studies, it has been also found that several characteristics of protein e.g. folding-unfolding 

mechanism, aggregation, activity and hydration dynamics are largely modulated with the 

increase of hydrophobicity of the co-solutes.111-113 In this regard, we have chosen a series of 

hydrophobic amino acids to investigate their effect on protein stability.  

Since protein is biologically most active in its native state, the study of stability and activity of 

protein in various conditions is of immense importance. Proteins often act as biological catalyst 

(termed as enzyme) in cellular and tissue metabolism processes; in addition it can escalate the 

rate of biochemical events in living organisms.114-115 The release of enzyme and the increase of 

its activity is due to the damage of cells of living body occurring in tissue-breakdown and neuro-

muscular diseases.116 In earlier days, the lock and key model117-119 has been considered for the 
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enzymatic action where it is assumed that the appropriate enzyme should have complementary 

shape in relation to the active site of substrate to properly fit. Nowadays, the induced-fit 

model117-121 is more acceptable for enzyme mechanism where the enzymes should be flexible 

enough to reorganize their shapes accordingly to fit into the substrate. The surface behavior of 

key residues of enzyme is modulated by different factors like hydrophobic effect, conformational 

change of enzyme and electrostatic interactions.122-129 Apart from this, the activity and the 

selectiveness for a particular substrate can be modulated by proper immobilization of that 

enzyme.130-133 Over the few decades, much effort was given to observe the importance of 

hydrophobic effect on enzymatic activity134-135. Lien et.al136 illustrated that hydrophobic 

interactions plays vital role in enzyme inhibition process by applying on several enzymes. 

Alkema et.al137 studied the role of hydrophobic residues on the catalytic activity of penicillin 

acylase on the hydrolysis of -lactam by mutating the active site with Tyr, Trp, Ala and Leu and 

found 40% decrease in activity in case of Tyr and Trp, whereas, 3% increment for Ala and Leu. 

The importance of hydrophobicity of Trp moiety residing in the active site of chicken lysozyme 

to maintain the function, stability, structure of enzyme and efficient binding with substrate was 

explained by Imoto et.al138. In this context, externally adding hydrophobic amino acids as a 

crowding agent is a much demanded topic of research to observe the enzyme activity and also 

the temperature dependence of activity. 

The main perspective of this thesis is to examine protein folding and unfolding pathway and its 

accompanied thermodynamic properties (melting temperature, free energy, enthalpy, heat 

capacity and entropy change), structural perturbation in presence of externally added osmolytes 

with variable hydrophobicity and some chemical denaturants. The secondary and tertiary 

structure of model protein molecules (e.g. serum albumin of bovine and human, lysozyme, 

Ribonuclease-A etc.) in presence of osmolytes (amino acids with different chain-length) and 

some chemical denaturants (urea, guanidinium salts) has been investigated with the circular 

dichroism (CD) spectroscopic measurement. The above mentioned thermodynamic parameters 

and the associated energetic cost of the protein folding-unfolding phenomena is calculated with 

the help of differential scanning calorimetry (DSC) instrument and temperature dependent CD 

measurement. Local environment of the protein molecules is measured by observing the change 

of Trp (intrinsic fluorescence) moiety. Activity of protein (enzyme) and temperature dependent 

kinetics have been observed by UV-visible spectrophotometer.  
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The characteristics of water at the surface of protein are very discrete from the bulk which 

control several activities of protein like binding, recognition, catalysis, denaturation etc. 

Numerous studies have been performed by various groups to explore the hydration dynamics 

around protein though most of them are contradicting to each other.139-141  On the flip side, 

GdmCl has been recognized as a commonly studied denaturing representative of protein51 though 

the actual reason for this denaturation on the basis of hydration dynamics is still debatable. It is 

believed that the guanidinium cation (Gdm+) directly interacts with the backbone of protein and 

this is the primary cause of strong denaturation behavior of GdmCl; even though in recent days, 

several groups claimed that planarity and high surface propensity of Gdm+ is the main reason. 

But the unusual stabilizing behavior of Gdm2SO4 on protein structure is still elusive though both 

contain the same cation. An earlier report by Hippel and Wong showed that addition of 

Gdm2SO4 solution increases the melting temperature (Tm) of Ribonuclease; whereas, it goes 

opposite direction with the concentration of GdmCl.142 Later, the stabilizing activity of Gdm2SO4 

to the native state of globular protein was comprehensively authenticated by applying action on 

several proteins by Mitra and co-workers.143  Arakawa and Timasheff manifested that the 

preferential interaction parameter of BSA (i.e. preferential hydration) increased linearly with 

Gdm2SO4 concentration, whereas, GdmCl showed increment of the preferential binding of salt 

with its concentration.144 Gordon experimentally observed that the capacity of GdmCl to 

solubilize of a model peptide named as N-acetyltetraglycine ethyl ester in water increased with 

its continuous addition; but the solubility was steadily decreased with the concentration of 

Gdm2SO4.57 In the same manner, GdmCl elevates critical micellar concentration (CMC) of a 

non-ionized detergent called Triton X-100, while Gdm2SO4 lowers it and stabilizes micelles.145 

Another interesting qualitative difference between those two guanidinium salts was noticed by 

Kumar et al. where the group dictated that aqueous GdmCl solutions hinder the Diels-Alder 

reaction rate between methylacrylate and cyclopentadiene system and diminish the yield of the 

major endo products, in comparison to the accelerating effect of aqueous Gdm2SO4 solutions.146 

To unravel the ambiguity regarding these contrasting behavior of GdmCl and Gdm2SO4 and the 

role of water dynamics on the denaturation process of proteins, another part of this thesis depicts 

the oscillations of water molecules around a model protein (HSA) in front of guanidinium salts 

(GdmCl, Gdm2SO4) as well as two inorganic salts (NaCl, Na2SO4) using terahertz spectroscopic 

techniques and Fourier transform infrared (FTIR) measurements. 
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Outline of the thesis: 

The dissertation is formulated in the following chapters (Ch) apart from this introductory section: 

Chapter 2 describes the different techniques used for performing the whole work done of the 

thesis. The information about the materials used for the entire study has been also provided here. 

Chapter 3 inspects the impact of several L-amino acids (Gly, Ala, Pro, Arg) on thermal strength 

of a globular protein BSA as well as urea-mediated partial denaturation. We observed that amino 

acids can adjust the folding-unfolding pathway of BSA without ensuing a specific pattern on 

solvent accessible surface area (SASA) or hydrophobicity of those amino acids. 

Chapter 4 demonstrates the effect of different non-polar hydrophobic amino acids on different 

proteins (HSA, lysozyme and RNase-A) containing varying helicity and found that amino acids 

stabilize the secondary structure of proteins to various extents. From the results we have also 

found that the conformational stability and the associated thermodynamic parameters do not 

depend on the hydrophobicity of amino acids; rather, these are protein specific and the - 

helicity of the protein plays significant role in it. 

Chapter 5 discusses about the enzymatic activity of model enzyme lysozyme on a dead cell 

bacteria Micrococcus lysodeikticus (M. Lys.) in association with different non-polar 

hydrophobic amino acids and found unusual trend where activity increases with increasing 

concentration for Glycine and Isoleucine; but activity decreases at high concentration in presence 

of Alanine, Valine and Leucine. 

Chapter 6 examines the contrasting hydration behavior of GdmCl and Gdm2SO4 on a model 

protein HSA explained by THz spectroscopy and Mid-infrared FTIR measurement technique. 

Chapter 7 provides the summary and future outlook of this thesis.    
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Chapter 2 

Experimental Techniques and Materials 

2.1   Absorption Spectroscopy 

Shimadzu UV-2600 absorption spectrometer is employed to measure absorption spectra in the 

ultraviolet and visible region. The schematics of a single beam spectrophotometer is shown in 

Figure 2.1. The baseline was recorded by taking air as reference. A tungsten lamp and a 

deuterated lamp are worked as visible and ultraviolet light source, respectively. A 

photomultiplier tube (PMT) is used as detector. The absorption of a molecule happens owing to 

its energetic transition from ground state to the higher energy excited state.1 The absorbance of a 

molecule follows the Lambert-Beer’s law as given below, 

                                                     𝐴 = 𝑙𝑜𝑔 𝐼0𝐼 = 𝜀𝑐𝑙 ……………………………………. [2.1] 

In this equation, A refers to absorbance of the sample, I0 and I are intensity for the incident 

radiation and of the transmitted one respectively, 𝜀 is the molar extinction coefficient for a 

particular wavelength at a fixed temperature, 𝑐 denotes the solution’s concentration, 𝑙 indicates 

the path length of cuvette. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Schematics of single beam UV-Visible spectrophotometer instrument. 
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2.2   Fluorescence Spectroscopy 

The time independent fluorescence signal has been recorded using HORIBA Fluorolog 3, Jobin 

Yvon. The schematics of the instrument is shown in Figure 2.2. The light source is ozone free 

xenon arc lamp; one excitation and one emission monochromator are used having reflector 

grating of 1200 grooves per mm accessed with 350 nm to excite sample and 520 nm for emission 

purpose. Both the excitation and emission slit width were kept fixed. All the spectra taken were 

corrected for the wavelength dependencies of each optical component. After excitation 

molecules reach to various excited states according to the frequency of light absorbed. Then they 

get back to their lowest excited state releasing energy as radiationless decay called internal 

conversion. Next the molecules jump to their ground energy state from the lowest excited state 

by emitting energy as the form of radiation known as fluorescence.1  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Schematics of single beam steady state spectrofluorometer instrument. 
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2.3 Circular Dichroism (CD) Spectroscopy 

The conformational perturbation of protein at constant temperature in various 

environment is monitored using JASCO J-815 spectrometer attached with a chiller. To measure 

temperature induced experiments, a Peltier has been attached with the main instrumentation set-

up. The experimental solutions are taken in a quartz cell cuvette having path-length of 0.1 cm. 

Light source of this instrument is a xenon lamp and nitrogen gas is purged to make it ozone free. 

The schematics of the instrument is shown in figure 2.3. Circular dichroism (CD) is described as 

the difference in absorption between left-handed (L) and right handed (R) circularly polarized 

light and creates signal if the sample comprises of at least one chiral centre. 

                                      CD =  𝐴𝐿 (𝜆) − 𝐴𝑅 (𝜆)  
  Molar ellipticity is superior unit compared to CD value because the former removes the 

concentration impact of protein. It is denoted by: 

𝑀𝑜𝑙𝑎𝑟 𝑒𝑙𝑙𝑖𝑝𝑡𝑖𝑐𝑖𝑡𝑦 = 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝐶𝐷 𝑣𝑎𝑙𝑢𝑒 (𝑚𝑑𝑒𝑔)10 ×  𝑝𝑎𝑡ℎ𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑐𝑢𝑣𝑒𝑡𝑡𝑒(𝑐𝑚) ×  𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 (𝑀) 

Here, a conventional two-state folding-unfolding pathway of protein is followed amidst native 

form ‘N’ and unfolded form ‘U’. The equilibrium constant (K) at any given temperature (T) for 

this process is described as:                                                 

                                                   𝐾(𝑇) = [𝑈][𝑁] …………………………………………    [2.2] 

In this case, [U] and [N] are the molar concentrations of the unfolded and the native conditions, 

respectively. The native fraction (φ) designated as the fraction of native form is as follows: 

     𝜑 = [𝑁][𝑁]+[𝑈] ……………………………………...…    [2.3]   

                                                      𝐾 = (1−𝜑)𝜑   ………………………………………….   [2.4] 
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The temperature dependent native fraction, φ(T) is defined as: 

    𝜑(𝑇) = ([𝜃]𝑇−[𝜃]𝑈)([𝜃]𝑁−[𝜃]𝑈)  …………………………………..   [2.5] 

  

Here, [𝜃]𝑇  , [𝜃]𝑁 𝑎𝑛𝑑 [𝜃]𝑈  signify the corresponding ellipticity values at every temperature, for 

the native and unfolded condition, respectively. One important parameter called Tm is identified 

as the melting temperature of protein where free energy change for the above mentioned two 

state operation becomes zero. In most of the cases, (T) versus T plot looks like a sigmoidal 

curve and Tm is the point at which (T) = 0.5. 

 

 

Figure 2.3 Schematics of circular dichroism (CD) spectrometer instrument. 
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2.4   Differential Scanning Calorimetry (DSC) 

Several thermodynamic parameters like enthalpy, entropy, free energy, heat capacity were 

estimated using MicroCal PEAQ-DSC instrument of Malvern Panalytical (in collaboration with 

Institute for Physical and Theoretical Chemistry, Braunschweig, Germany) at the scanning speed 

of 90 ºC/hour (in absence of feedback method) in the temperature span of 20-95 ºC. The 

schematic diagram of this instrument is shown in figure 2.6. Regular same pressure is supplied to 

the measuring liquid in reference as well as in sample cell to prevent evaporation or boiling of 

the liquids. The temperature dependent structural transitions of protein were also monitored 

using DSC spectroscopy. To check the reproducibility of the data, various buffer-buffer or 

cosolute-cosolute sample record in the identical situations before every measurement of the 

protein sample and the last scan is utilized for baseline corrections. The calorimetric enthalpy 

(∆Hcal) value is estimated by integrating the curve between surplus molar heat capacity (Cp) and 

temperature (T) of every transformation.  ∆Hcal = ∫ Cp dT …………………………… [2.6]   

    

This is true regardless of any method. The correlated van’t Hoff enthalpy (∆Hv) is calculated as 

∆Hv(Tm) = 4RTm2 ∆Cp(Tm)∆Hcal    .......................................... [2.7]   

    

All the data were analyzed with Microcal PEAQ-DSC software which applies a non-linear 

equation with the help of Levenberg-Marquardt least-square procedures to fit the temperature 

dependent heat capacity data. The fitting equation represented by equation 2.8 is shown below: 

 𝐶𝑝(𝑇) =  𝐵0 + 𝐵1(𝑇) + [ 𝐾(𝑇)∆𝐶𝑝1+𝐾(𝑇) + 𝐾(𝑇)∆𝐻𝑣(𝑇)∆𝐻𝑐𝑎𝑙(𝑇)(1+𝐾(𝑇))2 𝑅𝑇2  ] ……………   [2.8] 
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Figure 2.4 Schematics of differential scanning calorimeter (DSC) instrument 

 

2.5   Fourier Transform Infrared (FTIR) Spectroscopy 

The FTIR spectra has been recorded by JASCO FTIR-6300 spectrometer (using transmission 

approach) applying CaF2 window of 2.5 mm thickness with 25 µm spacer thickness. The 

instrument is constituted with a fixed mirror (M4), a moving mirror (M5) and a beam splitter 

(BS); the schematics of which is given in figure 2.5. This FTIR spectrometer contains Michelson 

interferometer.2 The produced infrared beam is initially transmitted to the moving mirror and 

then the beam splitter reflected it partly to the fixed mirror. Then mirrors reflect these two beams 

back towards the beam splitter. Next, these two combined beams is recognized by the detector 

and relying upon the wavelength of light and difference in their optical path originated by the 

moving mirror, it can form constructive or destructive interference. The obtained signal 

popularly known as interferogram is then Fourier transformed to generate the ultimate spectrum. 

Relative population of various kinds of water molecules including hydrogen bonded water is 

estimated using dry nitrogen atmosphere with the FTIR spectrometer. We probed the OD 

stretching frequency of 4% D2O in H2O in the wavenumber range of 2200-2800 cm-1 using 
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baseline corrections for every spectra.  Each spectrum comprises of 120 scans and 0.6 cm-1 

power of resolution.  

 

 

 

 

 

 

 

 

 

 

Figure 2.5 Schematics of Fourier Transform Infrared (FTIR) Spectrometer instrument. 

 

2.6   Terahertz Time Domain Spectroscopy (TTDS) 

TERA K8, Menlo System spectrophotometer3-4 was used to measure all terahertz time domain 

spectra of the samples.  A non-linear Er doped fiber laser having excitation wavelength 780 nm 

and pulse width below 100 fs in addition to the rate of repetition having 100 MHz excites the 

corresponding antenna to create a terahertz radiation having bandwidth acceptable to 3.0 THz (> 

60 dB). The produced THz pulse is then mediated through the measuring solution and finally 

focused on the THz detector which is barricaded by a probe beam (laser). The THz producing 

antennas act as dipoles coated with gold having 5 µm dipole gap accumulated on low 

temperature grown Gallium-arsenide coating of carrier lifetime ~1 ps and mobility ~ 400 cm/s).  
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Figure 2.6 Schematics of terahertz time domain spectrometer (TTDS) 

A bias voltage of ~ 20 V and 10 kHz frequency has been applied to store electric energy in the 

gap area. When the high intensity ultrashort laser pulse hits on the focal point, charge carriers 

(hole and electron) are generated and then they are speeded-up with the bias voltage to create 

THz pulse. The fs laser pulses releases the stored electric energy formulated as a time dependent 

THz electric field, ETHz (t) and is correlated with the first derivative of current density J(t).    

     𝐸𝑇𝐻𝑧(𝑡) = 14𝜋𝜀0 𝐴𝑧𝑐2 𝜕𝐽(𝑡)𝜕𝑡     ……………………………. [2.9] 

    𝐽(𝑡) = 𝑁(𝑡)𝑒µ𝐸𝑏   ……………………………………   [2.10] 
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Tuning the path length moved over the probe containing pulse known as time delay, the observed 

response is consequently estimated with time. The resulting frequency domain signal is 

computed by Fourier transformation of the quantified electric field, ETHz (t).  

 

2.7   Materials 

2.7.I. Protein, Enzyme and cell Bacteria: 

Bovine serum albumin (BSA): It is a globular non-glycoprotein available in cow’s plasma. This 

protein consists of 583 amino acid residues; out of those 17 residues come from cysteine group 

(8 disulphide linkages and one free thiol group). It contains three structurally identical zones (I, 

II and III), everyone consisting of two sub-regions (A and B). One mole of BSA carries 66.3 kDa 

weight and its coefficient of molar extinction (ε) at 279 nm5 is 43,824 M-1 cm-1. BSA is widely 

been used in laboratory experiments because of its high capability to enhance signal in assays, 

absence of side-effects in many biochemical reactions and low cost. Further it is highly water-

soluble protein, commercially easily available and well-studied of its crystal structure. Apart 

from, BSA holds two intrinsic tryptophan Trp-212, Trp-134 moieties6 (fluorophore) found in 

subdomain IIA and IB respectively. 

Human serum albumin (HSA): It is an extracellular serum albumin, abundantly found in human 

blood plasma.7-8 The crystal structure of this heart-shaped protein molecule is almost similar to 

the BSA structure (~80 % similarity) carrying three analogous helical regions (I, II and III), 

every zone consists of two sub-regions (A and B).9 HSA is familiar as a monomeric protein 

containing 585 amino acid residues. The weight of one mole of HSA is 66.5 kDa and molar 

absorptivity value (ε) at 280 nm is 36,500 M-1 cm-1. This serum protein contains a single intrinsic 

fluorophore tryptophan moiety10-11(Trp-214) located in the subdomain IIA which is extensively 

being used as a probe to study the local environment of different domains. 

Hen egg white lysozyme (HEWL): Lysozyme composed of a unique chain and is a compact 

globular protein containing 129 number of amino acid residues. The weight of one mole HEWL 

is 14.3 kDa12 and the coefficient13 of molar extinction (ε) at 280 nm is 36000 cm-1 M-1. It 
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accommodates six tryptophan residues14 (Trp-28, Trp-62, Trp-63, Trp-108, Trp-111 and Trp-

123); out of those only three (Trp-62, Trp-63 and Trp-108) are mainly situated in the active site 

of protein. Moreover, fluorescence emission of lysozyme occurs predominantly due to two Trp 

moieties15 (Trp-62 and Trp-108). Moreover, it acts as an antimicrobial enzyme found in nature 

and behaves as a catalyst in the hydrolysis reaction between N-acetyl muramic acid (NAM) and 

N-acetyl glucosamine (NAG) present in the peptidoglycan16-17 component of many gram-positive 

bacterial cell wall which ultimately causes cell lysis of bacteria. Actually the above mentioned 

enzyme is particularly capable to break 1, 4-beta glycosidic connection. The amino acids present 

in the active site of the enzyme are Glu-35 and Asp-52 and bind strongly with many substrates 

and inhibitors. 

Ribonuclease-A from bovine pancreas (RNase-A): It is a relatively small protein containing 124 

amino acid residues stabilized by four disulphide (S-S) bonds in its folded form. The native form 

of this protein are consisted of three α-helices and seven β-strands organized in two layers.18 It 

acts as a pancreatic enzyme and plays important role to cleave and hydrolysis of single stranded 

RNA into its smaller fragments.19 The molecular weight of this enzyme is 13.7kDa and molar 

extinction coefficient20 is 8,640 M-1 cm-1. It is a well-known model protein generally used to 

carry out several spectroscopic measurements involving circular dichroism, absorbance, Raman 

to know about the change of its secondary structure, functionality and activity in presence of 

various macromolecular crowders. 

 

Figure 2.7.I Tertiary structure of (a) BSA, (b) HEWL, (b) HSA and (d) RNase-A. 
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Micrococcus lysodeikticus cell (substrate of lysozyme enzyme): This gram-positive bacterium21 

generally used as a substrate with lysozyme (enzyme) to participate in enzymatic reaction. It 

mainly exists in water, dust, soil and air. Besides this, it is located in mammalian skin, human 

mucosae, mouth and oropharynx. This dead cell wall is constituted by N-acetyl muramic acid 

(NAM) and N-acetyl glucosamine (NAG). 

The composition of Micrococcus lysodeikticus cell wall is as follows: 

 

 

 

2.7.II. Amino Acids: Major portion of this thesis discusses about the effect of various nonpolar 

hydrophobic amino acids as macromolecular crowders on the stability as well as activity of 

various proteins. The amino acids used in the entire workdone of this thesis are Glycine (Gly), 

Alanine (Ala), Arginine (Arg), Proline (Pro), Valine (Val), Leucine (Leu) and Isoleucine (Ile). 

Among them Gly is the smallest least hydrophobic nonpolar achiral amino acid. The 

hydrophobicity22 as well as surface area23 increases in the order of Ala < Val < Leu < Ile. Proline 

is the special type of amino acid containing a heterocyclic ring. Arginine is a basic amino acid 

carrying both hydrophilic and hydrophobic groups; besides it contains some structural similarity 

with guanidinium chloride. All the required amino acids were procured from Merck and utilized 

as received. The chemical structures of all the seven amino acids used are as follows: 

 



Chapter 2 

 

31 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7.II Chemical structures of various amino acids used in the study. The name of each 

amino acid has been mentioned below the respective structures. 

 

2.7.III. Denaturing Agents: Urea, Guanidinium chloride (GdmCl) and Guanidium sulphate 

(Gdm2SO4) have been used as denaturing agents of the proteins. These materials are applied to 

unfold the protein partially or completely depending on the experimental situations. All the 

denaturing agents were bought from Sigma-aldrich. The chemical structures of all the denaturing 

agents used in this thesis are funished in figure 2.7.III.   
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Figure 2.7.III Chemical structures of (a) Urea, (b) Guanidinium chloride and (c) Guanidinium 

sulphate. 
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Summary 

Various cosolutes like salts, osmolytes, nucleic acids, peptides, proteins surrounding 

body cells create crowded environment around cells. The protein folding equilibrium 

is modulated by these cosolutes in different ways, however, an exact concept remains 

elusive. To understand the cosolute size-effect, macromolecular crowders are 

generally compared to their monomeric building blocks (e.g. dextran vs. glucose or 

polyethylene glycol with different degrees of polymerization) though the molecular 

level studies for protein crowders are not well reported till now. Hence, how single 

amino acids modulate the folding equilibrium is still very murky. This chapter 

discusses the effect of four amino acids glycine, alanine, proline and arginine on the 

stability of a model globular protein bovine serum albumin (BSA) upon thermal and 

urea-induced unfolding using fluorescence spectroscopy (as a local site-specific 

probe), circular dichroism (as a global probe for -helical structure) and differential 

scanning calorimetry (to probe the energetics of unfolding). The amino acids 

modulate BSA stability and unfolding without following a particular trend with either 

the hydrophobicity scale or the solvent accessible surface area (SASA) of the added 

amino acids. This study rather suggests that solvation effects play a significant role in 

understanding the cosolute effect. 
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3.1   Introduction 

everal macromolecules like lipids, sugars, nucleic acids, proteins, amino acids create 

crowded environment around the cells of the living body.1 Almost 40% (w/v) of total 

volume of inner cell is occupied by these macromolecules and co-solutes.2 Since no individual 

molecular species is present at high concentration such environment is more commonly known 

as “crowded” instead of “concentrated”.3 Macromolecular crowding discusses either of the two 

phenomena: (a) ‘excluded volume effect’ in which co-solutes like amino acids, sugars cannot 

penetrate into the volume occupied by the macromolecules4 and (b) soft interaction which is 

expressed as preferential binding of co-solute or its preferential hydration with the 

macromolecule.5 In such a crowded environment how amino acids modulate the protein folding 

following a particular energy landscape is much demanded topic of research. The stable protein 

conformation is achieved by huge number of atomic and non-covalent interactions, such as 

hydrophobic, di-sulphide, electrostatic, hydrogen-bonding and van der Waals interactions.6 Any 

perturbation of such weak interactions results instability of protein. Hence, protein stability is of 

utmost importance for its various biological functions and  can be manifested as the ability of 

protein to retain its function for long period of time in harsh conditions such as increased 

temperatures, wide pH environment, in presence of organic co-solvents etc.7 . In most cases, only 

the folded conformation is produced in the cell but sometimes a random event occurs and protein 

molecules follow the wrong track or energy-minimizing funnel and change into a toxic 

configuration called misfolded form. In all the cases, protein misfolding results in the formation 

of harmful amyloid.8 Hooper9 reported that aggregated/misfolded form of proteins become 

neurotoxic, e.g. prion protein in mad cow disease. Since the unfolded or misfolded forms of 

proteins could lead to several diseases like Alzheimer’s disease, Parkinson’s disease, 

Huntington’s disease, Mad cow disease etc.10-11 it is very crucial to deal with protein stability. 

The common feature observed for all these diseases is aggregate formation caused by the 

destabilization of -helical structure and the simultaneous formation of a -sheet.12 though there 

is ambiguity whether protein aggregation or oligomer formation due to misfolded proteins 

induces conformational changes.13 The protein misfolding and unfolding can be prevented by 

naturally occurring osmolytes during cellular and environmental stress.14 For example, 

S 



Chapter 3 

 

36 

 

trimethylamine-N-oxide (TMAO) accumulates in marine organisms to counterbalance the 

denaturing effects of urea.15  

Although there are various experimental and theoretical work done on the protein folding-

unfolding equilibrium in presence of co-solutes available in the literature the exact mechanism 

remained elusive till now due to the inherent complexity of such systems. “Counteracting” 

osmolytes14-15  (e.g. TMAO, glycerophosphorylcholine, betaine, etc.) modulate both stability and 

functional activity of proteins16-17 whereas, “compatible” osmolytes15 like sucrose and some 

amino acids affect only the stability.14 Some earlier studies have reported that amino acids can be 

used as protective osmolytes to stabilize protein structure.18-19 An earlier report by Shiraki et al. 

showed that aggregation of lysozyme can be prevented by arginine.19 Yancey et al.15 observed 

that amino acids like glycine, alanine, proline, taurine etc. do not significantly alter the 

enzymatic activity of pyruvate kinase whereas some basic amino acids like arginine and lysine 

show significant modulation. In a previous study the role of a series of amino acids on their 

collective hydration dynamics have been investigated.20 It has been found that hydration 

dynamics is modulated with the hydrophobicity of the amino acids as well as solvent accessible 

surface area (SASA). This also suggested that externally added amino acids could influence 

hydration dynamics and stability of a protein. This chapter discusses about the effect of four 

different amino acids, glycine (Gly), alanine (Ala), arginine (Arg) and proline (Pro) on the 

stability of  bovine serum albumin (BSA) (chemical structures are shown in figure 1) which is 

commonly used as a crowder to mimic the densely crowded cytoplasm.21 Further, BSA is a 

commercially available well-studied water soluble globular protein and generally monomeric in 

physiological condition. The four amino acids chosen have different features like Gly is the 

smallest and the only achiral amino acid, Ala has one carbon atom more than that in Gly, Pro 

consists of a five membered nitrogen containing ring, Arg is a basic amino acid containing 

hydrophilic as well as hydrophobic groups and possesses structural resemblance with 

guanidinium hydrochloride.  

This chapter shows the effect of these amino acids on thermal as well as urea mediated unfolding 

of BSA using steady state fluorescence spectroscopy to monitor the local environment of the 

Trp212 moiety in BSA in absence and in presence of amino acids as well as in 4M urea. 

Temperature dependent circular dichroism measurements were carried out to observe the change 
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in the secondary and tertiary structures of the protein and to estimate the associated 

thermodynamic parameters. The melting temperature (Tm) and enthalpy (ΔH) of protein 

unfolding were measured by differential scanning calorimetry (DSC).  

 

Figure 3.1: Structure of (a) Bovine Serum Albumin (BSA), (b-e) different nonpolar amino acids used in the study 

mentioning the name below of respective chemical structures.  

 

3.2   Materials and Methods 

BSA (Bovine serum albumin) of molecular weight 66.3 kDa, Glycine, L-alanine, L-proline and 

L-arginine are purchased from Sigma-Aldrich. All the chemicals are of ~99% purity and have 

been used without further purification. All the solutions are prepared in aqueous medium (Milli-

Q water) in 50 mM sodium phosphate buffer (PBS buffer) at pH 7.4. Protein concentrations are 

fixed at 10 µM to measure far-UV CD experiments. All the four amino acids are taken of 0.08 M 

concentrations (limited by the high voltage and signal quality of CD measurements). 
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(a) Fluorescence Measurement: Steady state fluorescence measurements of the protein in 

presence and in absence of amino acids and urea are performed in Fluorolog 3 (Horiba, Jovin 

Yvon) instrument. The samples are excited at 295 nm in order to avoid any possible fluorescence 

contribution from the tyrosine moiety of the protein.  

(b) Circular Dichroism (CD) Measurement: Far UV (190-260 nm) circular dichroism 

spectroscopic measurements are performed using a JASCO J-815 spectrometer with a Peltier 

attachment for the temperature dependent measurements using 0.1 cm path-length quartz cuvette. 

The secondary structure of the protein has been calculated by CDNN software 

(http//bioinformatik.biochemtech.uni-halle.de/cdnn). 

Temperature dependent CD measurements have been carried to monitor thermal denaturation of 

BSA both in absence and in presence of amino acids and urea. To eliminate the effect of protein 

concentration, CD value is calculated in terms of molar ellipticity units using the following 

relation: 

𝑀𝑜𝑙𝑎𝑟 𝑒𝑙𝑙𝑖𝑝𝑡𝑖𝑐𝑖𝑡𝑦 = 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝐶𝐷 𝑣𝑎𝑙𝑢𝑒 (𝑚𝑑𝑒𝑔)10 ×  𝑝𝑎𝑡ℎ𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑐𝑢𝑣𝑒𝑡𝑡𝑒(𝑐𝑚) ×  𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 (𝑀) 

We assumed a two-state protein folding-unfolding equilibrium model between the native state 

‘N’ and the unfolded state ‘U’. At any temperature T the equilibrium constant (K) for this 

process is given by: 𝐾(𝑇) = [𝑈][𝑁] where [U] and [N] are the concentrations of the unfolded and the 

native forms, respectively. The native fraction (φ) present at any temperature T is given by: 

 𝜑 = [𝑁][𝑁]+[𝑈]  …………………………  (3.1) 

It leads to, 𝐾 = (1−𝜑)𝜑 . In terms of parameters obtained from the CD measurements φ (T) is 

defined as: 

𝜑(𝑇) = ([𝜃]𝑇−[𝜃]𝑈)([𝜃]𝑁−[𝜃]𝑈)   …….……................  (3.2) 

In this case, [𝜃]𝑇  , [𝜃]𝑁 𝑎𝑛𝑑 [𝜃]𝑈  are the observed ellipticity at T, for the native form and for the 

unfolded form respectively. Tm is the melting temperature at which activity of native and 
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unfolded form of protein is equal. A simple way to obtain Tm is from the (T) versus T curve at 

= 0.5. 

The Gibbs free energy of unfolding (ΔG) is obtained by the standard equation22-24 

Δ𝐺(𝑇) = −𝑅𝑇𝑙𝑛𝐾 = −𝑅𝑇𝑙𝑛 (1−𝜑)𝜑  ………….  (3.3) 

The corresponding vant Hoff enthalpy (HVF) of unfolding is estimated using the following non-

linear equation,25-26 

             ∆𝐺(𝑇) =  ∆𝐻𝑉𝐹  (1 − 𝑇𝑇𝑚) − ∆𝐶𝑝 [(𝑇𝑚 − 𝑇) + 𝑇 ln 𝑇𝑇𝑚]  ………….   (3.4) 

(c) Differential Scanning Calorimetry (DSC) Measurement: Thermal stability of BSA in 

absence and in presence of the amino acids are measured in a MicroCal PEAQ-DSC system 

(Malvern Panalytical) at a scan rate of 90 ºC/hour (without feedback mode) in the temperature 

range of 20-90 ºC. The evaporation/boiling of the liquids are prevented by applying a constant 

pressure over the solution in both the reference and the sample cells (250 µL solution in each). 

BSA concentration is kept fixed at 10 µM and the amino acid concentration is 0.08 M for all the 

measurements. Before each scan of the protein sample several buffer-buffer (or amino acid 

solution-amino acid solution) scans in the same conditions are performed until reproducibility of 

the data is achieved and the last data has been used for baseline corrections of the protein sample. 

All the data have been analyzed by Microcal PEAQ-DSC software. The calorimetric enthalpy 

(∆Hcal) is measured as the area under the curve of the excess molar heat capacity (Cp, baseline 

corrected) of each transition.  ∆Hcal = ∫ Cp dT ………………..   (3.5) 

This is irrespective of any model. The corresponding van’t Hoff enthalpy (∆Hv) is estimated as 

∆Hv(Tm) = 4RTm2 ∆Cp(Tm)∆Hcal  ...........................   (3.6) 

MicroCal PEAQ-DSC software uses Levenberg-Marquardt non-linear least-square methods to fit 

the Cp(T) data in the following model: 



Chapter 3 

 

40 

 

 𝐶𝑝(𝑇) =  𝐵0 + 𝐵1(𝑇) + [ 𝐾(𝑇)∆𝐶𝑝1+𝐾(𝑇) + 𝐾(𝑇)∆𝐻𝑣(𝑇)∆𝐻𝑐𝑎𝑙(𝑇)(1+𝐾(𝑇))2 𝑅𝑇2  ] ………… (3.7) 

  

3.3   Results  

3.3.1: Circular dichroism (CD) measurements: Figure 3.2a depicts the far-UV (190-260 nm) 

CD measurements of BSA in buffer and in presence of four different amino acids at room 

temperature. The native protein shows two characteristic negative peaks occurring at 208 and 

222 nm recognizing the abundance of its α-helical structures.27 The negative signal arising at 222 

nm originates from the peptide n→π* transition, while the 208 nm band comes out from the 

excitonic splitting of the lowest peptide π→π* transition.28-29 The CD data are noisy in the <205 

nm region in presence of Arg and Pro solution, while it is only reasonably detectable up to 210 

nm in Ala medium. We, therefore, constrain our discussions based on the data recovered at 222 

nm.30  

 

Figure 3.2: Plot of far-UV CD spectrum of BSA (10 µM) in presence of (a) various amino acids (0.08 M) in 50 mM 

phosphate buffer of pH 7.0 and (b) in presence of 4M urea with and without various amino acids (0.08 M). The inset 

plot indicates 0.08 M amino acid induced refolding percentage curve after 4M urea-mediated unfolding. 

We observe that the CD signal is more negative in presence of the added amino acids suggesting 

an increment of the -helical content of BSA (table 3.1). We then have calculated percentage of 

all the secondary structural elements (viz. α-helix, β-sheet, β-turn, random coil)31 of BSA in 

buffer and in presence of amino acid. For BSA-buffer, the helix percentage is ~68% which is 

comparable as given by Reed et al.27 Helical content increases up-to 10% in presence of added 
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amino acids which is primarily being converted from the random coil structure. This analysis 

infers that amino acids make the BSA to attain more folded structure. 

3.3.2: Fluorescence measurements: We excite the protein at 295 nm in order to eliminate any 

fluorescence signal obtained from the large number of Tyr and Phe residues present in the 

protein. The fluorescence signal obtained from BSA (295 nm excitation) emanates 

predominantly from the Trp212 residue.32 We notice a distinct emission peak of the protein at 

350 nm in buffer. All the amino acids are found to reduce the fluorescence intensity of protein, 

however, with negligible effect on the emission peak (figure 3.3a). We plot the relative change in 

fluorescence intensity as a function of 0.08 M amino acids in figure 3.3a, inset. The intensity 

changes are within 10% error bar with the maximum quenching being occurred in Ala medium 

and minimum quenching in presence of Arg solution. The fluorescence measurements allude that 

amino acids instigate minimal effect on the immediate environment of the Trp212 containing 

domain of the protein. We also monitor temperature-induced unfolding-refolding process of BSA 

in presence of amino acids using fluorescence measurements. Previous studies on time-resolved 

fluorescence and FRET measurements clearly indicate that human serum albumin (HSA) forms a 

distinct intermediate structure below 338 K and the protein undergoes global unfolding beyond 

348 K.33 From the THz measurements, it also argued that the hydration dynamics of protein 

changes according to the same temperature behavior.34 Since HSA and BSA are structurally 

much analogous with respect to its amino acid sequence as well as secondary and tertiary 

structure35 such two-step unfolding could also be apprehended in case of BSA. We record the 

emission profile of BSA at various temperatures in presence of amino acids (a representative plot 

for BSA in presence of Gly is provided in figure 3.3b). For BSA in buffer, emission intensity 

quenches with the rise of temperature; this might be due to the enhancement of the non-radiative 

decay channels of Trp36 as we also observe this in bare Trp in buffer solutions (figure 3.4a). Up 

to 328 K, the emission peak does not experience any noticeable change, however, beyond that it 

suffers a blue shift. Such blue shift is not clearly evident in case of bare Trp in water (figure 

3.4a). Upon temperature-induced unfolding, the protein exposes its otherwise buried 

hydrophobic moieties towards the Trp environment, and correspondingly the emission peak 

shifts to smaller wavelength. An analogous nature is observed in the presence of amino acids 

also, although the extent of the change in the emission intensity (at the peak), is different for 

different amino acids (figure 3.3b). The slope of the relative intensity (I/I0) as a function of 
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temperature changes significantly beyond 328 K (figure 3.3b, inset). It can be noted here that the 

temperature induced change in I/I0 of Trp in buffer is relatively high compared to that of Trp in 

BSA (figure 3.4b). This suggests that the Trp moiety of protein is not entirely exposed towards 

the solvent during unfolding. 

 

Figure 3.3. (a) Plot of emission spectra of 2 M BSA in presence of buffer (shown by black broken line) and also in 

presence of 0.08 M amino acids. The inset indicates the plot of relative change of fluorescence peak intensity taken 

at 350 nm with respect to amino acids. (b) Plot of emission spectra of 2 M BSA in presence of 0.08 M Gly at 

various temperatures. The solid and broken lines denote the heating and cooling processes, respectively. The inset 

indicates the plot of relative fluorescence peak intensity with respect to temperature. The forward heating process 

has been denoted by the blue solid symbols, whereas, the backward cooling process has been shown by the red 

hollow symbols. (c) Plot of percentage of relative change of emission peak intensity [
( 𝐼𝐼0)293−( 𝐼𝐼0)353( 𝐼𝐼0)293 × 100] due to 

unfolding process with respect to amino acids. (d) Plot of percentage of relative change of the native emission peak 

intensity [
( 𝐼𝐼0)293𝑛𝑎𝑡𝑖𝑣𝑒−( 𝐼𝐼0)293𝑟𝑒𝑓𝑜𝑙𝑑𝑒𝑑( 𝐼𝐼0)293𝑛𝑎𝑡𝑖𝑣𝑒 × 100] upon refolding (recovery) process with respect to amino acids. (e) Plot of 

emission spectra of 2 M BSA in presence of buffer (shown by black broken line), in the presence of 4M urea 

(shown by red broken line) and in presence of 0.08 M amino acids after the addition of 4M urea. The inset indicates 

the plot of relative change of fluorescence peak intensity with respect to amino acids.  
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We then analyze the decrease in the relative intensity [
( 𝐼𝐼0)293−( 𝐼𝐼0)353( 𝐼𝐼0)293 × 100] in the native (293 K) 

and unfolded (353 K) states as a function of amino acid (figure 3.3c). It is found that in the 

buffer the decrease is ~76%. The decrease is comparable to that of buffer in presence of Ala, Arg 

and Pro, however, the value is slightly less in Gly solution. This result suggests that the local 

environment of subdomain IIA of BSA is partially stabilized in Gly medium. We also monitor 

the refolding process as the temperature is raised first to 353 K and then cooled back to 293 K. 

We observe that both the intensity as well as the emission peak do not recover to their native 

values (figure 3.3b, broken lines) and this unfolding-refolding process is irreversible in nature. In 

presence of buffer, the emission intensity is recovered up to 60% while the peak remains mainly 

blue shifted. A similar behavior is observed in presence of the different added amino acids. We 

plot the change in relative intensity at 293 K due to refolding process [
( 𝐼𝐼0)293𝑛𝑎𝑡𝑖𝑣𝑒−( 𝐼𝐼0)293𝑟𝑒𝑓𝑜𝑙𝑑𝑒𝑑( 𝐼𝐼0)293𝑛𝑎𝑡𝑖𝑣𝑒 ×100] as a function of different amino acids (figure 3.3d). We find that amino acids induce the 

refolding process with decreasing efficiency in the order: Gly>Arg>Pro, whereas, Ala does not 

show any such effect.    

 

Figure 3.4. (a) Emission spectrum of 0.08 M concentration of Trp in buffer at various temperatures. The heating 

process of Trp in buffer has been denoted by the solid lines while the re-cooled process has been shown by the 

dotted lines. (b) I/I0 (at the peak) vs. temperature profile of Trp emission in buffer (blue hollow symbol) and in BSA 

(red filled symbol).  
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3.3.3: Temperature dependent circular dichroism measurements: Effect of temperature on 

the secondary structure of BSA has been observed using CD spectroscopic analysis. The native 

fraction of the protein retained at a particular temperature (φ(T)) is calculated by monitoring the 

CD signal at 222 nm (equation 3.1) as a function of temperature. The melting temperatures (Tm) 

obtained at =0.5 are shown in table 3.2. Usually (T) follows a sigmoidal pattern defined as: 𝜑(𝑇) = 𝑎1+𝑒−𝑏(𝑇−𝑇𝑚)  ……………..  (3.8) 

Where, a, b are constants. A representative fit for BSA in presence of buffer and different amino 

acids individually is shown in figure 3.5a. The fitted parameter a lies within 0.95-0.99 range 

(~1).  

 

Figure 3.5. (a) Plot of native fraction of BSA in presence of buffer and in different amino acids of 0.08 M 

concentration as a function of temperature. The solid lines indicate the sigmoidal fitting curves. (b) Plot of melting 

temperature (Tm) of BSA in presence of buffer and in different amino acids (obtained by the sigmoidal fitting) as a 

function of amino acids. (c) A representative plot of first derivative (the main experimental curve has been filtered 

by the well-known Savitzky-Golay least square procedure) of molar ellipticity taken at 222 nm with respect to 

temperature for the BSA-Arg mixture. The main experimental data points (shown by grey symbol) has been 

deconvoluted into two sub-Gaussian curves which indicates the two melting temperatures suggesting the non-two 

state model of unfolding : (I) green and (II) yellow. The overall fitting curve has been denoted by the red solid line. 
(d) Plot of two melting temperatures obtained by the non-two unfolding model as a function of amino acids.  
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                               It has been observed that the value of Tm calculated from equation 3.8 is in 

good agreement with that obtained from Tm at φ=0.5 (table 3.2). The Tm value obtained for the 

native protein is 338.2 K which is in very close agreement with the previous reports.37 All the 

amino acids are found to enhance Tm values with various extents (table 3.2).  

 

Figure 3.6. Plot of Gibbs free energy change of BSA in presence of buffer and in different amino acids as a function 

of temperature in absence (a) and in presence (c) of 4 M urea. The solid lines indicates the non-linear fitting curves 

(see equation 4). (b) Plot of van’t-Hoff enthalpy (ΔH) at 𝑇 = 𝑇𝑚 and the heat capacity change (Cp) of BSA in 

presence of buffer and in different amino acids. ΔH and ΔCp has been calculated in kcal mol-1 and kcal K-1 mol-1 

units respectively. (d) Plot of van’t-Hoff enthalpy (ΔH) at 𝑇 = 𝑇𝑚 and the heat capacity change (Cp) of BSA in 

presence of buffer and in different amino acids in presence of 4M urea. ΔH and ΔCp has been calculated in kcal mol-

1 and kcal K-1 mol-1 units respectively. 

 

The energetics of thermal unfolding of BSA is calculated by fitting the CD signals at 222 nm 

using equation 3.4. We fit the G(T) vs. T curves near Tm
25 and obtain reasonably good fits 

(figure 3.6a). The fitted parameters HVF and Cp values are presented in table 3.4 and figure 
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3.6b (open symbols). For BSA we obtain HVF = 30.80.6 kcal mol-1 and Cp=1.010.05 kcal K-

1 mol-1; these values are in comparable agreement with those for previously reported globular 

proteins using CD measurements.38 Upon the addition of amino acids, HVF of unfolding 

increases in presence of Ala, Pro and Arg while its value decreases modestly for Gly medium.   

              Interestingly, when we plot the first derivative of 222 of BSA in buffer with respect to T 

(CD data has been smoothened by using a well-known Savitzky-Golay least square procedure39) 

we do not observe a sharp peak as is expected for a two-state unfolding model, and instead an 

additional hump is observed at a relatively higher temperature (figure 3.7a) . We deconvolute the 

d222/dT curve into two Gaussians curves and identify two transition temperatures Tm
I and Tm

II 

corresponding to two unfolding processes. Appearance of two such peaks is also evident in case 

of amino acids also, and the corresponding deconvolution curves in presence of amino acids 

have been depicted in figure 3.5c and figure 3.7b-3.7d. Such non-two state unfolding for BSA 

has also been reported in earlier studies.40-41 In buffer, we obtain Tm
I ~337.3 K and Tm

II ~352.9 K. 

Both Tm
I and Tm

II increase in various extents in presence of amino acids except for Ala solution 

(Tm
II decreases for Ala compared to buffer) (figure 3.5d); the trend is comparable to that of Tm 

(figure 3.5b). 
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Figure 3.7. Plot of first derivative (the curve has been filtered by the well-known Savitzky-Golay least square 

procedure) of molar ellipticity collected at 222 nm as a function of temperature for the BSA-buffer and BSA-amino 

acid samples. The main experimental data points (indicated by the grey circles) has been deconvoluted into two sub-

Gaussian curves which denotes the two melting temperatures indicating the non-two state model of unfolding : (I) 

green and (II) yellow.  The overall fitting curves has been denoted by the red solid line. 
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hydrogen bonding etc.) and conformational entropy. A representative Cp vs. T curve is shown in 

presence of BSA-Arg mixture in figure 3.8a. We observe the presence of two distinct peaks in 

the DSC profile. Previously Michnik et al.40, 42 reported the existence of such two definite peaks 
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independent parts of the protein generated after the crevice formation in the proximity region of 

domains I and II.32 Such multiple conformational unfolding phenomenon in BSA was also 

observed by Murayama et al.41 by temperature-dependent FTIR measurement. 

We deconvolute the Cp vs. T curve into two sub-Gaussian curves (figure 3.8a) and from those we 

obtain the corresponding melting temperatures Tm
I and Tm

II for the two unfolding processes. The 

Tm
i values for BSA in buffer extracted from the thermograms (table 3.5) are ~336 K and ~350 K 

which are of comparable agreement with those obtained in previously reported values.42-43 

Earlier studies have confirmed that carboxyl-terminal fragment, which consists of mainly domain 

III and II, melts at a lower temperature (process-I) while the amino-terminal fragment, composed 

of mostly domain I and a relatively small portion of domain II, unfolds at a comparatively higher 

temperature (process-II).32, 40, 43 As the amino acids are added into the protein, both Tm
I and Tm

II 

change in different extents. The corresponding Tm
I and Tm

II values for different amino acids have 

been demonstrated in figure 3.8b and in table 3.5. It has been observed that Tm
I decreases 

modestly when Gly is added, however, in presence of Ala solution (which has only one extra 

methyl group compared to that of Gly) Tm
I enhances by ~ 1.6 K with respect to that in buffer. 

Such an increment in the protein stability in a more hydrophobic environment was also observed 

by Nick Pace et al.44 The largest increase in Tm
I was observed in presence of Arg medium 

(338.00.2K), whereas, Pro exhibit a Tm
I (336.00.1) comparable to that of buffer (336.10.2). 

In comparison to Tm
I, Tm

II indicates very marginal shifts in presence of the added amino. The 

additions of Gly and Arg lead to comparable Tm
II values (350.6 K) which are slightly higher than 

that in buffer while Tm
II shows largest value in presence of Ala (350.90.3K). The trend in Tm

I 

values indicates that maximum thermal stability of domain II is achieved in presence of Arg 

solution, followed by Ala; while, for the domain I, the stability follows the order: Ala  Arg ~ 

Gly  Pro.  
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Figure 3.8. (a) Molar heat capacity (solid grey line) of BSA and 0.08 M Arg mixture in 50 mM PBS buffer (pH 7.4) 

obtained at constant pressure (Cp) with respect to temperature. The main experimental curve has been deconvoluted 
into two sub-Gaussian curves which indicates the two melting temperatures Tm

I (shown by green points) and Tm
II 

(shown by yellow points). The red broken line indicates the overall fitting curves. (b) Plot of melting temperatures 

for the thermal unfolding processes of two different domains as function of amino acids. The melting temperature in 

presence of buffer has been shown by the black broken line. (c) Plot of calorimetric enthalpies for the two melting 

processes due to thermal unfolding of two different domains with respect to amino acids. The calorimetric enthalpy 

in presence of buffer has been denoted by the black broken line. (d) Plot of calorimetric entropies for the two 

melting processes due to thermal unfolding of two different domains as a function of amino acids. The calorimetric 

entropy in presence of buffer has been indicated by the black broken line. 
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in buffer, while its value is reduced when Gly, Pro and Arg are added individually in the protein 

solution following the order of ΔHcal
I as: Gly  Pro  Arg. We also calculate the change in 

enthalpy contribution during the unfolding process (ΔΔH = ΔHprotein-AA   ̶  ΔHprotein-buffer) for each 

amino acid (table 3.5). We find that in Gly medium, the ΔΔH value is highly negative while it is 

positive in presence of Ala solution. This feature also substantiates the ΔΔH values obtained 

from the CD measurements (table 3.4).   

For process-II, the enhancement of the enthalpy values upon the addition of amino acid is quite 

noticeable in Ala solution (96.3 kcal mol-1). Pro and Arg exhibit a slight decrease in ΔHcal
II 

value, while a significant increment is observed in Gly medium (16.2 kcal mol-1). The 

corresponding van’t Hoff enthalpies are evaluated using equation 3.6 and the values are 

presented in table 3.5. The values of van’t Hoff enthalpies differ significantly from the 

corresponding calorimetric enthalpies indicating that the latter includes all the contributions from 

the system including solvent rearrangement while the former does not.45  

The ratio (Hcal:Hv) allows for the consideration of the cooperativity of unfolding.46 If the ratio 

is very close to unity, the unfolding process can grossly be approximated by a two-state 

unfolding model. We found that the ratio is higher than one for process I which clearly indicates 

that there are several intermediate processes involved in the folding-unfolding equilibrium. The 

ratio reaches minimum value in Gly solution (1.4) while it shows the highest value in Ala 

medium (2.3). On the other hand, the ratio is less than unity for process II. We calculate the 

calorimetric entropy of unfolding (ΔScal) from the obtained area under the curve of Cp/T vs. T for 

each transition (figure 3.8d). The entropic effect in protein folding-unfolding process in aqueous 

media primarily comes from the two components: one is configurational entropy which is 

strongly related to the change of configuration of protein structure during transformation from 

native to the unfolded state; and the another connected with the change of hydration of polar and 

non-polar groups.47 The corresponding change in entropy ΔΔS = ΔSprotein-AA  ̶  ΔSprotein-buffer  has 

been calculated (table 3.5) which is largely negative in presence of Gly and insignificant in Ala 

solution. Actually, ∆Si is the difference of entropy values between the completely unfolded state 

(363 K) and the native state (293 K) where “i” is the species (containing protein and 

buffer/amino acids system). This entropic destabilization in presence of amino acids not only 

emanates from the protein-amino acids interaction, but also it contains significant contribution 
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from the associated solvent effect i.e. from the interaction between solvent water and the 

nonpolar side chains of proteins as well as the interaction with our externally adding different 

amino acids.48-50 We obtain slightly large negative value of S in case of BSA-Gly compared to 

Pro, Arg. This entropic change in presence of Ala solution is almost zero. This calculated 

entropy values matches quite well with the previous study.51 In the presence of various amino 

acids, they observed the similar entropic change in thermal stability of Cytochrome c. 

3.3.5: Chemical denaturation by urea: Next, the effect of amino acids on the secondary 

structure of BSA has been studied in presence of 4M urea which is a well-known protein 

denaturant to observe the effect of amino acids on the partially denatured protein.52-53 It has been 

observed that the CD signal of BSA decreases significantly in presence of 4M urea (figure 3.2b) 

which indicates a reduction in the -helical content and partial unfolding of the secondary 

structure of the protein (table 3.1). Here it is interesting to be noted that addition of urea 

decreases the -helical content of BSA about 14% with simultaneous increment of the random 

coil percentage which clearly indicates that unfolding of protein occurs. After partial 

denaturation of protein by urea, when we add amino acids in the solution, it increases -helical 

content slightly. We observe that refolding of the urea-mediated unfolded form of protein is 

induced by the addition of amino acids as is evidenced from the change in molar ellipticity at 

222 nm (figure 3.2b). The efficiency of the amino acids to refold the partially unfolded protein 

has been quantitatively estimated by plotting the relative percentage of refolding (calculated as  𝜀𝑝𝑟𝑜𝑡𝑒𝑖𝑛−𝑢𝑟𝑒𝑎−𝑏𝑢𝑓222 −𝜀𝑝𝑟𝑜𝑡𝑒𝑖𝑛−𝑢𝑟𝑒𝑎−𝐴𝐴 222𝜀𝑝𝑟𝑜𝑡𝑒𝑖𝑛−𝑢𝑟𝑒𝑎−𝑏𝑢𝑓 222 − 𝜀𝑝𝑟𝑜𝑡𝑒𝑖𝑛−𝑏𝑢𝑓222 × 100%) and the corresponding curve has been shown in figure 

3.2b (inset). It has been found that Ala is the most efficient amino acid to refold the partially 

unfolded form of protein by ~30% followed by Pro>Arg>Gly.  

We measure the fluorescence intensity of Trp residue of BSA in presence of 4M urea. It has been 

observed that the emission intensity quenches drastically in presence of 4M urea solution in 

comparison to that in buffer (figure 3.3e) suggesting that BSA starts to unfold. The emission 

intensity of the urea-mediated partially unfolded form of the protein is enhanced after the 

addition of amino acids. The relative change of fluorescence peak intensity (
𝐼𝑢𝑟𝑒𝑎−𝐴𝐴−𝐼𝑢𝑟𝑒𝑎𝐼𝑢𝑟𝑒𝑎 ) as a 

function of amino acids has been plotted in figure 3.3e (inset). From the curve, we see that the 

extent of relative change is higher in Ala solution compared to that in Gly and the Trp peak 
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intensity of the partially unfolded form of BSA decreases following the order : Arg > Pro > Ala 

>> Gly.   

Further, the temperature dependent CD measurements of BSA has been performed in presence of 

urea and the added amino acids. It has been found that Ala increases the Tm
I compared to the 

aqueous solutions (table 3.3). For the other three amino acids, the effect is negligible. The  

enthalpy (ΔHVF) and change in heat capacity (Cp) values has also been calculated for the two-

state folding-unfolding equilibrium process by non-linear fitting of ΔG(T) versus T curve with 

the help of equation 3.4, taking the values from Tm to the near neighborhood of Tm (figure 3.6c, 

table 3.4). The ΔHVF value is very small in 4M urea solution compared to that in buffer (table 

3.4). The value increases in presence of the amino acids indicating their stabilizing role of the 

protein structure, the effect being the most prominent in Ala. 

Table 3.1: Secondary structural parameters of BSA in buffer and in presence of different amino acids 

 

System α-Helix 

(%) 

β-Antiparallel 

(%) 

β-Parallel 

 (%) 

β-Turn 

(%) 

Random Coil 

(%) 

 

Buffer 

 

61.18 

 

3.49 

 

4.29 

 

12.57 

 

18.46 

Gly 68.27 2.55 3.33 11.26 14.69 

Arg 68.85 2.44 3.22 11.13 14.26 

Ala 76.97 1.62 2.19 9.42 9.90 

Pro 77.07 1.52 2.19 9.32 9.89 

4M Urea 

 

Buffer 

 

47.71 

 

5.49 

 

6.31 

 

14.95 

 

25.64 

Gly 49.80 5.18 5.89 14.63 24.49 

Arg 48.88 5.29 6.10 14.73 25.00 

Ala 52.79 4.66 5.47 14.08 22.90 

Pro 53.54 4.55 5.36 13.97 22.57 
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Table 3.2. Fitting parameters for the fit of native fraction of BSA in buffer and in different amino acids by 

sigmoidal fitting. 

 

System In buffer In presence of 4M urea 

Tm at =0.5 

(K) 

Tm from 

Sigmoidal fit 

(K) 

a Tm at =0.5 

(K) 

Tm from 

Sigmoidal fit 

(K) 

a 

Buffer 338 338.2±0.2 0.96 326 323.8±0.5 1.09 

Gly 339 340.3±0.2 0.96 328 326.3±0.4 1.05 

Ala 342 342.7±0.2 0.99 332 330.3±0.4 0.99 

Pro 344 344.7±0.1 0.97 325 323.6±0.5 1.02 

Arg 342 342.1±0.1 0.98 322 319.8±0.7 1.12 

 
Table 3.3:  Tm values obtained from temperature dependent CD measurements 

 

 

System Buffer 4M Urea 

Tm
I 

(K) 

Tm
II 

(K) 

Tm
I 

(K) 

Tm
II 

(K) 

Buffer 337.3±0.1 352.9±0.3 310.4±0.5 333.3±0.6 

Gly 338.8±0.6 353.4±0.4 311.2±0.5 335.3±0.6 

Ala 338.4±0.2 352.3±1.5 317.4±1.3 340.7±0.7 

Pro 341.6±0.2 360.2±2.5 313.1±0.6 336.4±0.6 

Arg 338.5±0.2 350.1±1.6 315.0±0.3 336.1±0.4 

 

Table 3.4. Thermodynamic parameters of BSA thermal unfolding in buffer and in presence of different amino acids 

obtained from nonlinear equation (3.4) 

 

 

Sample Buffer 4M Urea 

ΔHVF 

(kcal mol-1) 

ΔΔHVF 

(kcal mol-

1) 

ΔCp 

(kcal K-1 mol-

1) 

ΔHVF 

(kcal mol-1) 

ΔΔHVF 

(kcal mol-

1) 

ΔCp 

(kcal K-1 mol-

1) 

Buffer 30.80.6 - 1.010.05 7.01.0 - 0.910.10 

Gly 28.30.6 -2.50.8 1.140.05 9.50.7 2.51.2 0.990.15 

Ala 36.90.5 6.10.8 0.590.03 22.30.6 15.31.2 0.510.05 

Pro 34.20.9 3.41.1 0.760.05 19.73.0 12.73.2 0.290.05 

Arg 36.40.5 5.60.8 0.410.03 13.20.2 6.21.0 0.780.02 
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Table 3.5. Thermodynamic parameters obtained by fitting in non-two state model of Cp vs temperature curve 

 

 
System Tm

I 

(K) 

ΔHcal
I 

(kcal 

mol-1) 

ΔΔHcal 

(kcal 

mol-1) 

ΔHV
I 

(kcal 

mol-1) 

ΔSI 

(kcal 

mol-1K-1) 

ΔΔS 

(kcal 

mol-1K-1) 

Tm
II 

(K) 

ΔHcal
 II 

(kcal 

mol-1) 

ΔHV
II 

(kcal 

mol-1) 

ΔSII 

(kcal mol-1 

K-1) 

Buffer 336.10.2 157±0.3 - 69.7 0.46 - 350.00.4 52.5±0.3 95.2 0.14 

Gly 335.60.1 115±0.3 -42±0.4 80.2 0.33 -0.13 350.60.5 16.2±0.2 152 0.07 

Ala 337.70.1 163±0.6 6±0.7 70.2 0.46 0 350.90.3 96.3±0.6 88.8 0.29 

Pro 336.00.1 146±0.3 -11±0.4 77.4 0.40 -0.06 345.00.3 39.5±0.3 109 0.14 

Arg 338.00.2 151±0.3 -6±0.4 87.1 0.42 -0.04 350.50.3 37.9±0.2 116 0.13 

 

3.4   Discussion 

Different spectroscopic tools like fluorescence, circular dichroism, and differential scanning 

calorimetry have been used to investigate the effect of amino acids on the thermal stability of the 

model protein BSA. The presence of amino acids neither alter the fluorescence intensity nor the 

emission maximum noticeably with respect to that of buffer (figure 3.3a), suggesting that the 

immediate environment of Trp212 in its native state is not perturbed significantly by the amino 

acids. At elevated temperature, wherein BSA undergoes partial unfolding, quenching of 

fluorescence peak intensity along with a noticeable spectral shift has been observed (figure 3.3b). 

This reveals that Trp212 is exposed towards the unfolded hydrophobic moieties near the crevice 

in domain IIA. Although Gly shows some extent of perturbation of the native form of BSA for 

other amino acids the effect is marginal.  

From the CD measurements it is apparent that all the amino acids increase the helicity content of 

the protein (figure 3.2a) which could be explained by an excluded volume effect.3 Since small 

amount (0.08M) of amino acids used in this experiments the changes observed are only modest. 

The melting temperature of the protein is obtained by a non-two-state model as it correlates the 

melting of two different domains though the results are also confirmed by a two-state model 

(figure 3.5b) and the trends of Tm are identical in both the cases. It is observed that the unfolding 

of the α-helical content in all the sub-domain of BSA can be grossly resisted with the addition of 

amino acids, the effect being more prominent in Pro.  

DSC study provides the thermodynamics behind the unfolding of the protein which is associated 

with the changes in hydration behavior of polar and non-polar amino acids as well as changes in 
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internal interactions (van der Waals, hydrogen bonding etc.) and conformational entropy. Two 

transitions of BSA has been observed due to the thermal unfolding of two different domains of 

the protein. Since CD measurements associate changes in the more structured -helical content 

only, DSC measurements associate the global unfolding involving less structured secondary 

motifs also the Tm
I values obtained from DSC measurements are quite lower than those obtained 

from CD measurements. The van’t Hoff enthalpy is smaller compared to the calorimetric one, 

which illustrates the non-two-state unfolding equilibrium in the protein. The striking difference 

in both the van’t Hoff enthalpy and calorimetric enthalpy of Gly and Ala is intriguing; while Gly 

significantly lowers it, Ala increases it modestly, the effect being more pronounced in process II. 

CD measurements reveal that both Gly and Ala increase Tm
I while the DSC thermograms show a 

marginal decrease in Tm
I for Gly. This apparent contrasting behavior can be explained in the 

light of their hydration behavior20 yielding to contrasting solvation energy. One more interesting 

observation from this overall investigation is that the thermodynamic parameters as well as the 

protein structural perturbations follow a linear relationship neither with hydrophobicity scale nor 

with the SASA of the amino acids, thus these parameters are not sufficient to explain the 

experimental observations.  

In order to analyze the amino acid mediated changes in the thermodynamic parameters of the 

protein it reveals a contrasting behavior between Gly and Ala, though Ala contains only one 

extra methyl group than Gly. Although Ala produces a positive change in the enthalpy 

contribution (ΔΔH, table 3.5) the corresponding change in entropy is marginal. It can be argued 

that enthalpy stabilization (positive ΔΔH), as evidenced in Ala, manifests a classical osmolyte 

like behavior54-55 of this amino acid in protein stabilization through a change in the hydration 

layer of protein mediated by the osmolyte.56 On the other hand, a negative ΔΔH and a large 

negative ΔΔS value is obtained for Gly implying that it acts as a non-conventional osmolyte. The 

negative ΔΔH value obtained is comparable to that observed in a protein denaturant molecule 

urea suggesting a direct interaction of protein-osmolyte.25 It is more demanding to consider the 

individual hydration behavior of the cosolutes to investigate their individual effect on protein 

stabilization. Previous THz spectroscopic results provide the collective hydrogen bond dynamics 

of water which have concluded contrasting hydration behavior of Gly as compared to other 

amino acids; while amino acids in general are water ‘structure makers’, Gly acts as a water 
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‘structure breaker’20 and in that notion it is comparable to urea, which also destabilizes the 

hydrogen bonded network of water.57 Being smallest and simplest non-polar amino acid Gly 

causes minimum steric hindrance compared to other amino acids58 which leads to better fitting of 

Gly in this crowded environment and it helps to interact preferably with the protein and solvent. 

Ala, Arg and Pro have limitations in this regard due to their hydrophobic side chains; this effect 

has been reflected in their less negative magnitude of S or zero compared to Gly. This chapter 

invokes the idea that stabilization/ destabilization of protein can be induced by osmolyte and the 

related energetics are correlated with the associated change in the hydration dynamics of both the 

protein and the added co-solute(s) taken together. Therefore, to generalize the effect of amino 

acids as macromolecular crowder on protein stability and its functionality more detailed 

systematic investigation taking amino-acids with varying carbon chain length as well as 

hydrophobicity scale at different pH condition is much needed.  
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Understanding the Effect of Nonpolar Hydrophobic   

Amino Acids as Macromolecular Crowders on the 

Conformational Stability of Globular Proteins 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Summary 

 

Macromolecular crowders are added externally for the in vitro study of biomolecules to 

mimic the interior of the living cells. In this chapter, we intent to investigate the effect of 

nonpolar hydrophobic amino acids (Gly, L-ala, L-val, L-leu, L-ile) as macromolecular 

crowding agents on the structural as well as thermal stability of three proteins: human 

serum albumin (HSA), lysozyme (HEWL) and Ribonuclease-A (RNase-A) of varying -

helical content using circular dichroism (CD) spectroscopic technique. It has been revealed 

that all these five amino acids aren’t capable to amend the secondary structure of any 

proteins significantly rather they stabilize the native form of every proteins by different 

extent. Temperature dependent CD measurement explores that the unfolding phenomenon of 

every proteins is irreversible in nature and the structural loss percentage in buffer during 

refolding is proportional to the -helicity of the protein. Estimation of the thermodynamical 

parameters show that the enthalpic stabilization is protein specific and the added amino 

acids alter these parameters in different extent for all the three proteins without following 

any regular trend. Our study affirms that the conformational stability of proteins and the 

associated thermodynamics do not depend on the hydrophobicity of the crowders (amino 

acids) rather they are protein specific where - helicity of the protein has significant role.  
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4.1   Introduction 

everal macromolecules such as nucleic acids, sugars, lipids, proteins, amino acids etc. 

are densely packed into the inner cellular environments of the living organisms and they 

can take up to 40% (w/v) of the inner cell. This phenomenon, known as 'macromolecular 

crowding'1 performs a crucial part in a variety of processes ensuing in living cell.2-3 The highly 

crowded environment of cells is mimicked by macromolecular crowders which offer the “the 

result of excluded volume” (in which the volume occupied by the crowders becomes unavailable 

to the other molecules and such effects are mostly offered by Ficoll, Dextran, PEG etc.) or 

“preferential or soft interaction” (e.g. preferential binding of small co-solutes like amino acids or 

preferential hydration of protein being acted as a macromolecule itself). Presence of crowders 

can disrupt protein stability which could lead them to unfold and/or misfold and could cause 

several diseases like Parkinson, Alzheimer etc. Naturally occurring bio-protective osmolytes like 

sugars, polyols or methylamines can stabilize the folded shape of globular proteins as in 

compared to its unfolded one under harsh conditions like pH variations, dehydration, high 

temperature and lofty concentrations of chemical denaturants.4-5 For example, betaine, sarcosine 

and trimethylamine-N-oxide (TMAO) can stabilize proteins and mitigate the disruptive actions 

of urea via favourable indirect interaction with the particular residues or functional domains of 

protein through augmentation of the water structure6-7 

 Despite the fact that several experimental and theoretical studies are obtained in the 

literature on the consequence of macromolecular co-solutes on protein folding-unfolding 

phenomenon, the exact molecular mechanism and its thermodynamic fingerprints remain evasive 

due to the inherent complexity of such systems. In this context, small molecules like amino acids 

can behave as a chemically stabilizing osmolytes and they are familiar as building elements for 

proteins and are present in plentiful amount in cellular environment. They are familiar not only 

to stabilize proteins8-9, but they can also persuade refolding of misfolded proteins10-11 and 

eliminate protein aggregation.12 A previous analysis by Wang et al. have concluded that proline 

and glycine can act as compatible or counteracting osmolytes and increase the stability of lactate 

dehydrogenase13. Hydrophobicity of amino acids is considered to be a vital framework that can 

adjust several phenomena like protein folding-unfolding, aggregation, protein-co-solute 

interaction, activity and protein hydration in aqueous environments14-16. Several efforts have 

S 
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been carried out both experimentally and theoretically to address the hydrophobicity of amino 

acids17-19 along with the stability, structure and solvent contribution on different amino acids20-21 

. In the previous chapter, we have established that amino acids can modulate the thermal stability 

together with the urea induced partially unfolded state of serum albumin, the effects being found 

to be amino acid specific 22. A systematic approach, however, is needed to investigate whether 

the effects is dependent on the amino acid specificity, more specifically on the amino acid 

hydrophobicity. In the present chapter, we investigate the effects of five different L-isomers of 

non-polar hydrophobic amino acids with increasing side-chains: glycine (Gly), alanine (Ala), 

valine (Val), leucine (Leu) and isoleucine (Ile) on three different proteins: human serum albumin 

(HSA), lysozyme (HEWL) and Ribonuclease-A (RNase-A) containing varying -helical content. 

Gly is the smallest and achiral amino acid while rest of the amino acids chosen are chiral and the 

side-chains vis-à-vis their hydrophobicity increases gradually from Gly to Ile.  HSA is an 

extracellular water soluble globular protein containing 585 amino acids, mostly abundant in 

blood plasma, comprised of three structurally identical domains (I, II and III), each containing 

two sub-domains (A and B) and stabilized by 17 di-sulphide bridges.23-24 It balances the transport 

and accessibility of hormones, fatty acids and various compounds through blood stream25. Hen 

egg-white lysozyme (HEWL) is a naturally occurring anti-microbial enzyme found in many 

biological organisms26-27 containing a single chain polypeptide consisting of 129 amino acids 

cross-linked with four di-sulphide bridges28. Bovine pancreatic ribonuclease-A (RNase-A) is a 

small, single-domain protein containing 124 residues with four native di-sulphide bonds, that 

catalyses the hydrolysis of single stranded RNA into smaller components29-30. These proteins 

differ in their secondary structure composition, especially in the -helix content (see table S1).  

We investigate the effect of these amino acids on the native structure as well as thermal 

unfolding of these proteins using circular dichroism spectroscopy by monitoring the perturbation 

in their secondary structures. The associated thermodynamic parameters for the unfolding 

process have been estimated by calculating melting temperatures (Tm), enthalpy change (H) and 

heat capacity of unfolding (Cp). 
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Figure 4.1: Different nonpolar amino acids used in the study mentioning the name below of respective chemical 

structures.  

 

4.2   Materials and Methods 

Lyophilized powder of human serum albumin (HSA) of molecular weight 66.3 kDa, hen egg 

white lysozyme (HEWL) of molecular weight 14.3 kDa and Ribonuclease-A from bovine 

pancreas (RNase-A) of molecular weight 13.7 kDa is procured from Merck. All the chemicals 

contain highest available purity and are utilized without further purification. All the aqueous 

solutions are made ready in 10 mM sodium phosphate buffer (PBS buffer) solvated by Milli-Q 

water (pH 7.4). For far-UV CD measurements 10 M HSA, 20 M lysozyme and 20 M RNase-

A are used. The concentrations of all the above mentioned amino acids are kept secured at 0.06 

M (restricted by the signal strength of CD measurements). Far UV (190–260 nm) circular 

dichroism spectroscopic measurements are conducted using JASCO J-815 spectrometer. For the 

temperature dependent measurements, a peltier is attached with the main instrument. All the 

solutions are taken in a 0.1 cm path-length quartz cuvette. The CD signal at 222 nm obtained in 

mili-degree is converted into mean residue ellipticity (MRE) in deg cm2 dmol-1, which is given 

by 
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MRE = 
𝜃𝑜𝑏𝑠10×𝑛×𝐶×𝑙   ……............        (4.1) 

where, 𝜃𝑜𝑏𝑠 is the observed ellipticity in mili-degree, 𝑛 is the total number of amino acids in the 

protein, 𝐶 is the concentration of protein in molar scale and 𝑙 describes path-length of the cuvette 

in cm. The percentage of -helix is enumerated from the MRE values at 222 nm using the 

following equation 231-32: 

% -helix = [
 (MRE222−2340)30300 × 100]  ……………         (4.2) 

 Thermal denaturation of HSA, lysozyme and RNase-A is monitored by temperature 

dependent CD measurements both in the absence and in the presence of amino acids. We follow 

a two-state folding–unfolding pathway between the native form ‘N’ and the unfolded one ‘U’ of 

a protein. At any temperature T, the equilibrium constant (K) for this two-state event is given by: 𝐾(𝑇) =  [𝑈][𝑁], where, [U] and [N] are the equilibrium concentrations of the unfolded and the 

native states of protein respectively. The native fraction (φ) is designated by: 

     φ =  [𝑁][𝑁]+[𝑈]   ……………………     (4.3) 

It leads to, 𝐾 =  (1−φ)φ . In the temperature dependent CD measurements φ (T) is described as: 

φ(T) =  [𝜃]𝑇−[𝜃]𝑈[𝜃]𝑁−[𝜃]𝑈  ………………….         (4.4) 

where, [𝜃]𝑇, [𝜃]𝑁 and [𝜃]𝑈 are the measured ellipticity at every particular temperature, for the 

native state and for the unfolded one, respectively. We designate Tm as the melting temperature 

beyond which protein begins to unfold. Another straightforward way to assign Tm is from the φ 

(T) versus T curve at φ = 0.5. 

The standard free energy of unfolding (∆𝐺𝑢0) is procured from the equation33 

                   ∆𝐺𝑢 0 (T) = − 𝑅𝑇 ln 𝐾 =  −𝑅𝑇 ln (1−φ)φ   ………………..      (4.5) 

For simplicity, we neglect the superscript ‘‘0’’ and subscript ‘‘u’’ in the ∆𝐺𝑢 0 (T) term and use ∆𝐺(T) henceforth. For the enthalpy (∆H) and entropy (∆S) terms also, the similar notations are 
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used and we avoid the superscript ‘‘0’’ and the subscript ‘‘u’’. The associated van’t-Hoff 

enthalpy (∆𝐻𝑉𝐹) for the unfolding process is evaluated using the following non-linear equation34: 

∆𝐺(𝑇) =  ∆𝐻𝑉𝐹 (1 − 𝑇𝑇𝑚) −  ∆𝐶𝑝[(𝑇𝑚 − 𝑇) + 𝑇 𝑙𝑛 𝑇𝑇𝑚] …………….    (4.6) 

4.3   Results  

Far-UV (190–260 nm) CD signals of HSA, lysozyme and RNase-A in buffer and in the presence 

of five different non-polar amino acids at 293 K are measured and a representative plot for HSA 

has been shown in figure 4.2a. For the other two proteins the results are shown in figure 4.3a and 

4.3b. The protein in its native state shows two characteristic negative peaks at 208 and 222 nm 

which originates due to the π → π* and n → π* transitions respectively from the peptide bond. In 

the presence of Val, Leu and Ile, the data are noisy in the < 200 nm region. We, therefore, 

confine our discussions based on the data recovered at 222 nm which predominantly is correlated 

with the -helical content. We calculate the percentage of  -helix from the CD signal obtained 

at 222 nm [equation 4.1 and 4.2] for these proteins in buffer and in presence of amino acids 

(figure 4.2b-4.2d and Table 4.1). 

 

Figure 4.2: (a) CD spectra of 10 M HSA in presence of different amino acids (0.06 M) in 10 mM sodium 

phosphate buffer (pH 7.0). (b) -helix content calculated at 222 nm (see equation 2) in presence of different amino 

acids for (b) HSA (c) lysozyme and (d) RNase-A. 
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Figure 4.3. (a) Room temperature far-UV CD spectrum of (a) HEWL and (b) RNase-A in presence of different 

amino acids in 10mM sodium phosphate buffer (pH 7.0). The HEWL and RNase-A are of 20 µM concentration each 

and all amino acids are of 0.06M. 

 

Table 4.1: Secondary structural parameters of HSA, HEWL and RNase-A in buffer and in presence of different 

amino acids. 

Sample α-Helix (%) for 

HSA 

α-Helix (%) for 

Lysozyme 

α-Helix (%) 

for RNase-A 

Buffer 68.3 32.2 25.9 

Gly 67.4 33.2 28.1 

Ala 65.4 30.7 28.7 

Val 68.0 30.9 28.3 

Leu 67.6 32.5 29.0 

Ile 67.3 32.1 28.3 

 

For HSA in buffer, the helix content is 68.3%, which is in comparable accord with the previous 

records.35-36 The value decreases slightly in presence of amino acids with the maximum decrease 

occurring in presence of Ala (~3% decrease). For lysozyme and RNase-A, the -helix contents 

are 32.2% and 25.9%, respectively in buffer, which are in comparable agreement with previous 

reports.37-38 The -helical content of lysozyme increases mildly in presence of Gly, while its 

value remains mostly unaltered in Leu and Ile and reduces slightly in presence of Ala and Val. 

For RNase-A, we find that all the amino acids increase the helix percentage to more or less the 

same extent (~3% increment). This inspection ascertains that amino acids perturbs the secondary 

structure of protein of varying helicity in different extents. 
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                                     We also scan temperature instigated unfolding-refolding event of these 

proteins in presence of different amino acids using temperature dependent CD measurements. To 

test the reversibility of unfolding, we first increase the temperature up to 368 K followed by a 

cooling process back to 293 K (10 C/min for both the heating and the cooling processes). A 

representative figure for HSA (CD signal monitored at 222 nm) in buffer and in presence of Ile is 

shown in figure 4.4a and 4.4b respectively. We also obtain the total CD spectra at different 

temperatures and a representative plot for HSA in buffer and in presence of Gly have been 

shown in figure 4.5a and 4.5b respectively. Looking at the total spectra as well as at the CD 

signals at 222 nm, it can unambiguously be inferred that the native secondary structures of any of 

the three proteins don’t recover completely upon cooling. Previous reports by Flora et al.35 and 

Moriyama et al.39 have also confirmed that the process of thermal unfolding of HSA beyond 343 

K is irreversible in nature. In order to estimate the extent of irreversibility in the unfolding 

process, we calculate the loss in the CD signal at 222 nm as the protein refolds back, defined as 𝜃293𝑛𝑎𝑡𝑖𝑣𝑒−𝜃293𝑟𝑒𝑓𝑜𝑙𝑑𝑒𝑑𝜃293𝑛𝑎𝑡𝑖𝑣𝑒 × 100 (figure 4.4c). It should be noted here that this is only a rough estimate of 

the refolding process, and thermal unfolding does not necessarily perturb the helical structure 

only, however, the parameter could be rationalized with the extent of irreversibility, especially in 

presence of amino acids. In the buffer medium, the signal is recovered up to 67% for HSA; in 

presence of amino acids, however, it shows a lower recovery (higher irreversibility) following 

the order: Ile > Leu > Val > Ala. It seems that the extent of irreversibility increases with 

increasing hydrophobicity from Ala to Val. The maximum recovery loss is obtained in presence 

of the smallest amino acid, Gly. In case of lysozyme (figure 4.4d), however, all the amino acids 

are found to promote higher refolding in comparison to buffer (69.1% recovery in buffer) and 

their refolding efficiency increases from Gly to Val and does not change much for Leu and Ile. 

For Ribonuclease-A (figure 4.4e), the recovery percentage is 88% in buffer and except for Gly 

(92% recovery) all the other amino acids reduce the recovery percentage in the order: Leu > Ala 

> Ile > Val. 

We define the native fraction of proteins (φ(T)) using eqn. 4. Using the temperature 

dependent profile of φ(T) the melting temperature of protein (Tm) is determined at a point where 

the native fraction becomes half of its original value, (φ = 0.5) (Table 4.2-Table 4.4). φ(T) 

usually obeys a sigmoidal fashion defined as: 
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                     𝜑(𝑇) =  𝑎1+𝑒−𝑏(𝑇−𝑇𝑚)  ……………………………            (4.7) 

Here, a and b are constants. Tm can also be obtained by fitting the (T) curves using equation 4.7. 

We fit all such profiles and a representative fit for HSA in buffer and in presence of mentioned 

amino acids are depicted in figure 4.6a. The value of the fitted parameter ‘a’ stays in the range of 

0.93-0.99, which is very near to the ideal value of 1. We notice that the value of Tm computed 

from equation 4.7 is in fine accord with the value obtained from Tm at φ = 0.5 (Table 4.2-4.4) for 

all the three proteins in buffer: 338 K, 348.7 K and 339.4 K, respectively; these values are in near 

agreement with earlier findings.40-42As the amino acids are added, Tm increases, the extent of 

increment being protein specific. In case of HSA, Gly increases Tm by ~ 2.5 K while Ala does it 

by ~ 3.5 K (with reference to that of buffer). The highest increase in Tm is observed in Leu (Tm ~ 

342±0.2, increase by 4.2 K), while Val (340.4±0.2) and Ile (341.0±0.2) show ~ 2K and ~ 3K 

increment. Amino acids thus provide thermal stability of HSA, specifically in increased 

hydrophobic environment43. For lysozyme, the maximum thermal stability (by ~ 5.5 K) is 

obtained in the presence of Val (353.8±0.2) followed by Ile (352.3±0.2) and Gly (352.3±0.2) 

with its thermal stability following the order Val > Ile ~ Gly > Ala > Leu. In RNase-A, the extent 

of thermal stability offered by amino acids is small and Tm reaches a maximum value in presence 

of Ile (340.2±0.3). For a better apprehension, we plot the relative change of Tm defined by 𝑇𝑚(𝐴𝐴−𝑏𝑢𝑓)−𝑇𝑚(𝑏𝑢𝑓)𝑇𝑚(𝑏𝑢𝑓)  for the three different proteins in presence of amino acids in figure 4.6b. We 

observe that the increment of Tm does not follow any regular trend.  

Measurement of CD signals at 222 nm at different temperatures leads us to calculate 

various energetic parameters of protein-amino acid interaction. The free energy of unfolding 

G(T) is obtained by fitting the (T) profiles using equation 4.5. G(T) is then used to obtain 

the other energy parameters: vant Hoff’s enthalpy (HVF) and change in heat capacity (Cp) for a 

two-step thermal unfolding process using the non-linear equation 6. We obtain reasonably good 

fits in the vicinity of Tm (see figure 4.7a in which representative curves for HSA in buffer and in 

presence of different amino acids are fitted). The calculated values of HVF and Cp for are 

presented in Table 4.5-Table 4.7. The value of HVF for HSA, lysozyme and RNase-A in buffer 

are 22.1±1.0, 60.4 ± 1.5 and 68.7± 4.2 kcal/mol, respectively. It is observed that the van’t Hoff 

enthalpy values obtained in buffer shows reciprocal correlation is inversely proportional to the -
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helical content of proteins. Seelig et al.44 has previously reported the HVF values for lysozyme 

in buffer using a similar approach, and the obtained values by them are comparable to those 

obtained in the present investigation. There have been reports45-46 of van’t Hoff enthalpies of 

HSA and RNase-A using DSC measurements; however, the values obtained from DSC 

measurements are usually higher compared to those measured from CD experiments as the latter 

considers only the energy associated with the -helix deformation while the former one 

manifests the overall change in the protein conformation22.  

We notice that in the presence of Gly, HVF enhances by ~ 2.5 kcal mol-1 with respect to 

that in buffer in HSA, while its value is slightly reduced in the presence of Ala. In lysozyme such 

increase is higher (by ~ 19 kcal mol-1) with Gly and while it is subtle for Ala (by ~ 1.5 kcal mol-

1). For a better comparative understanding, we calculate the relative excess enthalpy 

[
∆𝐻𝑝𝑟𝑜𝑡𝑒𝑖𝑛−𝐴𝐴−∆𝐻𝑝𝑟𝑜𝑡𝑒𝑖𝑛−𝑏𝑢𝑓∆𝐻𝑝𝑟𝑜𝑡𝑒𝑖𝑛−𝑏𝑢𝑓 ] and the corresponding relative excess heat capacity (

∆∆𝐻∆𝐻0 ) 

[
∆𝐶𝑝(𝑝𝑟𝑜𝑡𝑒𝑖𝑛−𝐴𝐴)−∆𝐶𝑝(𝑝𝑟𝑜𝑡𝑒𝑖𝑛−𝑏𝑢𝑓)∆𝐶𝑝(𝑝𝑟𝑜𝑡𝑒𝑖𝑛−𝑏𝑢𝑓) ] of unfolding (figure 4.7b and 4.7c). This excess thermodynamic 

parameters are useful tools to explain the stabilization of proteins by different macromolecular 

co-solutes as has previously been described by Senske et al.34. A positive (negative) value of  ∆∆𝐻∆𝐻0  

indicates protein stabilization (destabilization)47 by the corresponding co-solutes. In case of 

HSA, we observe a positive value (0.1) of 
∆∆𝐻∆𝐻0  for Gly, whereas, in Ala the value is negative (-

0.3). This parameter is found to be the highest in the presence of Leu and it follows the order: 

Leu > Gly > Val ~ Ile > Ala. In case of lysozyme the trend is comparable to that observed in 

HSA, however, the extent of stabilization differs, and surprisingly the maximum stability is 

found in Gly. For RNase-A, the scenario is different as the values are mostly positive (except for 

Gly and Ala in which the values are close to zero) and it increases with increasing 

hydrophobicity.  

Heat capacity (Cp) of a protein-buffer solution experiencing thermal unfolding is an estimate of 

the interaction of its aliphatic side chains with water and a positive value of it indicates unfolding 

of the protein48-49. For lysozyme and RNase-A, we obtain the Cp values of 5.3 ± 0.3 and 5.6 ± 

0.8 kcal K-1 mol-1 in buffer, respectively and the values are in commensurate accordance with the 

past reported result by Liu et al.50 Cp is relatively smaller for HSA (0.28 ± 0.1 kcal K-1 mol-1) in 
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buffer and it increases more or less monotonically in presence of the amino acids with increasing 

side-chains (except Ala). For lysozyme, the trend doesn’t follow any particular pattern; the 

magnitude increases in presence of Ala (7.0 ± 1.3 kcal K-1 mol-1) and is comparable in Ile with 

respect to that in the buffer. The value reduces slightly in presence of Leu and Val, while the 

maximum decrease is observed in Gly. In RNase-A, we observe similar increasing trend in 

presence of amino acids and the value reaches its maximum in presence of Leu. 

 

Figure 4.4. (a) Temperature dependent CD signal at 222 nm for HSA in buffer and (b) in presence of 0.06 M 

Isoleucine. The red solid symbols represent forward heating process, the blue hollow symbols represent the 

backward cooling process. (c-e) Lost percentage of CD signal at 222 nm [𝜃293𝑛𝑎𝑡𝑖𝑣𝑒−𝜃293𝑟𝑒𝑓𝑜𝑙𝑑𝑒𝑑𝜃293𝑛𝑎𝑡𝑖𝑣𝑒 × 100]when during 

refolding of (c) HSA (d) lysozyme and (e) RNase-A in presence of 0.06 M amino acids. 
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Figure 4.5. Representative CD spectra in different temperatures for (a) HSA in buffer and (b) HSA in 0.06M Gly. 

The black dashed line represent the spectra for the forward process of 293K and blue solid line for 293K backward 

process; whereas, the red solid line is for 368K. 

Table 4.2: Fitting parameters for the sigmoidal fit of native fraction of HSA in buffer and in different amino acids 

 

Sample Tm at φ = 0.5 (K) Tm from sigmoidal 

fitting (K) 

a Tm/Tm (Sigmoidal 

fitting) 

Buffer 337.0 338.2 ± 0.2 0.99 0.000 

Gly 339.4 340.8 ± 0.2 0.97 0.007 

Ala 340.6 341.7 ± 0.2 0.98 0.010 

Val 339.0 340.4 ± 0.2 0.99 0.006 

Leu 341.0 342.4 ± 0.2 0.98 0.012 

Ile 340.0 341.0 ± 0.1 0.98 0.008 

 

Table 4.3: Fitting parameters for the sigmoidal fit of native fraction of HEWL in buffer and in different amino acids 

 

Sample Tm at φ = 0.5 (K) Tm from sigmoidal 

fitting (K) 

a Tm / Tm (Sigmoidal 

fitting) 

Buffer 348.6 348.7± 0.2 0.93 0.000 

Gly 352.8 352.3± 0.2 0.95 0.010 

Ala 352.5 351.6± 0.3 0.92 0.008 

Val 355.0 353.8± 0.1 0.90 0.015 

Leu 350.0 350.1± 0.1 0.90 0.004 

Ile 351.9 352.3± 0.2 0.94 0.010 
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Table 4.4: Fitting parameters for the sigmoidal fit of native fraction of RNase-A in buffer and in different amino 

acids 

 

Sample Tm at φ = 0.5 (K) Tm from sigmoidal 

fitting (K) 

a Tm / Tm (Sigmoidal 

fitting) 

Buffer 339.2 339.4± 0.3 0.92 0.0000 

Gly 340.0 340.0± 0.3 0.90 0.0017 

Ala 339.1 339.3± 0.2 0.92 -0.0002 

Val 339.8 339.4± 0.3 0.90 0.0000 

Leu 340.1 340.0± 0.3 0.91 0.0017 

Ile 341.0 340.2± 0.3 0.93 0.00234 

 

 

Figure 4.6. (a) Relative abundance of the native fraction of HSA as a function of temperature in presence of 

different amino acids. The solid lines represent sigmoidal fits. (b) Relative change in the melting temperature 

[
𝑇𝑚(𝐴𝐴−𝑏𝑢𝑓)−𝑇𝑚(𝑏𝑢𝑓)𝑇𝑚(𝑏𝑢𝑓) ] of the three different proteins in presence of different amino acids. 
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Figure 4.7. (a) Change of Gibbs free energy (G) of HSA in buffer and in presence of different amino acids. The 

solid lines represent non-linear curve fits (see eqn. 6) (b) Relative excess enthalpy change [
∆𝐻𝐴𝐴−𝑏𝑢𝑓−∆𝐻𝑏𝑢𝑓∆𝐻𝑏𝑢𝑓 ] for three 

different proteins in presence of different amino acids. (c) Relative excess heat capacity change 

[
∆𝐶𝑝(𝐴𝐴−𝑏𝑢𝑓)−∆𝐶𝑝(𝑏𝑢𝑓)∆𝐶𝑝(𝑏𝑢𝑓) ] for three proteins in presence of different amino acids. 

Table 4.5:  Thermodynamic parameters of HSA thermal unfolding in buffer and in presence of different amino 

acids obtained from nonlinear equation 4.6 

Sample ∆𝑯 

(kcal mol-1) 

∆∆𝑯∆𝑯𝟎  

 

∆𝑪𝒑 

(kcal K-1 mol-1) 

∆∆𝑪𝒑∆𝑪𝒑(𝟎) 
 

Buffer 22.1 ± 1.0 0.000 0.28 ± 0.1 0.00 

Gly 24.5 ± 1.2 0.100 0.40 ±  0.1 0.43 

Ala 21.4 ± 1.3 -0.030 1.04 ± 0.1 2.71 

Val 24.2 ± 1.4 0.090 0.50 ± 0.1 0.79 

Leu 26.0 ± 1.6 0.180 0.52 ± 0.2 0.86 

Ile 24.2 ± 1.7 0.090 0.60 ± 0.2 1.14 

 

Table 4.6:  Thermodynamic parameters of HEWL thermal unfolding in buffer and in presence of different amino 

acids obtained from nonlinear equation 4.6 

Sample ∆𝑯 

(kcal mol-1) 

∆∆𝑯∆𝑯𝟎  

 

∆𝑪𝒑 

(kcal K-1 mol-1) 

∆∆𝑪𝒑∆𝑪𝒑(𝟎) 
 

Buffer 60.4 ± 1.5 0.00 5.30 ± 0.3 0.00 

Gly 79.7 ± 7.3 0.319 1.03 ± 0.3 -0.80 

Ala 61.9 ± 5.8 0.025 7.20 ± 1.3  0.36 

Val 67.9 ± 6.7 0.124 4.40 ± 0.7 -0.17 

Leu 77.9 ± 9.1 0.289 3.30 ± 0.5 -0.38 

Ile 65.0 ± 4.4 0.076 5.00 ± 0.7 -0.06 
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Table 4.7:  Thermodynamic parameters of RNase-A thermal unfolding in buffer and in presence of different amino 

acids obtained from nonlinear equation 4.6 

Sample ∆𝑯 

(kcal mol-1) 

∆∆𝑯∆𝑯𝟎  

 

∆𝑪𝒑 

(kcal K-1 mol-1) 

∆∆𝑪𝒑∆𝑪𝒑(𝟎) 
 

Buffer 68.7 ± 4.2 0 5.6 ± 0.8 0.00 

Gly 68.2 ± 7.2 -0.007 12 ± 3.4 1.14 

Ala 70.3 ± 3.5 0.023 10 ± 1.2 0.78 

Val 71.3 ± 7.7 0.038 11.6 ± 3.5 1.07 

Leu 80.0 ± 5.8 0.164 18.5 ± 2.4 2.30 

Ile 68.4 ± 4.0 -0.004 6.7 ± 1.5 0.20 

 

 

4.4   Discussion 

The study is aimed to investigate the effect of various nonpolar amino acids as macromolecular 

crowders on the structural perturbation of three proteins (HSA, lysozyme, RNase-A) of varying 

helicity using temperature dependent CD measurements. We made a detailed thermodynamic 

analysis to quantify the various parameters that manifests protein stability and to find if there 

exists any correlation. On the protein’s aspect we varied the -helical content HSA (68%) > 

lysozyme (32%) > RNase-A (26%) and on the amino acid perspective we choose to increase the 

carbon chain length, with special interest towards the ambiguous behavior of Gly51-53. 

All the amino acids are observed to moderately alter the secondary structure content of proteins 

(Table 4.1, figure 4.2), irrespective of their nature. The change is not remarkable, which indicates 

that amino acids do not severely perturb the protein structure, at least up to the concentration 

used. Estimation of the melting temperature (Tm) is indicative of the stability of the protein 

incurred by additives. All the amino acids more or less increase Tm indicating that they render 

stability towards thermal denaturation in the proteins. A relative effect in the stability is depicted 

in figure 4.6b. The effect seems noticeable in HSA and lysozyme, while it is only subtle in 

Ribonuclease-A. The thermal stability incurred by the amino acids HSA and lysozyme is more or 

less retained in all the amino acids. An interesting trend, however, is found in the reversibility 

experiments (figure 4.4). The calculated parameter loss percentage indicates the reversibility of 

the process, the lower the loss percentage the more reversible the process is. In buffer the loss 

percentage follows the order HSA>lysozyme>RNase-A; it can be correlated that is also 
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correlates the protein size, for a larger sized protein, unfolding is intrinsically complex involving 

many secondary structures and therefore less prone to return to their native structure. Barring 

Gly, the loss percentage increases substantially in Ribonuclease-A while it decreases in 

lysozyme. With comparable -helical content, the contrasting behavior in lysozyme and 

Ribonuclease-A is intriguing.      

From the thermodynamic parameters estimated from CD measurements we are unable to obtain 

any clear pattern in the unfolding-refolding phenomenon, the phenomenon is found to be protein-

amino acid pair specific. With comparable -helicity of lysozyme and RNase-A, they show 

comparable values of HVF and Cp whereas, HSA having higher -helix offer lower values for 

these parameters. The excess enthalpic stabilization reveals that it is protein specific since both 

HSA and lysozyme show very high stabilization in presence of Gly compared to that in buffer 

whereas in case of RNase-A, Gly slightly destabilizes the protein than buffer. The total 

magnitude of Cp emanates from the two contributions (a) due to hydrophobic effect coming out 

from the change in hydration of non-polar surface area upon unfolding and (b) due to change in 

intramolecular vibrational modes, hydrogen bonding, electrostatic interactions and 

conformational entropy upon unfolding48-49. Previous reports of the reliance of Cp on accessible 

surface area54 shows that change in the hydration of surface area of non-polar groups of amino 

acids are the most significant positive contributor to the Cp of unfolding, while the change in 

surface area of polar groups makes its magnitude smaller; the negative contributor to the Cp of 

unfolding. The higher Cp in lysozyme and RNase-A compared to HSA-buffer could emanate 

from the fact that due to the higher helicity of HSA, polar surface area could increase from helix 

unfolding. However, no clear trend on the effect of amino acid could be extracted from the 

observation. While the observation are intriguing a detailed investigation involving simulation is 

demanded to explain them. 
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Chapter 5 

                         Nonpolar Hydrophobic Amino Acids as 

Macromolecular Crowding Agents Sharply Tune the 

Enzymatic Activity of Lysozyme 

   

 

 

Summary 

 

In order to mimic the internal cell wall of our body several osmolytes are 

externally added to protein solution for in vitro study. In this study we have used 

five nonpolar hydrophobic amino acids (Gly, L-ala, L-val, L-leu, L-ile) as 

macromolecular crowders to investigate their role on the enzymatic activity of 

hen egg white lysozyme (HEWL) towards Micrococcus lysodeikticus (M. Lys.) 

cell as substrate. It has been found that except Ile, all other amino acids show a 

bell like profile of catalytic efficiency (kcat/Km) of lysozyme with their increasing 

concentration whereas for Ile the value is gradually increasing. The trend of 

activation energy (Ea) is well correlated with the catalytic efficiency of 

lysozyme. Several factors like soft interaction, excluded volume effect, viscosity, 

size, surface area, hydrophobicity compete with each other to modulate the 

enzymatic activity. This study explores that at low concentration of amino acids 

soft interaction predominates whereas at higher concentration range excluded 

volume, viscosity, hydrophobicity combinedly decrease the activity of lysozyme. 
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5.1   Introduction 

he interior of the living cells of our body are crowded with various macromolecules 

like ribosomes, nucleic acids, microtubules and several co-solutes like glucose, amino 

acids etc. These macromolecular crowding alter various properties of the protein 

molecules in the cell.1-2 Perturbation of external environment of protein can lead to its 

unfolding3-4 which may proceed through several pathways, among them the pathway having 

minimum topological frustration5-6 is the preferred one. To maintain various biological functions, 

retaining of the native form of protein is important. Due to destruction of the native form, protein 

may lose its various activities. Therefore, it is very interesting to study the stability as well as 

activity of protein along with various factors that influence the conformation of protein. Enzymes 

are also proteins that have been often used to accelerate the chemical reactions of protein by 

choosing an alternative pathway of lower activation energy. In many cases, it has been found that 

enzymes modify the stability as well as activity of protein.7 Enzymes are generally substrate 

specific and have high catalytic power to modulate the efficiency of protein.8 Enzymes fold into 

their functional conformation through various types of bonding like hydrogen bonding, disulfide 

bonding, ionic bonding, hydrophobic interactions etc. by achieving minimum unfavorable 

hydrophobic and hydrophilic interactions between specific parts of protein chains.9 In literature 

there are two different theories regarding enzymatic action towards substrate: (a) one is the 

conventional lock and key model10 in which enzyme should have the complementary shape with 

respect to the shape of the active site of the substrate to properly fit, (b) another one is modern 

induced-fit model10-12 where the enzymes should be flexible enough to reorganize their shapes 

accordingly to fit into the substrate. Due to several limitations of the lock and key model, the 

induced-fit model is more acceptable which recommends that when the substrate binds, the 

energy of binding helps the enzyme to change its conformation to form a catalytically competent 

state and after finishing its work the enzyme gets free by producing products.10  

Lysozyme is a well-known compact globular protein comprising of total 129 residues, four alpha 

helices and two beta sheets.13 There are four residues Trp62, Trp63, Asp101, Trp108 of 

lysozyme which are important for substrate binding whereas Glu35 and Asp52 residues help the 

substrate to be hydrolyzed.14 The hydrolysis of beta glycosidic bond between N-acetyl muramic 

acid (NAM) and N-acetyl glucosamine (NAG) which is the backbone of many bacterial cell 

walls is catalyzed by lysozyme.15 Numerous efforts have been given by various groups to study 

T 
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the enzymatic activity of lysozyme on different cells.16-18 Addition of various cosolutes 

externally can influence the folding-unfolding pathways of lysozyme differently.19-20 Osmolytes 

(polyols, amino acids, peptides, dextran etc.) are one of the important cosolutes which can affect 

the stability of the lysozyme by denaturing its native state. Shahid et al.21 have shown that in 

presence of dextran 70 and ficoll 70 lysozyme gets stabilized whereas its activity on M. 

lysodeikticus cell is decreased with the increasing concentration of both the crowders. Previous 

work from our group18 has shown a bell like profile of the activity of lysozyme on M. 

lysodeikticus cell with the increasing concentration of two macromolecular crowders ethylene 

glycol (EG) and polyethylene glycol (PEG).  Singh et al.22  have reported that addition of 

trehalose in GdmCl increases the activity of lysozyme by removing the Gdm cation from the 

active sites of lysozyme. R. Atkin’s group16  has claimed a dramatic influence on the activity and 

stability of lysozyme in the presence of various ionic liquids. From previous studies it has been 

found that in general externally added cosolutes work in two ways to influence the protein 

activity depending on their concentration.18 In low concentration regime of cosolutes the soft 

interaction which is basically attractive and nonspecific in nature predominates between protein 

and cosolutes whereas, in high concentration range of crowders it switches to excluded volume 

(the volume occupied by the crowder which is impenetrable by the protein molecules) effect 

which reduces the proximity between protein and substrate molecules and decreases the 

enzymatic activity of protein towards substrate. Some studies23-24 have reported that when the 

enzymatic reaction follows Michaelis-Menten equation, excluded volume effect decreases both 

the catalytic constant (kcat) and Michaelis-Menten constant (Km).     

Many groups25-28 reported that hydrophobic interaction leads to protein stabilization where one 

or more than one residues of the protein is replaced by hydrophobic residues which stabilizes the 

folded state of protein. Indeed, the use of nonpolar hydrophobic amino acids as crowding agents 

to investigate the stability as well as activity of proteins is very limited. Therefore, here we report 

the effect of hydrophobicity of the amino acids of varying sizes as macromolecular crowders on 

the enzymatic activity of hen egg white lysozyme (HEWL) towards M. lysodeikticus (M. lys.) 

cell as substrate.   
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5.2   Materials and Methods 

Glycine (Gly), L-alanine (Ala), L-valine (Val), L-leucine (Leu), L-isoleucine (Ile), lyophilized 

powder of hen egg white lysozyme (HEWL) [Mw 14.3 kDa, molar extinction coefficient at 280 

nm (ε280 = 36000 M-1 cm-1), lyophilized micrococcus lysodeikticus (M. lys) cell were purchased 

from Sigma-Aldrich and used without further purification. All the solutions and samples were 

dissolved in 10mM phosphate buffer of pH ~7.4. 

Enzymatic activity measurements were performed by turbid metric method using UV visible 

spectroscopic instrument (Shimadzu UV-2600 spectrophotometer). The decrease in absorption at 

450 nm of the turbid solution of M. lys dead cell were recorded immediately after mixing with 

lysozyme. Temperature dependent activity measurement were performed using a Peltier 

attachment with the UV visible spectrophotometer to control the temperature. The secondary 

structure of lysozyme was measured by far-UV (190-260 nm) circular dichroism (CD) 

spectroscopy using JASCO-J-815 spectrometer with a Peltier attachment for the temperature 

dependent measurements using a quartz cuvette of 0.1 cm path-length. For CD experiment, 20 

µM lysozyme and all the amino acids of 60 mM concentration were taken. 

The simplest mechanism of an enzyme (E) kinetic reaction on a substrate (S) to form a product 

(P) is as follows: 𝐸 + 𝑆 ⇄ 𝐸𝑆 → 𝐸𝑆# → 𝐸 + 𝑃 

 

Where, 𝐸𝑆 is the enzyme-substrate complex and 𝐸𝑆# is the intermediate transition state before 

product formation. We measured the initial rate of cell lysis reaction at a fixed lysozyme 

concentration (0.1μM) by changing the substrate (𝑆) concentration and found that it follows 

Michaelis-Menten equation. We have calculated enzyme catalytic efficiency (kcat/Km) and 

plotted as a function of amino acids concentration. 
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5.3   Results  

The rate of enzyme catalytic reaction is found to vary with the concentration of externally added 

hydrophobic amino acids from the linear fitting of decrease of substrate concentration of first 

few seconds (figure 5.1a). For a clear quantitative understanding, we measure the concentration 

dependent rate of catalytic reaction of substrate by fixing lysozyme concentration (0.1μM) in 

absence and in presence of amino acids. We obtain reasonably good linear fits of the double 

reciprocal Lineweaver-Burk (L-B) plots (figure 5.1b) and from the slope and intercept of those 

curves, the catalytic parameters (Km, kcat and kcat/Km) have been calculated.  

 

Figure 5.1: (a) A representative plot of lysozyme (0.1 µM) catalysed M. Lys. cell concentration decay (obtained 

from the O.D. at 450 nm) as a function of time in presence of different amino acids at room temperature. The solid 

lines represent linear fits. (b) Representative Lineweaver Burk (LB) plot for buffer and amino acids of 20 mM 

concentration. 

 

 

Figure 5.2. (a) Plot of Michaelis-menten constant (Km) as a function of amino acids concentration.(b) Turnover 

number (kcat) as a function of concentration of different amino acids. (c) Catalytic efficiency of lysozyme (kcat/Km) in 

presence of different concentrations of amino acids. 

1/[S] (mg
-1

 dm
3
)

0.01 0.02 0.03 0.04 0.05

1
/V

 (
m

g
-1

d
m

3
 s

)

2

3

4

Buffer 

Gly-20 mM

Ile- 20 mM

Time (Sec)

0 10 20 30 40

[S
u
b
] 
(m

g
 d

m
-3

)

40

60

80

(a)

(b)

Buf 

Gly 

Ala 

Val 

Leu 

Ile 

Concentration [mM]

0 20 40 60

k
c
a
t /

 K
m
 (

s
-1
M

-1
) 

X
 1

0
-5

1.0

1.2

1.4

1.6

 Gly 

 Ala 

 Val 

 Leu 

 Ile 

Concentration [mM]

0 20 40 60k
c
a
t (

m
g
 d

m
-3
 s

-1
 M

-1
) 

X
 1

0
-7

0.8

1.2

1.6

2.0
 Leu 

 Ile 

 Gly 

 Ala 

 Val 

Concentration [mM]

0 20 40 60

K
m
 (

m
g
 d

m
-3
)

40

80

120

160
 Leu 

 Ile 

 Gly 

 Ala 

 Val 

(a)

(b)

(c)



Chapter 5 

86 

 

The obtained values of Km (80.3 mg dm-3) and kcat (1.07×107 mg dm-3 s-1 M-1) in buffer are in 

excellent agreement with the previously reported values for the same enzyme-substrate 

complex.18 The Michaelis-Menten constant (Km) inversely illustrates the extent of dissociation of 

enzyme-substrate (E-S) complex; higher is the value of Km, weaker is the binding of E-S 

complex. We have plotted Km values in presence of different concentration of amino acids in 

figure 5.2a.  Km values increase with increasing concentration of Gly solution; this indicates that 

at low concentration of Gly, stable E-S complex is formed, which gets weaker with increasing 

concentration of Gly. The same trend is observed in presence of Val also. In presence of Ala 

medium, the change is very minimal at 20mM and 40mM concentration but at 60mM 

concentration a sharp decrease is observed. Km value shows a bell shaped nature in presence of 

Leu and Ile solution, where it is maximum at 20mM concentration and then it gradually 

decreases with the increase in concentration of the amino acids. The result clearly indicates that 

stability of E-S complex gets higher for low concentration of amino acids and also the weakest 

binding occurs at high concentration of amino acids in case of maximum hydrophobic residues 

(Leu and Ile).  

Another important kinetic parameter is turnover number (kcat) and the corresponding plot has 

been shown in figure 5.2b; it shows that at 20mM concentration of all the amino acids (except 

Val), its value increases compared to buffer whereas with the rise of concentration of the 

crowding agents (amino acids) kcat decreases gradually except in Gly solution. The value of kcat 

is monotonically increased with the increase in concentration of Gly whereas the slope of the 

reduction curve of kcat is very steep for Leu and Ile solution compared to other amino acids. The 

catalytic efficiency (kcat/Km) of the enzyme has also been estimated for all the amino acids used 

and the plot is depicted in figure 5.2c. It has been observed that the catalytic efficiency of the 

enzyme is increased in presence of amino acids at their 20mM concentration than buffer. With 

the increase in concentration of amino acids, the efficiency is started to decrease except in Ile 

medium, where the catalytic efficiency of lysozyme is gradually increased with the rise in 

concentration of Ile solution. This signifies that except in Ile solution, all other amino acids show 

a bell shaped feature in their enzymatic efficiency.  
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5.3.1: Energetics associated with the enzyme-kinetics: 

The dissociation constant (𝐾𝑑) of the complex 𝐸𝑆 can be roughly equated to the 𝐾𝑚.29 The 

corresponding free energy change (∆𝐺𝑀) can be written as30 ∆𝐺𝑀 =  −𝑅𝑇 ln(1/𝐾𝑑) ≈ 𝑅𝑇 ln 𝐾𝑚  ……. [5.1] 

The magnitude of ∆𝐺𝑀 is correlated to the ‘entrance channel’, which modulates the permission 

of accessing of substrate and solvent towards the active site of enzyme as E and S react to form 

ES complex31. The lower the magnitude of  ∆𝐺𝑀 in comparison to buffer, the interaction 

between E and S becomes more favorable. 𝐸𝑆 is then converted to 𝐸𝑆# at the expense of free 

energy change given as, 

∆𝐺# =  −𝑅𝑇𝑙𝑛 ( ℎ𝑘𝐵𝑇 𝑘𝑐𝑎𝑡) …………… [5.2] 

Where, ℎ is the Planck’s constant (6.626 × 10-34 J.sec) and 𝑘𝐵 is the Boltzmann’s constant (1.38 × 10-23 J/K). The formation of 𝐸𝑆# indicates the ‘exit channel’ which modulates the releasing 

pathway of unreacted substrate and product formed after the reaction, as 𝐸𝑆# breaks to form 

products.32 The net free energy change for the formation of 𝐸𝑆#  is given by, 

∆𝐺𝑡# =  −𝑅𝑇𝑙𝑛 ( ℎ𝑘𝐵𝑇 𝑘𝑐𝑎𝑡𝐾𝑚 )  …………… [5.3] 

The difference of ∆𝐺𝑀 between buffer and amino acids denoted as ∆∆𝐺𝑀 (∆𝐺𝑀𝐴𝑚𝑖𝑛𝑜 𝑎𝑐𝑖𝑑𝑠 −∆𝐺𝑀𝐵𝑢𝑓𝑓𝑒𝑟
) is solely dependent on the change of Km, hence, the change of ∆∆𝐺𝑀 follows the same 

trend of Km and the corresponding plot has been shown in figure 5.3a. ∆∆𝐺𝑀  is more negative 

for Ala and Ile of 60mM concentration, for the other amino acids of different concentration its 

value increases indicating the reaction is disfavored with respect to that of buffer. This implies 

that entrance channel of the substrate for the formation of 𝐸𝑆# is favored in Ile and Ala solution 

of  60mM concentration, while the channel is disfavored for all the amino acids at its 40mM and 

concentration. The exit channel is characterized by the magnitude of ∆𝐺# (equation 5.2) and the 

possibility of the overall reaction towards the product formation is controlled by the difference of 

the above two energy terms (∆𝐺𝑡#), which is actually equivalent to the activation energy (Ea) 

term. We have calculated ∆∆𝐺# [∆∆𝐺# =  ∆𝐺#(𝐴𝑚𝑖𝑛𝑜 𝑎𝑐𝑖𝑑𝑠) − ∆𝐺#(𝐵𝑢𝑓𝑓𝑒𝑟)] and the 
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corresponding plot as a function of amino acids concentration has been manifested in figure 5.3b 

and its positive value indicates disfavoring of the exit channel. We have found that at low and 

moderate concentrations (20mM and 40mM) of all the amino acids, the exit channel is 

quantitatively favored, but at high concentration (60mM) of amino acids,  only Ala and Ile show 

disfavoring exit channel. 

The net activation energy change (∆∆𝐺𝑡#) in presence of amino acids with respect to that of 

buffer is quantified by,  

∆∆𝐺𝑡# = ∆𝐺𝑡#(𝐴𝑚𝑖𝑛𝑜 𝑎𝑐𝑖𝑑𝑠) − ∆𝐺𝑡#(𝐵𝑢𝑓𝑓𝑒𝑟)
    …………..      [5.4] 

It’s variation as a function of amino acid concentration has been expressed in figure 5.3c. At 

20mM concentration, ∆∆𝐺𝑡# value decreases for all the amino acids indicating the enzyme-

substrate reaction is favored in presence of amino acids at low concentration compared to buffer. 

Except in Ile solution, for all the amino acids ∆∆𝐺𝑡# values increase with the rise in concentration 

of the amino acids suggesting disfavoring of the enzyme-substrate binding at higher 

concentration of amino acids. In Ile solution, the decrease in the ∆∆𝐺𝑡# value with the increase in 

its concentration indicates more favorable interaction of the substrate with the enzyme. Since ∆∆𝐺𝑡# is a rough estimation of activation energy (Ea) of the enzyme-substrate reaction pathway, 

to elucidate various kinetic parameters the temperature dependent activity measurement of the 

enzyme has been done.  

5.3.2: Temperature dependent enzymatic activity measurements: 

We have studied the temperature dependent lysozyme activity measurements in absence and in 

presence of 20mM amino acids by measuring catalytic activity at 298K, 303K, 308K and 313K. 

We have found that turnover number (𝑘𝑐𝑎𝑡) increases gradually with the rise of temperature as is 

expected from the following Arrhenius equation: 𝑘𝑐𝑎𝑡 = 𝐴 𝑒−𝐸𝑎/𝑅𝑇  ……………       [5.5] 

=>  𝑙𝑛( 𝑘𝑐𝑎𝑡) = 𝑙𝑛𝐴 − 𝐸𝑎𝑅𝑇   ……..      [5.6] 
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We have plotted 𝑙𝑛( 𝑘𝑐𝑎𝑡) vs. (1/𝑇) for buffer as well as for different amino acids and a 

representative curve in presence of 20mM Ile solution has been shown in figure 5.4a.  From the 

slope of the linear fitting of this curve, activation energy (𝐸𝑎) for the enzyme catalytic process in 

absence and in presence of amino acids has been calculated and the plot has been depicted in 

figure 5.4b. For buffer, the value of 𝐸𝑎  is 44.4 kJ mol-1 and all the amino acids reduce the 𝐸𝑎  

values to different extent with respect to that of buffer. In presence of Ala solution, lowest 𝐸𝑎  

value attains (22.4 kJ mol-1) whereas, it reaches maximum (42.8 kJ mol-1) in Ile solution. The 

magnitude of 𝐸𝑎  values in different amino acids solutions follow the order: Ile > Gly > Leu > 

Val > Ala which is well correlated with the hydrophobicity of the amino acids.33-34 The trend of 

their 𝐸𝑎  values can be correlated to the enzyme catalytic efficiency (kcat/Km) of 20mM amino 

acid solutions since higher catalytic efficiency dictates lower 𝐸𝑎  values. For 20mM 

concentration, Ala shows highest efficiency among all amino acids, and that is reflected in its 

lowest 𝐸𝑎  value, while lowest value of catalytic efficiency in Ile solution indicates highest 

magnitude of 𝐸𝑎  value. 

5.3.3: Circular dichroism (CD) study: To investigate the structural perturbation of lysozyme 

due to addition of these five amino acids we have recorded the far-UV (190-260 nm) CD spectra 

of lysozyme at room temperature in the presence of each amino acids in their 60 mM 

concentration and the corresponding spectra are shown in figure 5.5a. We observe that no amino 

acids perturb the secondary structure of lysozyme. We have also calculated the melting 

temperature (Tm) of lysozyme in presence of amino acids from temperature dependent CD 

measurements and the plots are shown in figure 5.5b. It has been found that all amino acids 

increase the melting temperature of lysozyme compared to buffer indicating these hydrophobic 

amino acids increase the stability of lysozyme without perturbing its native form.   
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Figure 5.3. (a) ∆∆𝐺𝑀  = ∆𝐺𝑀𝐴𝑚𝑖𝑛𝑜 𝑎𝑐𝑖𝑑𝑠 − ∆𝐺𝑀𝐵𝑢𝑓𝑓𝑒𝑟
 as a function of amino acid concentration. (b) ∆∆𝐺# = ∆𝐺#(𝐴𝑚𝑖𝑛𝑜 𝑎𝑐𝑖𝑑𝑠) − ∆𝐺#(𝐵𝑢𝑓𝑓𝑒𝑟) with respect to amino acid concentration. (c) Plot of  ∆∆𝐺𝑡# = ∆𝐺𝑡#(𝐴𝑚𝑖𝑛𝑜 𝑎𝑐𝑖𝑑𝑠) −∆𝐺𝑡#(𝐵𝑢𝑓𝑓𝑒𝑟)

 as a function of amino acid concentration. 

 

 

Figure 5.4: (a) Representative Arrhenius plot of temperature dependent enzyme-substrate kinetics in presence of 20 

mM isoleucine solution. (b) Activation energy (Ea) calculated as a function of different amino acids. 
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Figure 5.5. (a) Far-UV CD spectra of 20µM lysozyme in presence of different amino acids (60 mM) in 10 mM 

sodium phosphate buffer (pH 7.4). (b) Melting temperatures (Tm) of lysozyme in buffer and in presence of different 

amino acids.  

 

Table 5.1: Catalytic parameters of lysozyme in buffer and in presence of amino acids of different concentrations 

 

Sample Km (mg dm-3) kcat × 𝟏𝟎−𝟕mg dm-3 s-1 M-1) kcat /Km × 𝟏𝟎−𝟓 (s-1 M-1) 

Buffer 80.24±8 1.07±0.10 1.33±0.05 

  20 mM  

Gly 107.99±7.6 1.47±0.08 1.36±0.03 

Ala 79.98±6.3 1.18±0.05 1.48±0.07 

Val 76.46±2.9 1.06±0.04 1.38±0.07 

Leu 110.15±7.5 1.49±0.08 1.35±0.07 

Ile 123.92±9.2 1.66±0.05 1.34±0.04 

  40 mM  

Gly 123.68±9.2 1.63±0.06 1.31±0.03 

Ala 85.02±5.4 1.20±0.07 1.41±0.04 

Val 93.59±3.6 1.15±0.06 1.23±0.05 

Leu 103.96±6.8 1.35±0.04 1.30±0.1 

Ile 86.08±6.2 1.22±0.05 1.41±0.06 

  60 mM  

Gly 158.42±11 1.94±0.10 1.22±0.04 

Ala 71.98±3.8 0.98±0.03 1.36±0.03 

Val 103.34±4.1 1.09±0.02 1.06±0.03 

Leu 84.46±4.4 1.09±0.07 1.29±0.04 

Ile 60.12±5 0.92±0.05 1.53±0.05 
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Table 5.2: Energetics for the Enzyme (lysozyme) catalyzed reaction in buffer and in presence of amino acids of 

different concentrations 

 

Sample ∆𝑮𝑴 (kJ/mol) ∆𝑮# (kJ/mol) ∆𝑮𝒕# (kJ/mol) 

Buffer 10.86 32.88 43.74 

  20 mM  

Gly 11.60 32.09 43.70 

Ala 10.86 32.61 43.48 

Val 10.74 32.93 43.65 

Leu 11.65 32.06 43.71 

Ile 11.94 31.79 43.73 

  40 mM  

Gly 11.94 31.84 43.78 

Ala 11.00 32.59 43.60 

Val 11.24 32.70 43.95 

Leu 11.50 32.29 43.80 

Ile 11.03 32.55 43.60 

  60 mM  

Gly 12.55 31.40 43.96 

Ala 10.59 33.10 43.70 

Val 11.49 32.83 44.31 

Leu 10.99 32.84 43.83 

Ile 10.15 33.26 43.41 

 

 

Table 5.3: Melting temperatures (Tm) of lysozyme in buffer and in presence of 60 mM of amino acids obtained by 

temperature dependent CD measurement 

 

 

Sample Tm (K) 

Buffer 348.7±0.20 

Gly-60 mM 352.3±0.18 

Ala-60 mM 351.6±0.31 

Val-60 mM 353.8±0.14 

Leu-60 mM 350.0±0.15 

Ile-60 mM 352.3±0.24 
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Table 5.4: Parameters for the Temperature dependent Enzyme (Lysozyme) catalyzed reaction in buffer and in 

presence of amino acids of 20 mM concentrations 

 

 
Temperature 

(K) 
kcat × 𝟏𝟎−𝟕(mg dm-3 s-1 M-1) 𝑬𝒂 (kJ/mol) 

 Buffer  

298 1.09±0.15  

44.41±3.1 303 1.30±0.18 

308 1.75±0.20 

313 2.57±0.20 

 Gly-20 mM  

298 1.36±0.14  

31.05±2.4 303 1.86±0.17 

308 2.21±0.16 

313 2.51±0.17 

 Ala-20 mM  

298 1.20±0.12  

22.40±2.1 303 1.31±0.15 

308 1.57±0.12 

313 1.83±0.17 

 Val-20 mM  

298 1.41±0.15  

26.19±2.5 303 1.65±0.13 

308 1.98±0.15 

313 2.33±0.17 

 Leu-20 mM  
298 1.33±0.12  

29.34±2.6 303 1.63±0.16 

308 1.95±0.14 

313 2.35±0.16 

 Ile-20 mM  

298 1.05±0.24  

42.85±3.1 303 1.25±0.35 

308 1.67±0.28 

313 2.40±0.32 
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5.4   Discussion 

The work reported here is an attempt to investigate the effect of various nonpolar hydrophobic 

amino acids as macromolecular crowders on the catalytic activity of lysozyme in the enzymatic 

reaction with the M. Lys cell. We observe an interesting trend in the enzymatic efficiency of 

lysozyme with the substrate in presence of five different amino acids (Gly, Ala, Val, Leu, Ile) 

with varying hydrophobicity. In order to get insight about the enzymatic activity of lysozyme, 

double reciprocal plot has been made which reveals that the enzyme obeys Michaelis-Menten 

equation in presence of all amino acids. It has been observed that change of Km is very 

significant  in presence of more hydrophobic amino acids Leu and Ile compared to buffer as well 

as with the change in concentration of the amino acids; whereas, the change is very minimal in 

presence of Ala and Val solution. Since lower Km value indicates greater affinity of enzyme 

towards substrate. It has been understood that in the lower concentration region of crowders, 

substrate prefers small sized less hydrophobic amino acids to show better binding with the 

enzyme, whereas, at the high concentration range of crowders greatest affinity between lysozyme 

and substrate is shown in presence of largest sized most hydrophobic Ile solution.33-36 Figure 

5.2b shows that except for Gly solution, kcat values show a bell shaped profile with concentration 

of the amino acids added implying that at low concentration of amino acids, the reaction between 

enzyme and substrate is faster compared to buffer but with the rise of concentration of amino 

acids enzyme cannot interact well with the substrate. kcat shows subtle variation in presence of 

Ala and Val whereas, the change is very sharp for Leu and Ile suggesting either size or 

hydrophobicity or both the properties of the amino acids play an important role to modulate kcat. 

From previous studies, it is apparently understood that at low concentration of crowders, soft or 

preferential interaction predominates to increase the catalytic efficiency of enzyme-substrate 

reaction37-38, whereas, at high concentration excluded volume effect plays significant role to 

decrease the kcat value of enzyme.39 Due to the very small size of Gly, probably the excluded 

volume effect is not so prominent even at its 60mM concentration; as a result, the kcat value is 

monotonically increasing with the increase in concentration of Gly. Figure 5.2c shows the 

kcat/Km values which depicts the catalytic efficiency of lysozyme in binding with substrate. It is 

noticed that at 20mM concentration of the crowders, the catalytic efficiency of lysozyme 

decreases with the increasing size/hydrophobicity of the amino acids except in Gly solution 

although the change is very marginal for Gly, Leu and Ile medium in comparison to buffer. It has 
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been observed that except in Ile medium, the kcat/Km value is decreasing with the increase in 

concentration of amino acids beyond 20mM. Although at low concentration (20mM) of amino 

acids the kcat/Km value follows a regular pattern with the size or hydrophobicity of the amino 

acids; at higher concentration the pattern is very random suggesting that at low concentration, 

soft interaction predominately controls the efficiency of the enzyme whereas, at higher 

concentration of amino acids more than one factors are responsible. It has been known that 

viscosity of the medium, protein stability and flexibility, preferential interaction, volume 

exclusion - all these factors modulate the enzymatic activity towards substrate.18, 21, 40-42. From 

the CD measurement, it has been found that at 60mM concentration of added amino acids there 

is no perturbation of the protein structure whereas, the melting temperature of lysozyme is 

increased than buffer suggesting in presence of 60mM of all the amino acids the stability of 

lysozyme has been increased keeping its conformation intact. According to induced fit model43, 

to bind with the substrate properly the enzyme should be flexible in nature so that it can 

modulate its shape according to the shape of the binding site of the substrate. Therefore, since 

higher concentration of amino acids increases the stability of the lysozyme the flexibility of 

lysozyme should be reduced which decreases the binding capacity of lysozyme with the substrate 

known as stability-activity trade-off.44-45 As a result, the catalytic efficiency of lysozyme 

decreases in presence of high concentration of the added amino acids. Apart from that, viscosity 

of the medium has a key role in modulating the enzymatic activity. In highly viscous media, the 

proximity of the enzyme and substrate has been greatly reduced which in turn decreases the 

enzymatic efficiency. Since the viscosity of the amino acids is increased with the increase in 

hydrophobicity as well as with the increase in concentration of the amino acids46-47, there is a 

possibility of decreasing enzymatic efficiency in presence of Leu and Ile solution comparatively 

than in Ala and Val solution along with the reduction of efficiency at their high concentration 

compared to low concentration. In the case of Ile, we observe a different trend which probably 

due to larger surface area as well as greater hydrophobicity of Ile compared to the other amino 

acids used. In presence of high concentration of Leu medium, the subtle reduction of catalytic 

efficiency is observed but the change is very prominent in case of Ala and Val solution. This 

indicates that with the increase in size and hydrophobicity of amino acids, two opposing factors 

(efficiency increasing factor and efficiency decreasing factor) compete and balance with each 

other at high concentration resulting modulation of the overall catalytic activity. It has been 
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already discussed that at higher concentration of the crowders both viscosity factor and protein 

stability decrease the enzymatic efficiency. From previous studies48, it is well understood that 

size is directly proportional to the excluded volume effect of the crowders which also decreases 

the catalytic efficiency of the enzyme. On contrary, from previous studies, it has been found that 

the hydrophobic amino acid Ile forms large cluster at its high concentration.49 Therefore, in our 

case, at higher concentration Ile probably forms cluster or aggregates which hinders to enter 

between enzyme and substrate due to the steric reason. As a result, the proximity between 

enzyme and substrate is increased leads to stronger interaction between them; consequently the 

activity of lysozyme increases.  

From the experimental data, it is well understood that only Ala and Ile at their 60mM 

concentration show both favorable entrance channel and exit channel of the substrate. The 

difference in free energy change of lysozyme in buffer and the added amino acids ∆∆𝐺𝑡# shows 

monotonic increment with the increase in the concentration of the amino acids except for Ile 

solution which shows a gradual decrease. As ∆∆𝐺𝑡# is proportional to the activation energy of the 

medium the estimated energetic parameters suggest that the enzymatic efficiency is lowered with 

the concentration of the crowders except Ile which increases the efficiency of the lysozyme 

monotonically with the increase of its concentration.  

The temperature dependent catalytic activity measurement reveals that lysozyme-substrate 

interaction follows Arrhenius equation in presence of added amino acid solutions. Figure 5.4b 

reveals that the activation barrier of lysozyme gets lower in presence of 20mM concentration of 

all amino acids compared to buffer indicating favorable binding interaction between lysozyme 

and substrate in presence of amino acids. The activation energy is minimum in presence of Ala 

followed by an increase in activation energy with the increase in size or hydrophobicity of the 

amino acids suggesting that enzymatic efficiency decreases with the increase in size or 

hydrophobicity of amino acids except in Gly solution which is in well correlated with the trend 

of kcat/Km values estimated at 20mM concentration of amino acids (figure 5.2c). To explore the 

unusual trend of these catalytic parameters of lysozyme in presence of smallest sized Gly and 

largest sized Ile medium, hard core theoretical investigation and more detailed studies are on 

demand in future.   
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Chapter 6 

                       Contrasting Effect of Hydration Dynamics 

of Gdm2SO4 and GdmCl Influences the Stability of 

Proteins Differently 

  

 

 

 

 

 

 

Summary 

 

Guanidinium chloride (GdmCl) is a well-known denaturant of protein whereas, 

guanidinium sulphate (Gdm2SO4) stabilizes the protein slightly. The contrasting 

behavior of hydration dynamics exerted by Gdm2SO4 and GdmCl has a great 

impact on the protein’s stability but the correct reason for this contrasting effect is 

still elusive and controversial. In this study, we have tried to explore the origin of 

this contrasting effect of Gdm2SO4 and GdmCl on bulk water network with mid-

infrared (MIR) and terahertz time-domain spectroscopic (TTDS) techniques. 

Using two other inorganic salts, NaCl and Na2SO4 it has been suggested that 

neither individual cation nor anion controls the hydration dynamics rather their 

combined effect alters the water structure network which influences the stability of 

the human serum albumin (HSA) protein. 
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6.1   Introduction 

o-solvent and co-solutes often play a crucial role in regulating protein stability and its 

various functions.1-3 From the last few decades guanidinium salts have been attracted 

huge attention to researchers for their contrasting behavior towards protein 

unfolding/folding depending on the counter-ions of guanidinium cations (Gdm+). Some groups 

proposed that the weakly hydrated4-6 Gdm+ has high surface propensity7 and its planar structure 

may be the reason for protein unfolding because tetramethyl ammonium cation (TMA+) having 

same low charge density and low surface affinity stabilizes the folded state of protein.8 The 

denaturation behavior of guanidinium chloride (GdmCl) is vastly investigated though the exact 

mechanism of denaturation is still illusive and controversial. G. Graziano showed that chloride 

salt of guanidinium cation (Gdm+) denatures protein drastically whereas, sulphate salt of that 

stabilizes the protein. J. Heyda et al.9 reported that GdmCl having weakly solvated and low 

charge density anion acts as strong salting-in agent which increases the solubility of polypeptide 

and promote unfolding but Gdm2SO4 containing strongly solvated and high charge density anion 

behaves as strong salting-out agent which stabilizes the collapsed state of the peptide.10-12 J. 

Hunger and coworkers showed that monovalent GdmCl and GdmSCN salts do not show any 

ionic association whereas, bivalent salts Gdm2SO4, Gdm2CO3 show ion aggregation. By 

investigating the preferential interaction of different guanidinium salts on bovine serum albumin 

the stability order they found was : guanidinium sulphate > guanidinium acetate > guanidinium 

chloride.13 With the aid of both experimental and computational studies it has been found that 

GdmCl is more effective denaturing agents for human serum albumin in comparison to urea.14 

Hence, it can be understood that Gdm+ exhibits versatile effect on protein stability (or unfolding) 

which makes it an interesting probe to explore.  

Several attempts have been put forward to explain the distinct behavior of GdmCl and Gdm2SO4 

towards denaturation of protein. Graziano proposed a statistical thermodynamic model to 

vindicate their contradictory behavior.15 He defined a fundamental term called “reversible work” 

to create a suitable cavity separately for holding the denatured state and the native state in 

aqueous medium. In case of GdmCl, this cavity contribution term is not substantial enough to 

engulf the destabilizing contributions coming from the direct attractive interactions of Gdm+ with 

the protein surface and the conformational entropy gain during unfolding. But in Gdm2SO4, the 

C 
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strongly solvated and very high charge density of SO4
2- increases the number density by 

interacting strongly with the surrounding water molecules; that’s why the comparatively greater 

work is needed for the cavity formation and this term submerges the two destabilizing 

contributions reversing the denaturing ability of Gdm+. MD simulation study showed that 

Gdm2SO4 stabilizes protein structure by depleting strongly from the protein surface via volume 

exclusion whereas, GdmCl is indifferent to attract or deplete from the protein surface. Dempsey 

et al. proposed another explanation16 both from experimental (neutron diffraction and CD 

spectroscopic measurement techniques) and MD simulation observation.6, 17 In highly denaturing 

salts (GdmCl, GdmSCN), Gdm+ exhibits self-interactions by forming like-charge (Gdm+- Gdm+) 

ion pair in solution18-23 above and below the weakly hydrated surfaces of the guanidinium 

molecular plane. Apart from, due to the presence of multiple sites (three NH2 groups and 

hydrophobic carbon chain) Gdm+ forms preferential multiple weak interactions involving 

hydrogen bonding with the peptide backbone and also π-stacking interactions with some planar 

amino acid residues (Trp, Arg, Gln, Asn) of the protein surface in the molecular plane. But the 

hetero ion-pairing formation between SO4
2- and Gdm+ in Gdm2SO4 attenuates these interactions 

and reverses the denaturing activity of Gdm+ in GdmCl. In another work, the same group argued 

that in 1.5 m Gdm2SO4 solution Gdm+ forms aggregated network (clusters) strongly making this 

peculiar cation unavailable for multiple interactions with the protein backbone; but Gdm+ is 

randomly distributed in 3m GdmSCN solution making its site free to interact with the protein 

hydrophobic groups.17 Apart from that, the tetrahedral structure of SO4
2- can easily assist the 

development of bonded networks with the surrounding Gdm+ cation and this is how Gdm2SO4 

acts as mild protein stabilizer. 

There is huge ambiguities about denaturation mechanism of Gdm+ still persist among 

researchers. It has been proposed that Gdm+ of GdmCl interacts directly with both the polar and 

nonpolar groups of protein to denature it.8, 24 Garde et al. showed that since Gdm+ is planar 

having three amine groups (NH2), it can form multiple hydrogen bonds with water which 

destabilizes the folded state of the protein.8  Scott et al.25 showed that Gdm+ denatures the protein 

altering the water network in the medium by forming more preferential strong linear hydrogen 

bonds with water compared to weak bent hydrongen bonds between water molecules. Few 

groups4, 26 claimed that there is no strong hydration around Gdm+ because of its low charge 

density; however, MD simulation results predicted a significant ordering of hydration layer 
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depending upon its orientation.6, 27 Dielectric relaxation study has explored that Gdm+ interacts 

with the amide group of the protein backbone which is likely the source of disruption of the 

native state of protein.28 The infrared photo-dissociation study provides that Gdm+ interacts only 

with the waters which are at the same plane preferably in a hydrophobic region like protein 

surface which in turn causes perturbation of the hydration dynamics of protein leads to its 

denaturation.29 

Since the efficacy of denaturing agents towards proteins partly depends on the strength of the 

interaction between protein and its surrounded water molecules, the investigation of hydration 

dynamics around protein is much needed to understand the mechanism of denaturation. In order 

to investigate the collective hydration dynamics around biomolecules including different salts, 

Terahertz spectroscopy is a potential sensitive tool due to its low energy (~ 4 MeV) which does 

not affect solutes (biomolecules) and also its perfect timescale to probe the ultrafast collective 

hydrogen bonding dynamics of the solvent waters around the solutes which extends up-to several 

hydration layers (2-3). Moreover, the absorption coefficient of water at 1.5 THz is increased by a 

large factor (upto 4-5 times) between 270 K and 370 K which is not possible to observe in other 

spectral regions.30 However, using the THz spectroscopy both the phase and amplitude of the 

transmitted radiation can be measured which enables to calculate various optical parameters like 

absorption coefficient, complex refractive index and complex dielectric constant of the samples 

by solving Fresnel’s transmittance equations.31-32 One of the present authors previously 

investigated the hydration dynamics of HSA during its thermal denaturation using THz 

techniques.33 They studied the collective hydration dynamics around HSA during its chemical 

denaturation with GdmCl as well as compared them with two more salts tetramethylguanidinium 

chloride (TMGdmCl) and sodium chloride (NaCl) in the 0.3-2.0 THz frequency range using a 

multiple Debye dielectric relaxation model. From this study, it is suggested that cation and anion 

of the salt play significant role in the perturbation of the water network which is a contributing 

factor for the protein denaturation. Hence, in this current contribution we are interested to 

explore the impact of Gdm+ with its different counter anions Cl- , SO4
2- on hydration dynamics 

using both mid-infrared (MIR) and terahertz time-domain spectroscopic (TTDS) techniques to 

decode their contrasting behavior regarding protein denaturation. 
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Figure 6.1: (a) The tertiary structure of HSA protein; the chemical structure of (b) GdmCl and (c) Gdm2SO4 

 

6.2   Materials and Methods 

Human serum albumin (HSA) [molecular weight of 66 kDa and containing 585 amino acid 

residues], guanidinium chloride (GdmCl), guanidinium sulphate (Gdm2SO4), sodium chloride 

(NaCl) and sodium sulphate (Na2SO4) were purchased from Sigma-Aldrich with ~ 99% purity 

and used without further purification. All the aqueous solutions were prepared in 10mM sodium 

phosphate buffer (NaH2PO4 / Na2HPO4) of pH ~7.4 using de-ionized Milli-Q water. 

                            Far-UV (190-260 nm) circular dichroism (CD) spectroscopic measurements 

were performed using JASCO-J-815 spectrophotometer using a 0.1cm path-length quartz 

cuvette. The CD signal at 222 nm obtained in mili-degree is converted into mean residue 

ellipticity (MRE) in deg cm2 dmol-1, which is given by, 

MRE = 
𝜃𝑜𝑏𝑠10×𝑛×𝐶×𝑙  …………………………     (6.1) 

Here, 𝜃𝑜𝑏𝑠 is the observed ellipticity in mili-degree, 𝑛 corresponds to the number of amino acid 

residues in the protein, 𝐶 is the molar concentration of the protein and 𝑙 is the path-length of the 

cuvette in cm. The percentage of -helix is calculated from the MRE values at 222 nm using the 

following equation34-35 : 
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% -helix = [
 (MRE222−2340)30300 × 100]       ………………………    (6.2) 

Fourier transform infrared (FTIR) spectra with 4% D2O in H2O were taken by JASCO-FTIR-

6300 spectrometer (transmission mode) using CaF2 window in the 2200-2800 frequency 

windows.  

Terahertz time-domain spectroscopy (TTDS) measurements were performed by a commercial 

terahertz spectrophotometer (TERA K8, Menlo system). A 780 nm Er-doped fiber laser with a 

pulse width of less than 100 fs and a repetition rate of 100 MHz excited a terahertz emitter 

antenna to produce terahertz radiation with a bandwidth up to 3.0 THz (>60 dB). This terahertz 

radiation was then focused on the measuring sample followed by focusing the transmitted part on 

a terahertz detector antenna which was gated by the probe laser beam. Both the terahertz 

antennas are gold dipoles with a dipole gap of 5 µm deposited on a low temperature-grown GaAs 

substrate. All the measurements were carried out under a dry nitrogen atmosphere to avoid 

water-vapor absorption with a controlled humidity of less than 10% at 293 K using a liquid cell 

(Bruker, model A 145) with z-cut quartz windows and Teflon spacer of 100 µm thickness. 

Samples were reloaded five times in the sample cell, and ten full scans were averaged together to 

minimize the error in the results. By varying the time delay between the probe and the pump 

beam, the amplitude and phase of the terahertz electric field were measured as a function of time. 

Frequency-dependent power and phase of the transmitted pulse were obtained using Fourier 

analysis of the measured electric-field amplitude ETHz(t). Eventually, the frequency-dependent 

real (𝜀′) and imaginary (𝜀′′) dielectric constants of the measured samples were extricated as, 𝜀′ =𝑛2(𝜈) − 𝑘2(𝜈) and 𝜀′′ = 2𝑛(𝜈)𝑘(𝜈) in which the complex refractive index is written as, 𝑛̃(𝜈) =𝑛(𝜈) − 𝑖𝑘(𝜈).36 The ultrafast relaxation dynamics of water in different salt solutions were 

calculated using the frequency-dependent complex dielectric constant 𝜀̃(𝜈) = 𝜀′(𝜈) − 𝑖𝜀′′(𝜈) of 

those solutions. The errors have been estimated by least-squares method. We applied a Debye-

model36-39 to describe the dynamics of water molecules in different aqueous salt solutions. 

According to the Debye model, the complex frequency-dependent dielectric response in aqueous 

salt solutions can be written as40: 

𝜀̃(𝜈) =  𝜀∞ + ∑ 𝜀𝑗−𝜀𝑗+11+𝑖2𝜋𝜈𝜏𝑗𝑚𝑗=1 + 𝜎𝑖𝜔𝜀0              …………………      (6.3) 
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Where, 𝜏𝑗 is the relaxation time for 𝑗-th relaxation mode, 𝜀∞ is the extrapolated dielectric 

constant at a very high frequency, 𝜀1 and 𝜀𝑗 are the static dielectric constant and dielectric 

constant for different relaxation processes respectively, 𝑚 describes the number of relaxation 

modes, 𝜎 is the dc conductivity of the salt solutions, 𝜀0 is the dielectric permittivity in vacuum 

and 𝜔 = 2𝜋𝜈 is the angular frequency. The magnitude of induced polarization is given by the 

dispersion amplitude, 𝑆𝑗 = (𝜀𝑗 − 𝜀𝑗+1). The Debye model with 𝑚=1 is the simplest form 

associated with the single relaxation mode which indicates the complete relaxation motion. In 

general, the total dielectric function of a polar liquid in the low-frequency regime is determined 

by the dielectric relaxation (DR) processes and by intermolecular and intramolecular vibrational 

modes at higher frequencies.41
 In our previous studies,33, 42-43 we fitted the relaxation data of pure 

water in this frequency range by using three different timescales. Here also we fitted the 

relaxation data in pure water and in presence of different concentrations of four salt solutions 

using third order Debye relaxation model. According to the third order Debye relaxation model, 

the frequency-dependent complex permittivity (𝜀̃(𝜔)) can be written as following form: 

𝜀̃(𝜔) =  𝜀∞ + 𝑆11+𝑖𝜔𝜏1 + 𝑆21+𝑖𝜔𝜏2 + 𝑆31+𝑖𝜔𝜏3 + 𝜎𝑖𝜔𝜀0                …………………….      (6.4) 

in which 𝑆𝑘  is the relaxation strength of the 𝑘-th relaxation mode and 𝜔 is the angular frequency. 

 

6.3   Results  

CD study:  Although it is well-known that GdmCl and Gdm2SO4 show contrasting behaviour on 

protein stability, we have verified it using HSA protein in presence of GdmCl and Gdm2SO4 by 

far-UV (190-260nm) circular dichroism (CD) spectroscopic measurement to get the idea about 

the interaction of secondary structure of protein with the two salts. The experimental results have 

been depicted in figure 6.2a and 6.2b. From the figure 6.2a, it is clearly visible that with the rise 

of GdmCl concentration CD signal decreases regularly especially beyond 2M concentration. For 

better understanding, we have also plotted the relative change of CD signal at 222 nm in figure 

6.3(a) which gives the notion about the secondary structure of proteins.44-45 It indicates that the 

secondary structure of HSA is significantly perturbed beyond 2M concentration of GdmCl and at 

5M the structure is completely disrupted, but no perturbation is observed in case of Gdm2SO4 
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(figure 6.2b) although both have same guanidinium (Gdm+) cation. This gives a clue that Gdm+ 

not solely responsible to denature the protein; rather its counter anion has a definite impact on 

protein unfolding. For this, we have widen our study taking two alkali metal salts (NaCl and 

Na2SO4) having the same cation (Na+) to examine the role of anions on the denaturation of 

protein and the corresponding CD spectra have been shown in figure 6.2c and 6.2d. Both NaCl 

and Na2SO4 have no impact on the secondary structure of HSA and they are insensitive towards 

denaturation or stabilization of protein. To get more quantitative information about the secondary 

structural content, we further calculate percentage of α-helix of HSA in presence of these four 

salts using equation 6.2. and plotted it in figure 6.3(b) as a function of salt concentrations. It is 

observed that α-helical content of protein decreases sharply with GdmCl concentration with a 

collateral increase in the random coil conformation which indicates the onset of protein 

unfolding, especially beyond 2M GdmCl concentration. On the contrary, marginal effect is 

observed in the α-helical content for Gdm2SO4, NaCl and Na2SO4 solutions. This study gives a 

speculative hint that since contrasting behaviour has been shown by GdmCl and Gdm2SO4 for 

protein stabilization/destabilization, the contribution of Gdm+ is not the exclusive factor to 

denature the protein, rather its counter anionic part has a significant contribution. From earlier 

study, it is found that protein stability depends on various factors like protein-salt interactions, 

hydrophobic effect, hydration dynamics etc.46-49 Scott et al.25 showed that Gdm+ denatures the 

protein altering the water network in the medium by forming more preferential strong linear 

hydrogen bonds with water compared to weak bent hydrongen bonds between water molecules. 

In order to explore the impact of these ionic salts on the dynamics of water network which is an 

important contributing factors on protein stability, it is necessary to understand first the hydration 

dynamics of these salts individually which is very elusive till now. For this reason, we further 

measure terahertz time-domain spectroscopic (TTDS) study of these aqueous salt solutions 

which extracts information about the collective hydration dynamics in the extended hydration 

capsule of the salts. 
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Figure 6.2: Room temperature Far-UV CD spectra of HSA in sodium phosphate buffer (pH ~ 7.4) at different 
concentration of (a) GdmCl (b) Gdm2SO4 (c) NaCl and (d) Na2SO4. 

 

 

Figure 6.3. (a) Relative change of CD signal at 222 nm as a function of different salt concentrations.  (b) Percentage 
of α-helix with respect to salt concentrations. 
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TTDS study: Earlier our group33, 43 revealed the effect of GdmCl, NaCl on the collective 

hydrogen bonding network of water using TTDS technique, hence in this work we are more 

interested to investigate the impact of Gdm2SO4 on water network to decode its opposing 

behavior on protein stability compared to GdmCl salt. We have used terahertz time domain 

spectroscopy (TTDS) to measure the frequency dependent absorption coefficient () of 

Gdm2SO4 at varying concentrations and the results are shown in figure 6.4a.  

 

Figure 6.4: (a) THz frequency dependent absorption coefficient (α) of aqueous Gdm2SO4 salt solutions at its 
different concentrations. Inset shows the representative plot of absorption coefficient (α) of aqueous GdmCl salt 
solutions at its two different concentrations. The green circle indicates the crossing point. (b) Absorption coefficient 
(α) at 1 THz as a function of GdmCl, Gdm2SO4, Na2SO4 and NaCl salt concentrations. (c) Frequency dependent real 
dielectric constant (εreal) of aqueous Gdm2SO4 solutions at different concentrations. Inset shows the imaginary part of 
dielectric constant of aqueous Gdm2SO4 solutions of different concentrations as a function of THz frequency. (d) 
Co-operative relaxation time scales of water (τ1) as a function of GdmCl, Gdm2SO4, NaCl and Na2SO4 salt 
concentrations. 
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It is observed that absorption coefficient () is linearly increasing with the rise of THz frequency 

at all measured Gdm2SO4 concentrations and the 𝜈sketch for the buffer shows comparable 

accordance with the previously reported observations.33, 43 We further notice that THz frequency 

dependent 𝜈spectra decreases constantly with the increase in Gdm2SO4 concentration. We 

have also shown 𝜈profiles as a function of THz frequency at different concentrations of 

GdmCl (representative curves have been depicted in figure 6.4a, inset), Na2SO4 in figure 6.5 and 

NaCl solutions in our earlier reports.33, 43  

 

Figure 6.5:  Absorption coefficient () profile as a function of THz frequency for different concentration of 

Na2SO4. 
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frequency (𝜈𝐶𝑃) stipulates that after the 𝜈𝐶𝑃  the aqueous salt solution exhibits larger  value in 

comparison to that of buffer. The higher  value in salt solution compared to that of buffer is 

termed as “THz excess”.50, 55  However, a better visualization of such bisections is observed in 

figure 6.4a, inset where, the green circle demarcates the crossing point in GdmCl solution. We 

then calculate the 𝜈𝐶𝑃  for all the aqueous salt solutions at its different concentrations and plotted 

it as a function of salt concentrations in figure 6.6. It indicates that 𝜈𝐶𝑃  endures a blue shift with 

increasing concentration of all the chosen four salts. Another fascinating observation from the 

plot is that for 1M concentration of all the salts 𝜈𝐶𝑃(Gdm2SO4) > 𝜈𝐶𝑃(Na2SO4) > 𝜈𝐶𝑃(GdmCl) > 𝜈𝐶𝑃(NaCl) and in case of 2M and 3M of Gdm2SO4, GdmCl and NaCl salts, the order is, 𝜈𝐶𝑃(Gdm2SO4) > 𝜈𝐶𝑃(GdmCl) > 𝜈𝐶𝑃(NaCl).  

 

Figure 6.6: Plot of crossing frequency (C.F) in THz region as a function of different salt concentration 
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the increased steric effect for water molecules to solvate buried hydrophobic residues of protein 

which are frequently found within cleft or groove of protein. Laage et al. analytically explained 

the same observation purely via the excluded volume effect of the solute.56 So, to cross the 

absorption coeffcient of buffer (buffer), hydrophobic solute requires less frequency compared to 

the hydrophilic parts of solute; or, in other words, we can say that 𝜈𝐶𝑃  suffers blue-shifted when 

water interacts with a hydrophilic surface environment in comparison to the hydrophobic parts.54, 

57 Thus, the trend of 𝜈𝐶𝑃  with solute concentration typically signifies the degree of hydrophilicity 

(or hydrophobicity) around the solute surface. Here it is important to point out that for 4M-6M 

concentration of Gdm2SO4, 𝜈do not cross at all with the buffer spectra at least upto our 

measured THz frequency limit (1.3 THz) but such case do not appear for GdmCl, Na2SO4 and 

NaCl salts. However, the observed blue shift for all the four salts thus infers that, with the rise of 

salt concentration, water suffers more hydrophilic surface of those salts along with the change of 

water network in its extended hydration layer. But as the sulphate dianion (SO4
2-) has higher 

charge density58-59 compared to the chloride anion (Cl-) for the same concentration, Gdm2SO4 

surface encounters higher 𝜈𝐶𝑃  compared to that of GdmCl surface. The same argument agrees 

well for Na2SO4 and NaCl salts since Na2SO4 provides higher crossing frequency compared to 

NaCl. In order to understand the variation of  better with the change of salts concentration and 

to compare the values between them, we plot the absorption coeffient () at 1THz frequency 

with respect to salts concentration (figure 6.4b). It is noticed that  decreases steeply with the 

increase of Gdm2SO4 concentration, whereas, a complete reverse trend occurs in NaCl;  

increases systematically with the NaCl concentration. In case of Na2SO4, a regular increment is 

observed upto 0.8 M concentration, beyond which it does not change substantially. Only GdmCl 

shows some unique bell-shaped profile of  with concentration; the magnitude of  initially is 

increased upto ~3M, then it becomes saturated for the high concentration (4M-6M) of GdmCl. 

Heyden et al.54 proclaimed that  specifically signifies the collective information of water 

dynamics in the THz frequency range which enlarge upto several hydration (2-3) sheath. We can 

assume an elementary three component model to delineate the observed behavior of salt-solution. 

The measured salt-solution is the cumulative contribution of absorption coeffcients from bulk-like 

water (fraction of water which doesn’t interact with the cation and anion of salt), cation and 

anion of salt itself and the solvation shells of cation and anion of the salt (fraction of water which 
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can interact with the ions of the salt). Several reports43, 54, 60 also considered the same three 

component model for different systems in aqueous solvent. Havenith et al.54, 60 confirmed that 

the solvation shells of solute (may be protein, salt or sugars) is dynamical in nature and contain 

distinctly different absorption compared to bulk-like pure water. In case of GdmCl, the regular 

increased absorption (THz excess) at low concentrations (upto 3M) thus indicates the 

replacement of highly absorbing buffer with the feebly absorbing salt60-61, but at the same time 

simultaneous growth of the amount of stronger absorbing solvation water around the ions of the 

salt developing an increased total absorption of the salt solution. Similar increased THz 

absorption (THz excess) at 2.4 THz was reported in presence of *
6-85–repressor protein at pH 7 

and ubiquitin at pH 2.54 When we further increase the concentration of GdmCl, Gdm+ forms 

clusters or aggregates29 and no additional water molecules cannot interact with the cations and 

anions of GdmCl; so, the hydration shells around the ions of the salt begins to overlap occuring 

the saturation of salt-solution after 3M of GdmCl. Another probable reason is that the aggregates 

try to lower the whereas, increased number of free water molecules tend to increase the 

value by forming intermolecular hydrogen bond with them which balances and leads to oveall 

saturation of salt-solution after 3M of GdmCl. A similar nonlinear retaliation of this dynamical 

solvation shells with increasing solute (Trehalose, Lactose, Glucose) concentration was 

previously observed by Leitner et al.60, 62 Since in the case of Gdm2SO4, Gdm+ and SO4
2- creates 

hetero ion-pair,12, 63 instead of considering individual ion hydration, the solvation of the ion-pair 

needs to be considered. Here, instead of two terms (hydration shells of cation and anion 

separately) only one term (hydration shell of Gdm2SO4 molecule) contributes to the total 

absorption of the salt-solution (salt-solution). This is why  start to decrease from 2M onwards. 

Increase of concentration of Gdm2SO4 means the addition of salt; so, another reason is that with 

increasing concentration, replacement of stronger absorbing bulk-like buffer solution with the 

weaker absorbing salt results to decrease the total absorption coeffcient of Gdm2SO4 solution 

linearly. So, the observed contrasting behavior of GdmCl and Gdm2SO4 in their absorption 

coefficient profile (figure 6.4b) indicates that hydration dynamics in presence of these two salts 

is essentially different. MD simulation study shows that planar Gdm+ interacts strongly with 

three water molecules present at the same plane with the cation at its first solvation shell, then 

the water molecules present at the second solvation shell make bonds with the water molecules 

present in the first solvation shell but not with the Gdm+ any more.29 It has also been explored 
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that water interacts significantly with the low concentration of Gdm+ but with the increase in the 

concentration of GdmCl they form clusters26 with which water molecules can not interact well, 

hence water molecules prefer to form intermolecular hydrogen bonds with themselves which is 

in well agreement with our findings. From figure 6.4b it is found that the absorption coefficient 

of NaCl is steeply rising with the rise of its concentration which also suggests for different 

hydration around it. The same linear THz excess in presence of NaCl was reported earlier also by 

our groups43 and by Schmidt el al.50 The combined THz and MD simulation study by the latter 

group deduced that ion rattling motion on the circumambient water network (oscillations of 

cation and anion) and the consideration of ions as simple defects in the hydrogen bond network 

of its extended solvation shell primarily responsible for the increase in THz absorption. S. Heiles 

and co-workers29 showed that small sized Na+ is highly solvated by water molecules and the 

number of water molecules around Na+ and Cl- in its first solvation shell is greater than that of 

GdmCl indicating NaCl has higher absorption compared to GdmCl for the same salt 

concentration which also supported by our data. In the case of Na2SO4, initiallly increases upto 

0.8M, but beyond that the change is very minimal with the increase of concentration of this salt 

suggests that the perturbation effect on the surrounding water network by the presence of this salt 

is not so significant. The representative dielectric responses of Gdm2SO4 at different 

concentrations have been depicted in fig. 6.4c and its inset. It is observed that real dielectric 

permittivity increases with the rise of salt concentration, whereas, imaginary dielectric 

perimittivity follows opposite trend. We have fitted both real and imaginary dielectric 

perimittivities with the third order Debye relaxation model (equation 4) and found three 

timescales (τ1, τ2, τ3).  For pure water τ1 is ~8 ps which measures the cooperative hydrogen bond 

reorientation motion in the system; τ2 (200 fs ) originates due to rotational motion of individual 

water molecules and τ3 (80 fs) accounts for the vibrational band due to the bending of hydrogen 

bond and its related transverse acoustic phonons36, 64-66. Among them only τ1 shows considerable 

change with the increase in salt concentrations (figure 6.4d) whereas the change in τ2 and τ3 are 

within error bar (Table 6.1 and 6.2).33, 43 Hence we have focused our investigation on the τ1 

timescale only which is accounts for the restructuring of the hydrogen bond network around the 

ions in its extended solvation layer. We have plotted τ1 with the increase in the concentration of 

all the four salts. From figure 6.4d, it can be found that the τ1 values for NaCl and GdmCl 

decrease with the rise of salt concentration suggesting the fast (or accelerated) and flexible 
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dynamics of the cooperative hydrogen bond rearrangement of water in presence of these salt. 

The extent of decrease at fixed salt concentration is highest for NaCl stipulating the water 

netwok is most significantly perturbed by it whereas, the extent of perturbation is somewhat 

reduced in case of GdmCl and for Na2SO4 the change is insignificant. The significant 

acceleration dynamics beseeches the conviction that both NaCl and GdmCl acts as ‘water 

structure breaker’33, 43, 67-72 and the structure breaking ability is comparatively larger in the 

former one; whereas, Na2SO4 is indifferent to this phenomena. The same conclusion in presence 

of Na2SO4 was observed previously by Omta et al.73 But in case of Gdm2SO4, we observe the 

rise of τ1 values with the increase of salt concentration indicatng the slower dynamics of 

hydration network around it. Same slower water dynamics in different salt solutions has been 

observed previously using time-resolved and 2D-IR experiments by several groups.74-77 Probably 

Gdm2SO4 induces water molecules to become more rigid by strenghtening their intermolecular 

hydrogen bonding in bulk phase and acts as ‘water structure maker’. 

MIR-FTIR study: In order to investigate about the vibrational strength of hydrogen bonding of 

the water molecules in presence of these salts we have taken the fourier transform infrared 

(FTIR) spectra in the Mid-infrared domain (2400-2700 cm-1) of the four salts (Gdm2SO4,GdmCl, 

Na2SO4 and NaCl) solution in D2O and concentration dependent spectra have been shown in 

figure 6.7a, 6.7b and 6.8 respectively and for NaCl it was shown in our earlier studies.43 Since 

water gives too high signal for the FTIR , D2O is used in place of H2O as it is known that H and 

D exchange well. The bonded O-D in pure water shows stretching frequency at ~2510 cm-1 in 

absence of any salts which is excellent agreement with the earlier reports by our groups.43 The 

reduction of the strength of hydrogen bond in D2O indicates the enhancement of free water 

(D2O) molecules which causes blue shift in the O-D stretching frequency. From figure 6.9a it is 

observed that for 5M concentration of every salts, Gdm2SO4 solution shows the highest blue shift 

in the peak maxima (𝜈𝑚𝑎𝑥) of O-D stretching absorption band compared to buffer. In the case of 

GdmCl the blue shift is minimal whereas NaCl shows red shift in its absorption band for O-D 

stretching. Figure 6.9b reveals that with the increase of GdmCl concentration 𝜈𝑚𝑎𝑥  shows blue 

shift initially at the low concentration range of GdmCl but beyond ~2M it shows continuous red 

shift upto 6M. Heiles et al. showed that planar Gdm+ interacts strongly with three water 

molecules present at the same plane with the cation at its first solvation shell, then the water 

molecules present at the second solvation shell make bonds with the water molecules present in 
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the first solvation shell but not with the Gdm+ any more.29 It has also been explored that water 

interacts significantly with the low concentration of Gdm+ but with the increase in the 

concentration of GdmCl they form clusters with which water molecules can not interact well, 

hence water molecules prefer to form intermolecular hydrogen bonds with themselves which is 

in well agreement with our findings. The bell-shaped profile of 𝜈𝑚𝑎𝑥   as a function of GdmCl 

concentration indicates that at low concentration of GdmCl, Gdm+ attracts D2O molecules to 

interact with it by breaking its conventional intermolecular hydrogen bond with the bulk 

deuteriated water, hence the strength of the O-D bond increases causing blue-shift but beyond 

2M concentration, probably D2O molecules cannot interact well with the Gdm+ due to the 

formation of aggregated cluster structures of Gdm+; hence they try to keep their bulk water 

hydrogen bond more strongly leads to red shift of its signal. Similar to the absorption coefficient, 

there is no significant change in the case of Na2SO4 solution in FTIR measurement again 

confirms that the influence of this salt in the water molecules is negligible. Although there are 

few reports78-79 where it is claimed that SO4
2- interacts strongly with nearby water molecules due 

to its high charge density, both of our THz spectroscopic and FTIR techniques show that Na2SO4 

salt does not disturb the water network significantly. In the case of Gdm2SO4, the data shows 

monotonic red shift with the increment of the salt concentration suggests that probably unlike 

GdmCl, water molecules are reluctant to interact with Gdm2SO4 and therefore they try to retain 

their bulk water hydrogen bonding more strongly due to the presence of Gdm2SO4 leads to red 

shift of its FTIR signal. Scott et al.25 revealed that a significant interaction between Gdm+ of 

GdmCl and protein along with perturbation of the water network of the system is responsible for 

the denaturation of protein. In the present study the CD spectra of HSA in the presence of 

GdmCl shows that in the presence of 1M GdmCl the protein structure is not disturbed at all but 

from 2M to 5M concentration region of GdmCl the secondary structure is succesively perturbed 

and at 5M concentration the secondary structure is completely denatured. Since Gdm+ interacts 

with both protein and water molecules, it is expected that if one interaction becomes prominent it 

decreases the extent of other interaction. In 1M concentration of GdmCl, Gdm+  is probably busy 

to interact with water molecules for which protein molecules cannot interact well with Gdm+ and 

consequently, it cannot denature protein significantly at this concentration. With the increase of 

the GdmCl concentration, it is explored that the probability of interaction between water and 

Gdm+ is decreased29 which may enhance the extent of interaction between protein backbone and 
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Gdm+  which results to show denaturation of protein structure. Moreover, at higher concentration 

since Gdm+ forms aggregates that can denature the native state of proteins more effectively. On 

contrary, Some groups claimed that SO4
2- ions stabilize the protein which overcomes the 

destabilizing effect of Gdm+ and leads to overall stability of the globular protein.80 But in our 

case we can see that both NaCl and Na2SO4 neither stabilize nor destabilize the protein structure 

from the CD spectra which contradicts the stabilizing effect of SO4
2-. Rather, we can say that 

SO4
2- ion reduces the destabilizing effect of Gdm+ in Gdm2SO4.  E.R. Williams’s group29 claims 

that self stacking of Gdm+ in GdmCl causes denaturation of protein whereas, destruction of self 

stacking of Gdm+ by SO4
2- ion due to hetero-ion pair formation between Gdm+ and SO4

2- makes 

it able to stabilize the native form of protein. In their study they showed that as Gdm+ can only 

interact with the water molecules present in the same plane the surface above and below of the 

Gdm+ becomes less hydrated. So the hydrophobic surface of protein molecule tends to interact 

with this hydrophobic region around the Gdm+ coordination surface which subsequently leads to 

protein denaturation of GdmCl. But the strong ion pair formation5, 12 between Gdm+ and SO4
2- 

hampers the capacity of Gdm+ to interact strongly with the protein surface; as a result, it 

diminishes the capability of Gdm+ in Gdm2SO4 to denature the protein. In our earlier 

publication33 it was explored that in presence of HSA, GdmCl showed water structure breaking 

mechanism; since the alpha value in all concentration range of GdmCl in presence of protein was 

lower with respect to that of buffer suggesting that the HSA-Gdm+ species is less absorbing 

compared to water-Gdm+ species.33 For more quantitative measurement the relative change of 

absorption coefficient showed that the difference in absorption coefficient of HSA was 

increasing gradually from buffer to with the rise of GdmCl concentration implying that 

contribution of HSA-Gdm+ species in the absorption becomes more prominent at higher 

concentration region of GdmCl which corroborates out study well. Hence, from all these studies 

it is clearly understood that hydration dynamics has a pivotal role to control the 

stabilization/destabilization of protein.  
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Figure 6.7:  Normalized spectra of MIR-FTIR measurement of different concentrations of aqueous (a) Gdm2SO4 

and (b) GdmCl salt solutions. 

 

 

Figure 6.8:  Normalized spectra of MIR-FTIR measurement of different concentrations of aqueous Na2SO4 
solutions. 
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Figure 6.9: (a) The normalised absorprtion intensity of FTIR spectra of 5M Gdm2SO4 (blue), 5M GdmCl (red), 5M 
NaCl (ash) in D2O solution. Black line indicates the control experiment of only D2O (water) solution without 
presence of any salt. (b) Frequency maxima ( 𝜈𝑚𝑎𝑥  ) of O-D stretching with respect to the concentration of the salts. 

 

Table 6.1: Debye relaxation fitting parameters of aqueous solutions of Gdm2SO4 at different concentrations. 

[Gdm2SO4] 
(M) 

𝜀∞ 𝑆1 𝑆2 𝑆3 𝜏1 (ps) 𝜏2 (fs) 𝜏3 (fs) 𝜎 (S m-1) 

0 1.84 ± 0.02 74.3 0.35 1.46   8.70±0.1 260±45 78 0.2 
1 2.04 ± 0.02 74.0 0.68 1.30 10.08±0.1 283±37 84 4.5 
2 2.11 ± 0.02 68.4 0.84 1.22 10.0±0.1 270±31 85 5.7 
3 2.12 ± 0.02 63.2 0.97 1.28 10.5±0.1 256±25 84 7.7 
4 2.17 ± 0.02 55.5 1.10 1.25 10.7±0.1 252±21 84 8.5 
5 2.14 ± 0.02 50.2 1.13 1.34 11.1±0.2 248±21 84 9.0 
6 2.22± 0.02 46.5 1.28 1.35 12.7±0.2 241±15 84 9.6 

 

Table 6.2: Debye relaxation fitting parameters of aqueous solutions of Na2SO4 at different concentrations. 

[Na2SO4] 
(M) 

𝜀∞ 𝑆1 𝑆2 𝑆3 𝜏1 (ps) 𝜏2 (fs) 𝜏3 (fs) 𝜎 (S m-1) 

0.8 1.85 ± 0.02 63.2 0.68 1.71 9.18±0.1 346±52 78 8.5 
1.0 1.85± 0.02 59.5 0.67 1.79 8.70±0.1 356±57 79 9.4 
1.3 1.86 ± 0.01 55.0 0.87 1.92 8.79±0.1 388±51 78 10.5 
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6.4   Discussion 

We have performed extensive spectroscopic measurement to explore the impact of GdmCl and 

Gdm2SO4 on water network which paves a path to comment on the orgin of their contrasting 

behavior on protein stability. Estimation of absorption coefficient shows different behavior 

between these two salts on hydration dynamics. Due to the planar nature of Gdm+ in GdmCl it 

perturbs bulk water network upto a certain limit which is a contributing factor for protein 

denaturation whereas, the tendency of forming hetero-ion pair of Gdm2SO4 makes it reluctant to 

perturb the bulk water network which probably keeps the native structure of protein intact. NaCl 

shows similar impact on water network like GdmCl though the extent is higer in case of NaCl 

but Na2SO4 shows completely different trend compared to Gdm2SO4. The THz relaxation time-

scale profile and FTIR data also predict that GdmCl and NaCl behave like a ‘water structure 

breaker’ whereas, Gdm2SO4 acts as ‘water structure maker’ and Na2SO4 shows marginal effect. 

Overall, this study suggests that neither specific cation nor anion alters the hydration dynamics 

solely rather their combined impact on water is observed which plays the key role to affect the 

stability of the protein. 
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Chapter 7 

Summary and Future Viewpoint 

7.1   Abridgement of the dissertation 

In the present dissertation, we have looked into the effects of some crowding agents on protein 

structure, functionality, thermal stability and activity. The secondary structural change has been 

monitored by CD spectroscopy. Thermal stability of the protein has been detected by 

temperature dependent CD and DSC measurement technique. The change in local environment 

of the intrinsic Trp moiety has been measured by fluorescence technique. In the first part, we 

have used different externally added amino acids to observe their osmolytic effect on a model 

globular protein bovine serum albumin (BSA). We have found that amino acids stabilize the 

native form of BSA although the extent of stabilization doesn’t follow any distinct trend with 

either the solvent accessible surface area (SASA) or the hydrophobicity of the amino acids. We 

have found that amino acids also stabilize the urea induced partially unfolded form of BSA. The 

contrasting results observed in different thermodynamic parameters indicates that associated 

hydration dynamics of the protein and amino acids play pivotal role on the stabilizing effect of 

amino acids on protein structure.  

        In the next part, we have used different non-polar hydrophobic amino acids to understand 

systematically the role of hydrophobicity on the conformational and thermal stability of globular 

proteins containing different -helical protein. Our findings reveals that structural and 

conformational stability of those proteins and the associated energetic parameters do not depend 

on the hydrophobicity of amino acids; rather they are protein specific and the -helicity of 

protein has a remarkable impact on it. 

Next, I have studied the enzymatic activity of a model protein lysozyme on a dead cell bacteria 

(M. Lys.) in presence of different non-polar amino acids. We have observed that for most of the 

amino acids, catalytic activity shows bell-shaped profile where activity increases at low 

concentration and decreases gradually with the concentration of the added amino acids. We have 

also found that activity follows a regular trend with the size and hydrophobicity of the amino 
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acids at its low concentration regime, whereas, the pattern is random at the high concentration 

zone. 

       Apart from that, I have tried to understand the debatable question behind the contrasting 

denaturation (or stabilization) nature of guanidinium chloride (GdmCl) and guanidinium sulphate 

(Gdm2SO4) on a model protein human serum albumin (HSA) using CD, THz and FTIR 

spectroscopic studies. Our study dictates that ionic contribution of the salts is not the sole factor, 

rather the alteration of water dynamics or the collective hydrogen bond network of the salt-water 

system plays important role to denature (or stabilize) protein structure. 

Briefly, this thesis explores the detailed and systematic in-vitro understanding of the 

conformational structure, thermal stability of the native as well as partially unfolded form, 

functionality, activity and water dynamics of water soluble globular protein in presence of 

different macromolecular crowding agents (amino acids, chemical denaturants) at the 

physiological environment. 

       

7.2   Future Viewpoint 

During my Ph.D tenure, I have studied different canonical amino acids as 

osmolytes/macromolecular crowders to observe their effect on protein stability and enzymatic 

activity. This canonical or natural amino acids are formed directly by DNA in the genetic code. 

But there are some amino acids which are not found in normal polypeptide chains and these are 

called Non-canonical (ncAAs) amino acids. In recent days, people are much more interested to 

synthesize and to incorporate these modified form of amino acids in place of its natural canonical 

counterpart in the large peptide chains and proteins because these may enrich protein stability, 

function, structural change, catalytic activity, protein-protein interactions and so on. In this 

regard, fluorine incorporation into the canonical amino acids have gained extensive interest to 

the researchers because of its special electronic properties like small size, high electronegativity 

and the potential to increase the stability and activity of natural proteins.1-2 C-F bond is longer as 

well as stronger than a C-H bond; apart from that the high electronegativity of fluorine atom 

makes the C-F bond less polarizable and also the polarization is opposite in direction than a C-H 
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bond.3 This all properties make the fluorocarbon molecules chemically inert and also their 

unusual self “phase-segregating” behavior is quite important to stabilize protein in crowded 

environments through enhanced hydrophobic interactions between them. Fluorine molecules 

prefer to exist with nearby fluorine molecules in solution and this unique effect is called as 

‘fluorous effect’4 and due to that reason, they can form clusters in native state as well as in non-

native state. Various groups5-10 are working to synthesize different fluorinated amino acid 

derivatives and substitution of these derivatives replacing its hydrocarbon amino acid moiety in 

proteins increase the thermal stability by decreasing its denaturation rate. It has been observed 

that incorporation of fluorinated amino acid into proteins enhances its melting temperature (Tm) 

although the structure of proteins remains intact after fluorination. Although several attempts11-15 

have been put forward on small coiled-coil peptide and proteins, a more detailed investigation is 

needed taking α-helical and β-sheet rich proteins to generalize its effect on protein structure. 

Apart from this, study on externally added fluorinated amino acid on protein rather than 

substitution of amino acids in peptide chains is crucial to understand their stabilizing/ 

destabilizing role in protein folding-unfolding equilibrium and the location of its binding and 

research on this area is very much limited. Keeping this point in mind, I have plan to study 

different fluorinated amino derivatives on various types of secondary structural content proteins 

by externally adding them into the protein and to calculate the associated thermodynamic 

fingerprints by measuring the change of free energy(ΔG), enthalpy(ΔH), entropy(ΔS),  heat 

capacity(ΔCp). I have plan to study their effect in presence of strong denaturants like urea, 

guanidinium chloride, guanidinium thiocyanate etc. I want to study enzymatic activity of a 

stable, native presence in presence of these modified amino acids to understand their role in 

modulation of catalytic activity. I will use circular dichroism (CD), fluorescence spectroscopy, 

dynamic light scattering (DLS) technique to understand the change of structural content of 

protein. Thermodynamic analysis can be performed by differential scanning calorimetry (DSC), 

isothermal titration calorimetry (ITC) and temperature dependent CD and fluorescence 

measurement. Protein activity (kinetics) can be measured by UV-visible spectrophotometer and 

stopped flow measurement technique. I have plan to observe the change of hydration dynamics 

(monitoring of water structure network) in presence of the fluorinated derivatives in protein 

environment as well as in only amino acids-solvent medium by using THz spectroscopy, 
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dielectric relaxation measurement in the GHz range, FTIR and far-IR measurement technique. I 

want to study molecular dynamics (MD) simulation to understand the interactions of these amino 

acids with protein and also the location of the interactions using Gromacs and docking 

mechanism. I expect hydrophobic nature of fluorocarbon molecules will play a major role to 

modulate different biophysical properties of protein in the crowded environment. 

The structure of some fluorinated amino acid derivatives are shown below: 

 

Apart from that, I want to work with Adenosine-5΄-triphosphate (ATP) which is commonly 

known as universal energy source for most of the biochemical reactions in the living cells. ATP 

is a nucleotide and comprises of an adenine base, a pentose ribose sugar and three phosphate 

groups having high energy containing phosphate bonds. Recent studies reported that ATP 

hampers the fibrillation or aggregation of proteins at its milli-molar concentrations and the 

formation of liquid-liquid phase separation (LLPS).16-20  It can behave as a potent and efficient 

co-solvent which stabilizes secondary and tertiary structures of protein and also increase the 

solubility of protein.21-22 Due to those potential of ATP, I plan to use ATP as co-solute or 

osmolyte to observe the effect of thermal stability of different globular proteins viz. HSA, BSA, 

lysozyme, RNase-A etc. using CD, fluorescence and DSC method. I want to measure hydration 

dynamics around protein in absence and in presence of varying concentrations of ATP using THz 

spectroscopic techniques and Far-IR methods.  
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