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ABBREVIATIONS 

Lyz - Hen-egg lysozyme  

IL - Ionic liquid 

Im-IL - 1-methylimidazolium ionic liquids 

MIC - 1-methylimidazolium chloride 

EMIC - 1-ethyl-3-methylimidazolium chloride 

BMIC - 1-butyl-3-methylimidazolium chloride 

HMIC - 1-hexyl-3-methylimidazolium chloride 

OMIC - 1-methyl-3-octylimidazolium chloride 

BPyroBr - 1-butyl-1-methylpyrrolidinium bromide 

BPipBr - 1-butyl-1-methylpiperidinium bromide 

BPyrdBr - 1-butyl-4-methylpyridinium bromide 

BImBr - 1-butyl-3-methylimidazolium bromide 

ThT - thioflavin-T 

ANS - 8-anilinonaphthalene-1-sulphonic acid 

DTT - Dithiothreitol 

NATA - N-acetyl tryptophanamide 

CD - Circular dichroism 

TEM - Transmission electron microscope 

MD - Molecular dynamics 

kf - Rate of fibril elongation 

tlag - Lag time 

τ - Elongation time constant 

to - Time required to attain half the maximum fluorescence  

t - Time 

Tapp - Apparent fibrillation time 

Tm - Temperature of transition midpoint 

∆Hm - Enthalpy change at the midpoint transition temperature 

∆Cp - Heat capacity change associated with the unfolding transition 

R - Gas constant 

ΔSm - Entropy of unfolding 

ΔΔHm - Difference between the enthalpy of unfolding in buffer and in IL 

ΔΔSm - Difference between the entropy of unfolding in buffer and in IL 

T - Temperature 

WLmax - Fluorescence emission maximum 

RMSD - Root mean square deviation 

RMSF - Root mean square fluctuation 

SASA - Solvent accessible surface area 

Rg - Radius of gyration 

RDF - Radial distribution function 
χ
hyd - Hydration fraction 

nw - Number of water molecules around the protein  



 
 

nIL - Number of IL molecules around the protein  

Nw - Total number of water molecules in the system 

NIL - Total number of IL molecules in the system 

PIC - Preferential interaction coefficient 

TFE - Transfer free energy 

G(r) - Kirkwood-Buff integral 

g(r) - Integrated RDF values 

r - Distance 

ΓP-IL - Preferential interaction coefficient 

Δ𝐹𝑃−𝐼𝐿
𝑡   - Transfer free energy 
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Proteins are the second most abundant molecules which contribute to all the functions 

essential for life. To handle such a sophisticated living system, a large number of different 

proteins, composed of 20 naturally occurring amino acids are arranged in unique sequences1,2. 

The functional maturity of newly synthesized proteins is attained by folding into a specific 

three-dimensional conformation. Understanding the packing of vast cellular proteome into a 

compact intricate machinery with high precision and fidelity has been a tangled mystery for 

years. The studies on folding mechanisms of ribonuclease protein3–6 and renaturation of the 

protein by the reformation of disulphide bonds lead to a generalized concept given by Christian 

B. Anfinsen, the “thermodynamic hypothesis”. It states that the three-dimensional structure of 

a protein in a physiological milieu is determined by the sequence of amino acids such that the 

Gibbs free energy of the whole system is lowest and governed by the interatomic interactions7. 

Later, Cyrus Levinthal laid critical insights into Anfinsen’s hypothesis and questioned whether 

a nascent polypeptide can attain a meaningful topology among a large number of possible 

conformations, such that the folding event is very quick. Levinthal’s idea of protein folding 

explained the event as constantly juggling two mutually exclusive goals – reaching the global 

minima and doing rapidly, could be a result of the specific folding pathway. This paradox 

explained the folding pathways that can be envisioned as tunnels where unfolded conformation 

on the top of the tunnel reaches native structure at the bottom8,9 through progressively changing 

dihedral angles. 

 

1.1 Folding funnels 

Levinthal’s paradox was a solution to the question of how to search the way to native 

conformation, but the existence of on- and off-pathways in the folding pathway and locating 

the available intermediates on the energy landscape made it challenging to be accepted. Perhaps 

the existence of various unfolded ensembles led to transform the tunnels into funnels, as the 

folding pathway could begin from many starting conformations9. A denatured protein can be 

found in various local minima before falling down to the base of the folding funnel, the native 

conformation, characterising the rugged feature rather than a smooth funnel. The entropy of 

unfolded or denatured protein is overcome by the forces required for its correct folding in an 

appropriate magnitude10. These denatured ensembles are sometimes kinetically trapped in these 

bumps, misfolded, and tend to fall slowly down the global minima. In such cases, folding is not 

a two-state process, but a multistep kinetics which is governed by the rate-limiting step known 
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as the transition state. Moreover, the funnels can be shallow if the conditions for protein folding 

are not favourable. On the other hand, funnels are steep and folding is faster when favourable 

conditions are available9.  

 

1.2 Hydrophobic interactions: keystones in the native structure of proteins 

Interactions responsible for maintaining the structural integrity of a native protein can 

be as strong as disulphide bonds (covalent interactions) or weak interactions, including inter- 

and intrachain hydrogen bonds, ionic interactions and/or apolar interactions (non-covalent 

interactions)11. Kauzmann12 explained the significance of apolar interactions in protein folding 

and stated that it is solely due to the packing of residues having non-polar side chains to the 

core region of the protein to avoid meeting water molecules. These interactions were the same 

as the one between water and oil, not letting two to mix, termed as “Hydrophobic 

interactions”13,14. The success rate of forming correct interactions between residues lies in the 

fact that native-like interactions are more stable as compared to non-native ones2. Moreover, 

how the non-polar and polar residues behave with the surrounding water molecules in a cellular 

milieu is another reason that imparts structure and functional stability to the protein. In the 

nutshell, the folding of a nascent polypeptide in the conformational space is contributed by the 

biases towards different types of secondary structure in different regions of the chain which is 

accompanied by free energy preferences related to hydrophobic collapse, i.e., the burial of non-

polar residues and exposure of hydrophilic residues to the solvent molecules15. Native 

conformations are reached when “on-pathways” of protein folding operate in the presence of 

appropriate physicochemical conditions (Fig 1.1). Such conformations often require 

establishing intramolecular interactions between the residues of the same chain16.  
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1.3 Stable non-native interactions: fibril formation 

Unlike folding of native proteins, which depends on the sequence of amino acids, fibril 

formation arises from certain sequences often unrelated17. Various neurodegenerative disorders 

such as Huntingtun’s disease, Kennedy disease, spino cerebellar ataxia type 1 (SCA1) and 

dentatorubral pallidoluysianatrophy (DRPLA) are identified related to polar residue repeats. 

Sheets or barrels are formed by associating β-strands through the networks of hydrogen bonds 

between the amide groups of main chain and side chains of glutamine repeats18,19. In a few 

cases, combination of alternative polar and non-polar residues is capable of forming fibrils20. 

Therefore, the partial unfolding of a protein plays a pivotal role in initiating fibril formation as 

it exposes the side chains of residues crucial for amyloid formation, which are otherwise buried 

to the core of native conformations21. Irrespective of native conformation such non-native 

species are stabilized by strong intermolecular interactions. These altered conformations may 

interact to form amorphous aggregates with poorly defined shapes or highly ordered assemblies 

to form fibrils having high β-sheet content16,22,23. Such mechanisms are termed “off-pathways” 

of protein folding (Fig. 1.1). 

Generally, fibrillar assemblies are formed as a consequence of aberrative intrinsic 

properties such as mutations and/or truncations or altered physicochemical parameters 

surrounding the proteins24. In the presence of such non-native conditions, thermodynamic 

Fig. 1.1 Schematic diagram showing on- and off- pathways of protein folding leading to native 

conformation and aggregate and/or fibril formation, respectively. 
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equilibrium between folded and unfolded ensembles is altered25. Studies have compelled one 

to believe that the native conformations and fibrillar assemblies arise from the same precursor 

folding intermediate which is in a dynamic equilibrium with the folded state. When 

physicochemical properties of the surrounding medium such as temperature, pH, ionic strength, 

pressure, etc., are perturbed or there is an addition of cosolvents to the reaction milieu, the 

native interactions in a protein might be disrupted. All these facts indicate that fibrillation is a 

generic property of every protein guided by non-native physicochemical conditions26.  

 

1.4 Energy landscape of protein conformations 

In a funnel-shaped energy landscape, conformations involved in on-pathway often have 

a target of the global minima to reach and to stay as stable molecules in the system. 

Conformations formed as a result of off-pathways also form funnel shapes with more 

ruggedness which is attributed to the competitiveness between intermolecular interactions (non-

native structures) and intramolecular interactions (native structures). It is now well established 

that the products of off-pathways are the most stable species in any system such that they 

occupy the lowest energy minima (Fig. 1.2).  

 

Fig. 1.2 Protein folding funnel depicting the regions for the native folding pathway (shaded in 

grey) of a nascent polypeptide and the aggregate or fibril formation pathway (shaded in red). 
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These conformations form multiple peaks in the funnels as fibrillar structures assemble 

with different morphological features16,27–29 Though the native conformation is more stable as 

compared to its respective initial unfolded chain, it remains only metastable with respect to 

fibrillar states, because of high kinetic barriers linked with the self-assembled polypeptide 

chains. Apart from higher stability, these conformations are insoluble and acquire toxic 

functions, thus posing deleterious effects on many biochemical pathways in the cell30. To 

combat the off-pathways in the cellular milieu, regulatory mechanisms take over and prevent 

any such events leading to aggregation or fibrillar assembly21,31,32. As a protective measure, the 

intrinsic kinetic barriers are increased for the aggregates. But in certain circumstances, such as 

mutations, stress and ageing, aggregation of proteins leads the debilitating consequences and 

thus pathogenic conditions33. 

 

1.5 Structural features of fibrils 

All the fibrils regardless of the amino acid composition and morphology, have a 

dominating structural feature, i.e., the presence of cross-β-structures. X-ray crystal structures 

have revealed that β-sheets are arranged parallelly to the axis of fibril growth whereas β-strands 

in the individual sheets acquire a perpendicular orientation. The β-stands constituting the sheets 

remain separated by a distance of 4.7- 4.8 Å and β-sheets have a gap of 10-12 Å34–36. In general, 

amyloid fibrils contain 2 to 6 protofilaments forming the fibril with diameter of 2-5 nm. Various 

imaging techniques show that the protofilaments are either linked to each other by arranging 

them adjacent or twisting along each other. Matured fibrils possess a girth of a few nanometres 

and length in micrometres scale37. 

 

1.6 Mechanisms of fibril formation 

An understanding on fibril formation mechanisms involves distinguishing all the 

conformational states and the small assemblies formed by partially unfolded structures of a 

polypeptide chain and evaluating how each conformation is differing on the thermodynamic 

and kinetic parameters33. On a broader perspective, fibrils can be formed by either of two 

mechanisms: (i) nucleation-dependent, and (ii) nucleation-independent (Fig. 1.3). Fibrillation 

mechanism highly depend on the solvent conditions such as pH38 and the concentration of added 

cosolvents, if any39. 
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(i) Nucleation-dependent mechanism 

Nucleation-dependent pathway occur in a three-step process, conversion of native 

protein into a partially unfolded conformation, association of monomer species formed in step 

one into oligomers, known as nuclei, and the addition of more monomeric species on either end 

of the nuclei to form a mature fibril40. Progression of assembly steps needs to be battled out by 

forming intermolecular bonds which are often retarded due to unfavourable events such as 

rotational and translational entropy of the monomer. Once this entropy barrier is crossed, 

protofibrilar species are formed as the result of monomer association. Thus, nucleus formation 

plays a pivotal role between the monomers entropy to be lost (retards assembly process) and 

the bond energy that would stabilize the protofibril formation. Also, it explains that on the 

kinetic parameters, the rate of addition of monomers further to the initial nuclei would be more 

than the rate of monomer loss once the critical size or nucleus is reached41. A few other studies 

suggests that aggregates of partially folded monomers can assemble to form a nucleus, elongate 

to a certain length by the further addition of monomers on either end, fragment into smaller 

assemblies to form templates to again undergo elongation process by monomer addition and so 

on. Such secondary nucleation mechanisms have faster rates of assembly as compared to the 

initial nucleus formation from the monomers42. 

 

Fig. 1.3 A schematic representation of different mechanisms of fibril formation. 
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(ii) Nucleation-independent mechanism 

There are pathways in which nucleation phase is completely by-passed. Also known as 

isodesmic mechanisms, fibril growth follows a monotonic pattern. Fibril grows linearly with 

the gradual addition of monomer at each step. Barshop et al., described earlier a numerical 

integration program, KINSIM, which could simulate the isodesmic polymerization43. Since 

there is no nucleation phase, polymerization reaction can begin with any monomeric unit. At 

each step of the fibril growth, bonds are identical indicating that the rate constants do not depend 

on the size of the fibril. Therefore, nucleation-independent assemblies possess close 

resemblance to the elongation phase of nucleation-dependent fibrillation. The kinetic rates are 

fastest at beginning of polymerization reaction which highly depends on the monomer 

concentration. Further as the reaction proceeds, monomer’s concentration decreases and slowly 

the equilibrium condition is reached. Overall, there is no concentration barrier to be crossed to 

enter the elongation phase44. 

 

1.7 Lysozyme: a model protein 

Partially unfolded conformations of proteins harbour plethora of pathological 

conditions, thus it is necessary to understand the structure and dynamics of these non-native 

states of proteins45. It is known that the fragments of large protein precursors deposit in the 

form of amyloids within the tissues which are detrimental for various biochemical pathways. 

Fibrils formed in an individual suffering with Alzheimer’s disease is one such example. 

Secretase enzyme performs limited proteolysis of amyloid precursor protein (APP) which 

assembles to form fibrils. A few other examples, such as serum amyloid A protein, gelsolin, 

apolipoprotein A1, prolactin, calcitonin, transerythrin, etc., also undergo limited proteolysis to 

form fragments that are prone to form amyloids. A common feature among all these 

polypeptides is the loss of long-range interactions that are necessary to form the native 

conformation of functional protein.  

Point mutations in human lysozyme are known to be responsible for non-neuropathic 

systemic amyloidosis. Individuals are heterozygous for the mutations of lysozyme gene and the 

translated product of such genes deposit in different tissues. However, the deposition of 

amyloids is a very slow process and shows its fatality in the fifth decade from the onset of 

amyloid deposition46. From the detailed study on two lysozyme mutants, I56T and D67H with 
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amyloidogenic properties, it is noted that these mutants have less structural stability and altered 

folding kinetics as compared to wild type47–49. Further studies show that the mutant D67H of 

human lysozyme has notable destabilization in β-domain (residues 40-82) and C-helix (residues 

89-100), also the regions significantly participating in amyloid formation50–53. Therefore, it is 

proposed that any protein undergoing aggregation should have lower thermodynamic stability 

and have structural cooperativity prone to adopt partially unfolded states. 

Studies have unravelled that the mutants and the native protein do not vary structurally, 

and the morphologies of fibrils formed by the native protein at different conditions are similar 

to the fibrils formed by mutant proteins52. Thus, fibrillation mechanisms can be studied using 

lysozyme as the model protein for structural and fibrillar characterization. Hen egg white 

lysozyme has ~60% sequence identity with human lysozyme and shares a similar structural 

topology (CATH domain: 1.10.530.10). Thus, hen egg white lysozyme could also serve as an 

appropriate model to study the self-assembly and stability.  

Hen egg white lysozyme (Lyz) is a globular protein with 129 amino acid residues and 

has two structural domains, α-domain (sequence 1-35 and 85-129) and β-domain (residues 36-

84) as shown in Fig 1.4 (A)54,55. Lyz retains some of its residual structure when treated under 

strong denaturing conditions such as 8 M urea56–59. These residual structure is mainly composed 

of six hydrophobic clusters60,61, having Trp or His residues surrounded by the other hydrophobic 

residues. Stabilization of hydrophobic clusters is due to long-range interactions which in turn 

assist the protein folding62–64. Studies have shown that these clusters are present at discrete 

Fig. 1.4  Crystal structure of Lyz (PDB ID: 5K2P) showing (A) α- and β- domains in light pink and 

light cyan colors, respectively, (B) hydrophobic clusters in light green (cluster 1), dark pink (cluster 

2), dark blue (cluster 3), dark green (cluster 4), light pink (cluster 5) and light blue (cluster 6). 
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locations in a sequential manner (Fig 1.4 B) and six Trp residues are found in four of the six 

hydrophobic clusters such that Trp-28 in cluster 2, Trp-62 and Trp-63 in cluster 3, Trp-108 and 

Trp-111 in cluster 5 and Trp-123 in cluster 645. Hydrophobic clusters 3 and 5 which include the 

inter-domain loop region and helix-D are involved in fibril formation by establishing long-

range interactions46,65.  

Studies have revealed the effects of surfactants66–69, osmolytes69 and naturally occurring 

polyphenols70,71 on Lyz fibrillation and it is known that the fibril assembly begins by 

establishing hydrophobic interactions at early stages. Fibrillation of Lyz has been observed 

under various solution conditions. Studies at acidic conditions52,72,73, neutral pH and high 

temperature73, alkaline conditions74,75 and with the addition of denaturants, demonstrate that in 

all these conditions partial unfolding of Lyz is the initiation step in the fibril formation.  In a 

few studies, Lyz-surfactant complexes are analysed to probe the charge and hydrophobic 

interactions existing between the protein and surfactants. Lyz is a positively charged protein 

(+8) at neutral pH76. Thus, the stability of Lyz has been studied by charge neutralization upon 

addition of sodium dodecyl sulfate (SDS) which showed turbidity at lower concentrations of 

SDS. With further addition of SDS more precipitate is formed, but when SDS concentration 

reaches saturation redissolution begins77.  

To study the role of hydrophobic interactions on the stability and fibrillation of Lyz, 

cosolvents with different functional groups having varying hydrophobicity and yet soluble in 

water could be a suitable option. Addition of such solvents could perturb the hydrophobic 

interactions in the protein. Ionic liquids can be one such cosolvent molecules, as they possess 

all these properties78,79.  

 

1.8 Ionic liquids 

Ionic liquids (ILs), also known as “green solvents,” are the organic salts which possess 

low melting points, usually below 100 ℃. These are compounds of cations such as 

imidazolium, pyridinium, quaternary ammonium and quaternary phosphonium, and anions 

such as halogens, triflate, tetrafluoroborate and hexafluorophosphate, which exist in the liquid 

state. Wilkes and Zaworotko, first time in 1992, reported that the air- and moisture-stable ionic 

liquids are feasible at room temperature80. Since then, the use of ionic liquids was revolutionised 

in various areas of chemistry and biochemistry. Though ILs were designed as non-flammable 
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alternatives to common organic solvents, there are enormous applications in many fields. Ionic 

liquids are efficiently used for chemical synthesis and catalysis81,82, electrochemistry, biomass 

conversion, fuel production and processing liquid crystal development, biotechnology and 

many more83. Ionic liquids are versatile chemical species and generally can be used as 

cosolvents, emulsifiers, copolymers and solvents or antisolvents (design of crystalline 

substances). ILs can also be used in micellization, electrochemistry and spectroscopy. In 

addition to the multitude of uses in the pharmaceutical field, these green chemicals are also 

useful as adjuvant components in crystallization84,85. 

ILs have proved to be of great importance in the field of drug synthesis and delivery 

systems. ILs possess good solvent characteristics, thus extensively used as reaction media and 

catalysts as they possess excellent capability of forming intense intermolecular interaction with 

solutes. ILs also called as “chaperones” by many researchers and are used as stabilizing agents 

for various enzymes, because they have the ability to interact with water as well as protein 

surface. It has been proved that there are enhanced activity of enzymes86,87 in the presence of 

ILs. Moreover, ILs behave as folding/refolding agents of proteins and also reduce protein 

aggregation88,89. Studies have revealed that imidazolium-based cations having short alkyl side 

chains could better stabilize the protein structure as compared to large proteins with multiple 

domain90,91. 

Based on the prior knowledge about the stability and fibrillation of various proteins, 

Lyz was chosen as a model protein. To accomplish a better understanding about how perturbing 

the hydrophobic factor alters the fibrillation propensity of the protein, nine different ionic 

liquids with varying degrees of hydrophobicity were chosen and the studies were carried out at 

neutral pH. The thermodynamic components involved in stabilizing or destabilizing Lyz was 

studied. Further, the structural changes in the protein and the mechanistic behaviour of 

fibrillation kinetics were monitored in the presence of these ionic liquids. Microscopic details 

of fibrils helped to understand the morphology of fibrils formed under varying hydrophobic 

triggers. Molecular dynamic simulation studies were also performed on Lyz in the presence of 

all the ionic liquids to understand the molecular level interactions. Moreover, the effects of 

mixtures of ionic liquids on stability and fibrillation of Lyz was examined to understand the 

synergistic or counteracting effect of ionic liquids with varying hydrophobicity.  
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Chapter 2 
Alkyl chain-induced hydrophobicity on the 

stability and fibrillation propensity of lysozyme 
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2.1 Introduction 

Ionic liquids (ILs) have replaced volatile organic compounds as solvents in many 

chemical and biotechnological applications92. The tremendous possibility in the selection of 

cation and anion combinations enabled them to achieve a wide range of polarity, 

hydrophobicity, and miscibility in both organic and inorganic solvents. This versatility has 

extended their applications into electrochemistry, liquid crystal development, biomass 

conversion, biotransformation, and pharmaceutical industries93–95.  

Since the first report by Summer & Flowers96 on enhancing the refolding yield of 

lysozyme, many studies have been carried out to analyze the effect of various ILs on refolding 

yield and stability of different proteins97–99. ILs used as 'neat solvents' or as cosolvents are found 

to stabilize proteins and increase enzyme activity100,101, but in many cases, destabilization of 

proteins by ILs is also observed. For instance, ammonium-based ILs with phosphate or sulfate 

anions stabilize myoglobin whereas acetate anions destabilize the protein102. On the other hand, 

the same IL might show different effects on different proteins. BMIC stabilizes α-

chymotrypsin103 whereas it destabilizes myoglobin104. 1-Butyl-3-methylimidazolium nitrate 

reduces the aggregation of lysozyme whereas it promotes β-lactoglobulin aggregation105. Few 

ILs show a concentration-dependent effect on the stability that at lower concentrations they 

stabilize the proteins, whereas at higher concentrations they destabilize 106,107. Though ILs 

reduce the stability of some proteins, they might increase the solubility and decrease the 

aggregation propensity of the proteins 108. These observations indicate that the IL-induced 

changes on the stability of proteins depend on various factors such as protein surface charge, 

polarity of IL, amphiphilicity of IL, and the distribution of water and IL in solution 93,109. 

Notably, many studies indicate that ILs do not follow the Hofmeister series in their chaotropic 

or kosmotropic behavior on proteins 100,103,110 and their effects are different from the effects 

exerted as individual ions 104.  

ILs also influence the amyloid fibril-forming propensity of proteins. Fibrillation 

propensity of proteins depends on various factors such as conformational flexibility, surface 

charge, and hydrophobicity 111. This is also influenced by the presence of small molecules or 

cosolvents 112,113 as they might alter the conformational state of the proteins. Partially unfolded 

forms of globular proteins are more prone to adapt to the fibrillation pathway than the native 

compact states. The partially unfolded protein chains come together to form an initial 

amorphous oligomeric state known as nucleus. These nuclei are further converted into stable 

cross β-sheets to form amyloid-like fibrils 114. Under certain conditions, proteins may directly 
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form fibril structures without any notable nucleation phase. The former process is known as 

nucleation-dependent fibrillation and the latter is known as nucleation-independent 

polymerization. A change in solution condition and the presence of a cosolvent may switch the 

fibril formation pathway from one to another 115,116. Also, the cosolvent can alter the kinetic 

parameters such as lag time and elongation rate. Taurine decreases the fibril elongation rate of 

lysozyme without any effect on lag time,117 whereas tetracyclic indole alkaloid increases the 

lag time and decreases the elongation rate 118.  

Lysozyme, a glycosidase enzyme that hydrolyzes the β-1,4-glucosidic linkages of 

peptidoglycan in the bacterial cell wall, serves as a model protein to study protein stability, 

folding, misfolding, and fibrillation 119–122. Lyz forms fibrils under different denaturing 

conditions such as acidic pH 123, basic pH 119,120 and the addition of denaturants 122. Further, 

experiments on the effect of surfactants 119,120,122, osmolytes124, and naturally occurring 

polyphenols 125,126 on Lyz emphasize the role of hydrophobic interactions in the early stages of 

fibril formation. For instance, silybin-B (a flavonoid lignin)127 and sennoside (a glycoside)128 

interact with the residues in hydrophobic clusters 3 and 5 of Lyz, which increases the nucleation 

time and reduces the oligomerization of lysozyme127. A similar effect on fibrillation is observed 

in the presence of coralyne (an isoquinoline alkaloid) as well129. Surfactants, at their monomeric 

and micellar states, show different effects on the fibril formation of lysozyme122,130. 

ILs mainly form ionic interactions and hydrogen bonding networks with proteins and 

solvents, but the role of hydrophobicity in IL-induced effects on proteins cannot be completely 

ruled out. A recent molecular dynamic simulation study 131 using an amyloidogenic fragment 

of Lyz suggests that the hydrophobic residues in the long-loop region and helix-C of the protein 

have larger tendency to form β-strands and might stabilize the intermediate states during 

oligomer formation. Nevertheless, the effect of change in hydrophobicity of ILs on the fibril 

formation of proteins is not well understood. In the present study, 1-methylimidazolium based 

ionic liquids (Im-ILs) with varying alkyl chains (H-, -ethyl, -butyl, -hexyl, and -octyl) and the 

fibril formation of Lyz reported at pH 7 condition 132 were chosen. Fibril formation of the 

protein in aqueous solution containing varying concentrations of the ILs was analyzed. Also, 

the stability and structural changes of the protein with ILs were examined by spectroscopic 

methods. To obtain mechanistic insights into the effect of (de)stabilization and fibrillation, the 

atomic-level interactions were analysed by molecular dynamic simulations of Lyz in the 

absence and presence of Im-ILs. Various global parameters to determine the structural 

fluctuations and compactness in the protein and residue-level interactions with ILs were 
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analyzed from the simulation trajectories. The experimental and simulation results indicate that 

ILs with increasing hydrophobicity tend to interact more with protein and inhibit fibrillation. 

 

2.2. Materials and methods 

2.2.1. Materials 

Hen egg lysozyme (Lyz), thioflavin-T (ThT), 8-anilinonaphthalene-1-sulphonic acid 

(ANS), 1-methylimidazolium chloride (MIC, CAS No. 35487-17-3), 1-ethyl-3-

methylimidazolium chloride (EMIC, CAS No. 65039-09-0), 1-butyl-3-methylimidazolium 

chloride (BMIC, CAS No. 79917-90-1), 1-hexyl-3-methylimidazolium chloride (HMIC, CAS 

No. 171058-17-6) and 1-methyl-3-octylimidazolium chloride (OMIC, CAS No. 64697-40-1) 

were purchased from Sigma-Aldrich. Dithiothreitol (DTT) and phosphate buffer salts were 

obtained from SRL, India. All the chemicals were of analytical grade and used without any 

further purification. Structures of all the Im-ILs chosen for this study are shown in Fig. 2.1. 

 

         

Fig 2.1 Imidazolium-based ionic liquids (Im-ILs) used in the study, 1-methylimidazolium chloride 

(MIC), 1-ethyl-3-methylimidazolium chloride (EMIC), 1-butyl-3-methylimidazolium chloride (BMIC), 

1-hexyl-3-methylimidazolium chloride (HMIC), and 1-methyl-3-octylimidazolium chloride (OMIC). 

Carbon atoms are in grey and nitrogen atoms are in blue. 

  

2.2.2 Fibrillation Studies 

To study the fibril formation of Lyz, 140 μM of the protein was incubated with 14 mM 

of DTT at 50 oC in 10 mM phosphate buffer at pH 7.0.  Fibril formation was monitored by the 

change in fluorescence of 50 μM of thioflavin-T added into the reaction mixture. The emission 

spectra between 460 and 520 nm were collected before and after the incubation at 50 oC, having 

been excited the samples at 440 nm. To evaluate the rate of fibrillation, the samples were excited 

at 440 nm and the emission was followed at 485 nm at different time intervals.  The effect of 

IL on the fibril formation of Lyz was studied by adding varying concentrations of the ILs 
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ranging between 1 mM to 500 mM. All the spectra were measured in Jasco FP-8500 

spectrofluorometer connected to a Peltier. The kinetics at each concentration of IL was 

measured at least two times. 

Lag-independent kinetic data obtained from the experiments were fitted to the following 

equation, 

                               𝑌 = 𝑏 + 𝑎(𝑒𝑥𝑝−𝑘𝑓.𝑡)                       (2.1) 

where, Y corresponds to change in ThT fluorescence, b is exponential maxima, a represents 

the amplitude of fluorescence change, kf is the rate of fibrillation and t is time. Lag-dependent 

kinetic data were analyzed with the following equation 133,134,  

                                              𝑌 = (𝑦𝑖 −  𝑚𝑖𝑡) +
(𝑦𝑓+𝑚𝑓𝑡)

1+ (𝑒𝑥𝑝 
𝑘𝑓(𝑡−𝑡𝑜)

)
                       (2.2) 

where, Y is the change in fluorescence, yi and mi, and yf and mf are intercepts and slopes of the 

initial and final phases, respectively. kf is the rate of fibril elongation, to is the time required to 

attain half of the total fluorescence change and t is time. 

 Lag time was calculated as, 

 tlag = to -2τ                                                     (2.3) 

where τ is elongation time constant equal to 1/kf.  

 Apparent fibrillation time (Tapp - the time taken by Lyz to reach the saturation phase of 

the kinetics) was evaluated by the following relation, 

𝑇𝑎𝑝𝑝 = {
 2.3 𝑘𝑓  ⁄                     for lag − independent kinetics

𝑡𝑙𝑎𝑔 +  (2.3 𝑘𝑓⁄ )        for lag − dependent kinetics
        (2.4) 

   

2.2.3. Structural studies 

The absorbance changes of Lyz in buffer containing varying concentrations of the ILs 

ranging from 1 mM to 500 mM were measured in Cary 100, Agilent spectrophotometer using 

a 1 cm pathlength quartz cuvette. For all the measurements, the corresponding concentration of 

IL was used for baseline correction. The intrinsic fluorescence changes of Lyz were followed 

from 320 to 400 nm by exciting the protein at 280 nm. Fluorescence of NATA (10 µM) with 

the studied ILs were performed to confirm the quenching of Trp fluorescence by ILs. The 

change in fluorescence of ANS, an extrinsic fluorescence probe, was measured between 480 

and 650 nm upon excitation at 380 nm. The concentration of ANS was 50 μM in all the samples. 

Near-UV circular dichroism (CD) spectra of Lyz in the presence of different concentrations of 

ILs were collected using a 1 cm pathlength quartz cuvette with the protein concentration of 15 
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μM in 10 mM phosphate buffer at pH 7.0 (± 0.1) in Jasco J-1500 spectropolarimeter. For all the 

spectra, the corresponding concentration of IL was taken as a baseline. Each spectrum was an 

average of two acquisitions. Far-UV CD spectra of the protein in the presence of ILs could not 

be obtained due to high voltage which might arise from the absorption of ILs in the far-UV 

range 135–137.  

 

2.2.4. Thermal Denaturation 

Thermal denaturation of Lyz in buffer containing varying concentrations of ILs was 

carried out by following the absorbance changes at 301 nm by heating the samples from 20 to 

90 ⁰C with the scan rate of 1 ⁰C per min using a Peltier attached with the spectrophotometer 

(Cary 100, Agilent). The thermal denaturation curves following two-state transitions (native ↔ 

unfolded) were analyzed using the following equation 138, 

                                  𝑌 =
(𝑦𝑛+𝑚𝑛𝑇) + (𝑦𝑢+𝑚𝑢𝑇) 𝑒

∆𝐻𝑚(
𝑇

𝑇𝑚
−1)+

𝛥𝐶𝑝(𝑇𝑚−𝑇+(𝑇 𝑙𝑛
𝑇

𝑇𝑚
 ))

𝑅𝑇

1 + 𝑒
∆𝐻𝑚(

𝑇
𝑇𝑚

−1)+

𝛥𝐶𝑝(𝑇𝑚−𝑇+(𝑇 𝑙𝑛
𝑇

𝑇𝑚
 ))

𝑅𝑇

           (2.5) 

 

where, Y is normalized values of absorbance, yn and yu are the intercepts, and mn and mu 

are the slopes associated with the pre- and post-transition regions, respectively. Tm is 

temperature at transition midpoint, ΔHm is enthalpy change at the midpoint transition 

temperature, and ∆Cp is heat capacity change associated with the unfolding transition. T is 

temperature in kelvin and R is the gas constant. 

 

2.2.5. Microscopic images 

The 200-mesh carbon-coated transmission electron microscopy (TEM) grids (purchased 

from Ted Pella) were mounted on the top of 5 µl Lyz fibrils, formed in the absence and the 

presence of different ILs for 5 minutes. Excess sample was removed by wicking method, using 

the ashless filter paper at the edge of TEM grid and air dried at room temperature for 5 minutes. 

Immediately after drying, grid was stained with 2% uranyl acetate prepared in distilled water. 

After 5 seconds, excessive stain was removed by the wicking method and grid was washed with 

MilliQ water twice to remove stain particles in the regions other than fibril. Stained and washed 

grids were left overnight to completely air dry in TEM grid carrier case and examined the 
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following day using JEOL transmission electron microscope (TEM) at an accelerating voltage 

of 200 kV. The fibril morphology was analyzed using FIJI software.  

 

2.2.6. Molecular dynamic (MD) simulations 

GROMACS package 5.1.4. with OPLS AA/L forcefield and TIP3P water model were 

used to carry out all the simulations at 300 K. The crystal structure of Lysozyme (lyz) (PDB 

ID: 5K2P) was obtained from the Protein Data Bank (www.rcsb.org). Co-crystallized ligands 

and water molecules were removed prior to the simulations. The parameters for ionic liquids 

were obtained from LigParGen, OPLS/CM1A Parameter Generator for organic ligands 

(http://zarbi.chem.yale.edu/ligpargen)139–141. Lyz molecule was placed in a cubic box extended 

by 1.3 nm from its surface with the volume of 448.47 nm3. Simulations of the protein in the 

absence and presence of 50 mM and 200 mM ILs were carried out. Number of water and IL 

molecules used in each simulation are presented in Table 2.1. Bulk system properties were 

mimicked by applying the periodic boundary conditions. All the simulation systems were 

energy minimised using 10,000 steps of steepest descent algorithm. Pressure was kept constant 

at 1 atm for 1 ns by using Parrinello-Rahman barostat and temperature was set to 300 K for 1 

ns by using modified Berendsen thermostat. Production simulation were run for 100 ns and the 

trajectories were collected at every 10 ps interval. 

Table 2.1: Details of the number of ILs and water molecules used in MD simulation 

 

IL 

50 mM 200 mM 

Number of 

IL 

molecules 

Number of 

water 

molecules 

Obtained 

concentration 

(mM) 

Number of 

IL 

molecules 

Number 

of water 

molecules 

Obtained 

concentration 

(mM) 

MIC 12 13607 48.95 48 13417 198.56 

EMIC 12 13576 49.06 48 13331 199.84 

BMIC 12 13559 49.12 48 13229 201.37 

HMIC 12 13532 49.22 47 13146 198.43 

OMIC 12 13506 49.32 47 13055 199.81 

 

2.2.7 Analysis of simulation trajectories  

Analyses were carried out using various tools available in GROMACS package 5.1.4. 

Root mean square deviations (RMSD) and root mean square fluctuations (RMSF) for Cα-atoms 

http://www.rcsb.org/
http://zarbi.chem.yale.edu/ligpargen
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of the protein, and solvent accessible surface area (SASA) and radius of gyration (Rg) of the 

whole protein were determined. Radial distribution functions (RDFs) for the heavy atoms of 

protein against heavy atoms of water and ILs were evaluated for last 80 ns of the simulation 

trajectories in the presence of ILs and compared with the RDFs of protein in pure aqueous 

medium. The mean distribution of water and ILs around the protein was calculated for last 80 

ns to evaluate the following parameters. 

 

2.2.7.a. Number of water and ILs 

Number of water molecules, IL molecules and groups of ILs (ring, butyl chain and 

methyl group) within cut-off 0.32 nm, 0.42 nm and 0.62 nm from the surface of protein were 

evaluated using gmx select command, and averaged for last 80 ns. Further, the number of water 

and ILs molecules around each amino acid residue were also calculated for each cut-off. 

 

2.2.7.b. Hydration fraction 

Hydration fractions (𝜒ℎ𝑦𝑑) for a given cut-off were determined to know the distribution 

of water and ILs around the protein, by calculating the ratio between the fraction of water 

molecules and ILs, 

                                             𝜒ℎ𝑦𝑑 =
(𝑛𝑤 𝑁𝑤)⁄

(𝑛𝐼𝐿 𝑁𝐼𝐿)⁄
                 (2.6) 

where, nw and nIL are number of water and IL molecules within the given cut-off while Nw and 

NIL are the total number of water and ILs in the simulation box. Hydration fractions for protein 

were calculated with three different cut-offs, 0.32 nm (1st hydration shell), 0.42 nm (2nd 

hydration shell) and 0.62 nm (1st coordination sphere of IL) which were obtained from the 

analysis of RDFs of water and IL. 

 

2.2.7.c. Preferential interaction coefficient 

It explains the preferential binding or exclusion of cosolvent from the vicinity of the 

protein with respect to water molecules in a ternary system having solute (protein), solvent 

(water) and cosolvent142. Preferential interaction coefficients of ILs with Lyz were calculated 

from following equation143, 

                           Γ𝑃−𝐼𝐿 =  𝜌𝐼𝐿 (𝐺𝑃−𝑤 (𝑟) − 𝐺𝑃−𝐼𝐿 (𝑟))            (2.7) 
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where, Γ𝑃−𝐼𝐿 represents preferential interaction coefficient,  𝜌𝐼𝐿 is the number density of ILs in 

bulk solution and is evaluated by number of IL molecules over the volume of simulation box. 

Here, 𝐺𝑃−𝑤 (𝑟) and 𝐺𝑃−𝐼𝐿 (𝑟) are Kirkwood-Buff integrals (KB integrals) for protein-water and 

protein-IL, respectively that was calculated at every 0.02 nm cut-off as, 

                                   𝐺(𝑟) =  ∫ 4𝜋𝑟2(𝑔(𝑟) − 1) 𝑑𝑟
𝑟

0
           (2.8) 

where, (g(r)) is the integrated RDF values at every 0.02 nm distance interval upto 1 nm cut-off. 

Positive values would indicate the favourable binding of ILs to the protein surface within the 

cut-off distance.  

 

2.2.7.d. Transfer free energy 

It is the amount of energy required for a cosolvent (IL) molecule to reach the vicinity of 

the protein (Lyz) molecule from the bulk solution. Transfer free energies (Δ𝐹𝑃−𝐼𝐿
𝑡 ), were 

derived from KB integrals using the following equation144, 

                     Δ𝐹𝑃−𝐼𝐿
𝑡 =  −𝑅 𝑇 𝐺𝑃−𝐼𝐿(𝑟)                                             (2.9) 

where, R is the gas constant (1.98 cal mol-1 K-1), T is temperature.  

Negative values of free energy would indicate that the presence of IL molecules at the given 

distance is an outcome of favorable interaction with the protein. 

 

2.2.7.e. Residue-wise interaction between Lyz and ILs 

To understand the residue-level interaction of ILs with Lyz, the mean distance between 

IL and each amino acid (129 in Lyz) residue was evaluated using gmx distpair in Gromacs. 

Further, the number of times IL appeared near each amino acid within the distance cut-off 0.62 

nm was counted. These numbers were converted into fraction of times the presence of IL around 

the protein. The obtained values were between 0 and 1, where 0 indicated no interaction of IL 

with a particular amino acid and 1 represented the maximum interaction. These values 

corresponding to each amino acid of the protein were used to assign colors on the residues of 

Lyz depicting the strength of binding of IL. 
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2.3 Results 

2.3.1 Fibril formation of Lyz in ILs  

Lyz forms fibrils under various denaturing conditions. Both nucleation-dependent and 

nucleation-independent pathways of fibrillation are reported for Lyz 122,132. In an earlier study 

from our research group, it was reported that Lyz could form fibrils in the absence of any 

denaturant at neutral pH when its disulfide bonds were reduced using DTT and incubated at 50 

oC 132. This condition was first verified by the increase in fluorescence of thioflavin-T (ThT) 

which specifically binds to amyloid-like fibrils (Fig. 2.2 A). The rate of fibril formation was 

also followed using ThT (Fig. 2.2 B). The kinetic profile suggested that the protein underwent 

nucleation-independent polymerization reaction and the rate of fibrillation was calculated to be 

0.08 min-1. The fibril formed by Lyz in this condition was confirmed by a TEM micrograph 

(Fig. 2.2 C). 

Secondary and tertiary structural changes of Lyz under the fibrillation condition were 

analyzed by measuring the circular dichroism spectra in far-UV and near-UV region. Negative 

peaks at 222 nm and 218 nm are indicative of α-helix and β-sheet structures in a protein. Lyz 

showed changes in its secondary structural content with the addition of DTT at room 

temperature which was further more decreased when the protein was treated at higher 

temperature (50 ℃). Additionally, β-sheet content was increased as compared to Lyz at the 

native conditions (Fig 2.2 A and C). Further, incubation at fibrillation condition for 30 min 

Fig. 2.2 (A) Fluorescence emission spectra of ThT in the presence of DTT-reduced Lyz before 

(black) and after (red) incubation at 50 oC for 2 h. (B) ThT fluorescence at 485 nm after exciting 

the molecule at 440 nm in the presence of DTT-reduced Lyz at 50 ℃. (C) TEM micrograph of 

Lyz fibrils obtained from the condition given in panel (A). 

Fig 2.2 (A) Far-UV circular dichroism spectra of Lyz at room temperature (RT) in black, with DTT 

at RT in cyan, without DTT at 50℃ in orange, at fibrillation condition, that is at 50 oC with DTT in 

grey and after incubation at fibrillation condition for 30 min in purple. (B) Near-UV CD spectra 

showing tertiary structural changes in Lyz at the given condition. (C) The secondary structural 

content of the protein at these conditions are derived from the far-UV CD spectra using Young's 

method provided in the instrument, J-1500 circular dichroism spectrophotometer. 
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showed increase in β-sheet to 45% (against 26% in the native Lyz) with the loss of α-helical 

content to half of the total content present in the native conformation (Fig 2.2C).  The near-UV 

spectra collected at the same conditions (Fig 2.2B) suggested that the addition of DTT and 

heating at 50 ℃ lead to the loss of tertiary interactions in the protein. 

 

Fig. 2.3 Rate of fibril formation of Lyz followed by the change in ThT fluorescence at 485 nm in 

varying concentrations of Im-ILs, (A) MIC, (B) EMIC, (C) BMIC, (D) HMIC, and (E) OMIC. The 

concentrations above 200 mM are presented in insets. The colors represent the different 

concentrations of ILs as given in the legend. The solid lines represent the data-fit using equation (1) 

or (2) for the kinetic traces following nucleation-independent and nucleation-dependent pathways, 

respectively. It may be noted that during the reaction insoluble fibrils were also observed. Therefore, 

the fluorescence intensity could not be directly correlated with the yield of the fibrils formed. 
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Further, the rate of fibril formation of Lyz was calculated in the presence of varying 

concentrations of five different Im-ILs by monitoring the changes in the fluorescence of ThT 

(Fig. 2.3 & Fig. 2.4).  The addition of ILs altered both the rate and fibrillation mechanism of 

the protein in a concentration-dependent manner.  

Fig. 2.4. Representative fluorescence emission spectra of ThT in DTT-reduced Lyz in varying 

concentrations of (A) MIC, (B), EMIC, (C) BMIC, (D) HMIC, and (E) OMIC measured before 

incubating at 50 oC (dotted lines) and after the incubation (solid lines). The fluorescence intensity of 

ThT was not significantly increased in the presence of 500 mM of OMIC (gray solid line in panel E) 

due to inhibition of fibril formation.  



25 

 

At lower concentrations, up to 100 mM, the fibrillation followed a nucleation-independent 

polymerization pathway without any detectable lag phase. At concentrations above 100 mM, 

all the ILs, except MIC, switched the fibrillation into the nucleation-dependent pathway with a 

notable nucleation or lag phase. These kinetic traces were analyzed using equations (2.1) and 

(2.2), respectively, and the obtained parameters are presented in Fig. 2.5. With increasing 

concentration of MIC (upto 100 mM), a gradual decrease in the rate of fibrillation of Lyz was 

observed. The rate was nearly unaffected by the other ILs until 20 mM, but was slightly 

decreased at above 20 mM. MIC showed the largest retardation of fibrillation rate in the 

concentration range 1-100 mM whereas OMIC and HMIC had the least effect. Increasing the 

concentration of IL above 100 mM (where lag phase was observed except in MIC) increased 

the elongation rate of fibrillation even higher than the rate observed in the buffer except in the 

case of OMIC. The highest increase was observed for BMIC. Further increase in the 

concentration of MIC and EMIC showed only a slight decrease in elongation rate. However, 

BMIC and HMIC strongly reduced the rate. Exceptionally, OMIC showed a drastic decrease in 

the elongation rate when the concentration was raised above 100 mM. Also, the protein did not 

show any fibril formation in the presence of OMIC at concentrations above 200 mM even after 

incubating for 36 hrs.  

To understand how the lag time was changed with the increase in concentration of ILs, 

the lag time were evaluated for the nucleation-dependent kinetics using equation 2.3. The lag 

time (Fig. 2.5 A inset) increased with the increasing concentration of ILs. Also, the lag time 

increased with the increasing alkyl chain length. The extent of increase was in the order of 

EMIC < BMIC < HMIC. Though Lyz did not form fibrils in the presence of OMIC at 

concentrations above 200 mM, the lag time in 200 mM of OMIC was comparable to that 

observed in 500 mM of HMIC. 
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Fig. 2.5. (A) Rate of fibril formation of Lyz in the presence of varying concentrations of the ILs, 

MIC (green inverted triangles), EMIC (pink triangles), BMIC (cyan squares), HMIC (purple 

hexagons), and OMIC (red circles), obtained from the kinetic traces presented in Fig. 2.3. The lag 

time calculated for the conditions following nucleation-dependent mechanism are presented in the 

inset. (B) Apparent fibril formation time in varying concentrations of the ILs.  The values of ln kf 

and Tapp in the absence of any IL are given as black circles. In the presence of MIC, no lag phase 

was observed at all the concentrations. 
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For further detailed interpretation, the apparent time taken by the protein to reach the 

saturation phase (Tapp) in varying concentrations of ILs were evaluated using equation 2.4. This 

parameter can reflect the combined changes in lag time and elongation rate, thus can be used to 

analyze the overall effect of ILs on the fibrillation propensity. The change in Tapp values also 

showed the biphasic trend (Fig. 2.5 B). At lower concentrations, the time for fibrillation was 

increased with increasing concentrations. At above 100 mM, fibrillation was completed in a 

shorter time either with or without (in MIC) lag phase, but further increase in the concentration 

increased the time for complete fibril formation. The extent of increase was marginal in the 

case of MIC whereas other ILs showed a significant increase. In case of HMIC, at the highest 

concentration used in the study (500 mM), the fibrillation time was nearly 55-times more than 

the time taken in the absence of any IL. In OMIC, even at 200 mM a similar delay was observed. 

Fibril formation in the presence of ILs was confirmed by TEM images and the 

representative micrographs are presented in Fig. 2.6. Fibril morphology in the presence of ILs 

was similar to the fibrils formed in the absence of any ILs. Moreover, fibrils formed as the result 

of lag-independent kinetics (lower concentration, 50 mM) as well as lag-dependent kinetics 

Fig 2.6 Representative TEM images of the fibrils formed by Lyz following lag-independent kinetics 

(top panels) in the presence of (A) 50 mM MIC, (B) 50 mM EMIC, and (C) 50 mM OMIC and lag-

dependent kinetics in the presence of (D) 400 mM EMIC, (E) 400 mM BMIC and (F) 400 mM HMIC.  
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(higher concentration, 400 mM) showed similar morphologies. Fibrils were dense and thread-

like in appearance, often seen clumped together with no distinct strands visible. 

 

2.3.2 Thermal stability of the protein in Im-ILs 

The stability of Lyz in buffer containing varying concentrations of ILs was measured 

by following the change in absorbance of the protein upon unfolding. The thermal denaturation 

process followed a two-state transition in the presence of all the ILs (Fig. 2.7). In the case of 

HMIC and OMIC, the thermal transitions showed non-cooperative transitions at concentrations 

above 200 and 50 mM, respectively, that were not included for further analysis. From other 

transitions, transition midpoint temperatures (Tm) and enthalpies of unfolding (ΔHm ) were 

calculated using equation 2.5 (Fig. 2.8). 

The Tm values were less in the presence of ILs compared to the value obtained in the 

buffer; however, all the ILs did not exhibit a similar trend. MIC induced a larger destabilization 

effect at very low concentrations, (≤ 20 mM) and a further increase in IL concentration 

Fig. 2.7 Representative thermal denaturation transitions of Lyz measured by following the change in 

absorbance of the protein in the presence of varying concentrations of ILs, (A) MIC, (B) EMIC, (C) 

BMIC, (D) HMIC, and (E) OMIC. The solid lines represent the data fit using equation (6), for two-

state transitions. The colors represent the concentration of ILs as mentioned in the legends of each 

panel. It may be noted that the thermal denaturation curves showed non-cooperative transitions in 

HMIC and OMIC at concentrations above 200 and 50 mM, respectively. 
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decreased its destabilization effect. At above 200 mM, the extent of destabilization was again 

increased.  In the case of EMIC, BMIC, and HMIC, the Tm values decreased gradually. At lower 

concentrations, the destabilizing effect was less, but above 50 mM, there was a significant 

reduction in the stability. OMIC showed a larger reduction of Tm values even at lower 

concentrations. As the alkyl chain length increased, the destabilization effect was more 

pronounced by the ILs even at their lower concentration.  

The enthalpy of unfolding (ΔHm) was less in the presence of lower concentrations of the 

ILs which increased with the increase in their concentrations. In higher concentrations of MIC 

and EMIC (>200 mM and >50 mM, respectively), the ΔHm of the protein was reduced again 

whereas BMIC and HMIC did not alter the ΔHm value above 20 mM.  In the presence of OMIC, 

the ΔHm value was marginally decreased with increasing concentration.  

 

 

 

 

 

Fig. 2.8 (A) Thermal denaturation midpoint (Tm) and (B) enthalpy of unfolding (ΔHm) of Lyz in the 

presence of varying concentrations of ILs, MIC (green inverted triangles), EMIC (pink triangles), 

BMIC (cyan squares), HMIC (purple hexagons), and OMIC (red circles) evaluated from the thermal 

denaturation transitions presented in Fig. 2.7. Tm and ΔHm values in the absence of any IL are given 

as black circles. 
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2.3.3. Structural studies 

2.3.3.a Absorption spectra of Lyz in ILs 

The change in absorption of Lyz with the addition of varying concentrations of ILs was 

measured. Absorption of the protein was only marginally reduced in the presence of ILs except 

in HMIC (Fig. 2.9). The absorption was slightly decreased with the increasing concentration of 

HMIC at lower concentrations (upto 100 mM) whereas a significant reduction was observed at 

higher concentrations with a small red shift in the maxima from 283 to 285 nm. 

 

2.3.3.b Near-UV CD of Lyz in ILs 

The tertiary interactions in Lyz were examined with near-UV CD spectra of the protein 

(Fig. 2.10). Lyz has six Trp and three Tyr residues. The native form of Lyz showed a weak 

triplet band arising from its Trp residues in the region of 280-295 nm as reported in earlier 

studies as well 145. The band was distorted and the intensity was slightly increased with the 

addition of ILs. In the region around 260-280 nm, representing the conformational changes 

around Tyr residues, a gradual loss of ellipticity was observed. In the case of HMIC and OMIC, 

Fig. 2.9. Absorption spectra of Lyz in the presence of varying concentrations of ILs, (A) MIC, (B) 

EMIC, (C) BMIC, (D) HMIC, and (E) OMIC. The inset in panel (D) shows the change in absorption of 

Lyz at 283 nm in the presence of varying concentrations of HMIC. Colors of the spectra represent 

different concentrations of ILs as mentioned in the legend.  
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at higher concentrations, the ellipticity values were close to zero indicating almost a complete 

loss of tertiary interactions around the Tyr residues. 

 

 

2.3.3.c. Extrinsic fluorescence changes with ANS 

The extent of denaturation induced by ILs on the protein could be probed by exposure 

of hydrophobic residues of the protein upon the addition of IL. ANS is a dye that specifically 

binds to hydrophobic patches on protein surface that increases its fluorescence emission 146. 

Since ILs might alter the fluorescence of dyes, the ANS fluorescence in the ILs alone and in 

the presence of Lyz was measured (Fig. 2.11). In all the ILs, at concentrations above 100 mM, 

the ANS fluorescence was sharply increased. In the presence of Lyz, no significant difference 

in ANS fluorescence was observed suggesting that the exposure of hydrophobic residues by the 

protein was minimal. 

 

Fig. 2.10 Near-UV CD spectra of Lyz in varying concentrations of ILs (A) MIC, (B) EMIC, (C) 

BMIC, (D) HMIC, and (E) OMIC. The colors of the spectra represent different concentrations of 

ILs as mentioned in the legend. 
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2.3.3.d. Intrinsic fluorescence changes in Lyz and binding affinity of IL 

The change in fluorescence emission of Lyz was analyzed by exciting the protein at 280 

nm (Fig. 2.12). At this wavelength, all the aromatic residues are excited 147. In the presence of 

MIC, EMIC, and BMIC, fluorescence intensity was slightly decreased in lower concentration 

(upto 100 mM) whereas a larger decrease was noted above 100 mM concentration. The protein 

fluorescence was gradually decreased at concentrations above 10 mM of OMIC. HMIC showed 

a different pattern that at lower concentration, the fluorescence was increased and it gradually 

decreased when the concentration of IL was above 100 mM. The fluorescence emission 

maximum (WLmax) of the protein upon excitation at 280 nm was not much affected with the 

addition of MIC whereas higher alkyl Im-ILs showed a blue shift in WLmax with an increase 

in their concentration. HMIC-induced the longest blue shift in WLmax at 500 mM followed by 

OMIC which was larger than EMIC and BMIC at the same concentration.  

Fig. 2.11 Emission intensity of external fluorescence probe ANS at 520 nm in varying 

concentrations of ILs (A) MIC, (B) EMIC, (C) BMIC, (D) HMIC and (E) OMIC in the absence 

(inverted hollow triangles) and the presence of (gray-filled triangles) Lyz.  

 



33 

 

 

It was sceptical to understand the ILs binding on Lyz, as absorbance and extrinsic 

fluorescence data showed only marginal changes in structure, while a drastic decrease in 

intrinsic fluorescence with increasing concentration of ILs was observed. To investigate 

whether the decrease in fluorescence is due to quenching of Lyz’s fluorescence by the ILs, the 

Fig. 2.12 (A) Fluorescence emission intensity of Lyz at 340 nm after exciting the protein at 280 nm in 

the presence of varying concentrations of the ILs, MIC (green), EMIC (pink), BMIC (cyan), HMIC 

(purple), and OMIC (red). (B) Emission maxima of Lyz (WLmax) while excited at 280 nm in varying 

concentrations of the ILs. 

Fig. 2.13 Fluorescence emission intensity of NATA at 340 nm after exciting the dye at 280 nm in 

the presence of varying concentrations of the ILs, MIC (green), EMIC (pink), BMIC (cyan), and 

OMIC (red). Emission intensity of NATA in the presence of varying concentration of HMIC is 

shown in inset. 



34 

 

fluorescence changes of NATA in varying concentration of ILs were followed. NATA, N-acetyl 

tryptophanamide, is a structural analog of Trp residue. With the increasing concentration of ILs, 

NATA fluorescence was observed to decrease (Fig. 2.13). This illustrated that the decrease in 

fluorescence was not exclusively due to the binding of ILs with the Lyz, but could raise due to 

the dynamic quenching of fluorescence by the ILs. Thus, intrinsic fluorescence experiments 

may not be sufficient to predict the binding affinity and probable number of binding sites on 

Lyz. Hence, to have a better understanding about molecular level interactions and binding sites, 

molecular dynamics simulations were performed. 

                           

2.3.4 Molecular dynamic (MD) simulation studies 

2.3.4.a Global analysis 

Root mean square deviation (RMSD) determines the structural changes in three-

dimensional conformation of a protein by measuring the average fluctuations in the Cα-atoms 

from its initial coordinates in a simulation. Here, RMSD of Lyz showed only marginal changes 

in the structure upon the addition of Im-ILs. The mean value of RMSD of Lyz was 0.13 ± 0.02 

nm. With the addition of ILs, RMSD values were observed between 0.11 – 0.15 and 0.13-0.14 

± 0.02 nm, in 50 mM and 200 mM concentrations of ILs, respectively (Fig. 2.14 A1 & A2). 

Root mean square fluctuations (RMSF) reflects the average deviation of each atom from its 

initial position. For the analysis, Cα-atom of each residue was considered to represent the 

residue fluctuations from the initial position. RMSF showed major fluctuations in 4 regions of 

Fig. 2.14 (A1 and A2) Root mean square deviation (RMSD), (B1 andB2) root mean square 

fluctuation (RMSF) of Cα –atoms, (C1 and C2) radius of gyration (Rg) and (D1 and D2) solvent 

accessible surface area (SASA) of Lyz in the absence (black) and presence of MIC (dark yellow), 

EMIC (pink), BMIC (cyan), HMIC (purple) and OMIC (red). The upper (A1-D1) and lower panel 

(A2-D2) are in the presence of 50 mM and 200 mM ILs, respectively. (E) The structure of Lyz 

(green) with the regions of major fluctuations (higher RMSF values) marked in orange.  
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the protein consisting of the residues 16-20, 44-58, 66-71 and 99-103 (Fig. 2.14-B1 & B2). 

Also, radius of gyration (Rg), and solvent accessible surface area (SASA) remained unaltered 

with the addition of ILs at both the studied concentrations (Fig. 2.14-C1&C2 and D1&D2).  

 

2.3.4.b Radial distribution function (RDF) 

Changes in radial distribution function (RDF) of solvent and cosolvent would indicate 

the changes in the components of solvation layer surrounding the protein. In the RDF plot of 

water (Fig. 2.15), the first peak at 0.28 nm indicates the oriented tetrahedral water molecules in 

the first hydration shell of protein148. The troughs indicate the coordination spheres of the water 

around protein. Generally, the first water coordination sphere occurs at 0.32 nm and the second 

sphere at 0.42 nm from the surface of a protein. 

With the addition of Im-ILs, the 

position and the height of peak in first 

hydration shell remained unaltered, but the 

height of peak in second hydration shell 

differed in the presence of different 

concentration of all ILs. At 50 mM 

concentration, distribution of water molecules 

around Lyz followed the order, MIC ≈ EMIC 

≈ BMIC > OMIC > HMIC (Fig. 2.16 A). At 

200 mM of ILs, distribution of water around 

Lyz was reduced the most by the addition of 

OMIC followed by EMIC and least changes 

were observed in the presence of  HMIC, 

BMIC and MIC (Fig. 2.16 B). 

 

Fig. 2.15 A representative RDF plot for water 

around a protein. 
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Similarly, RDFs of ILs around the 

protein were also analyzed. The first 

coordination sphere around the protein was 

formed at the distance of 0.62 nm from the 

surface of protein as shown in Fig. 2.17. At 

50 mM, OMIC showed the maximum 

density around Lyz that was slightly more 

than HMIC followed by BMIC and EMIC, 

and least in case of MIC (Fig. 2.18 A). At 

200 mM, the distribution of ILs around Lyz 

was in the order, OMIC ≈ MIC > HMIC > 

BMIC > EMIC (Fig. 2.18 B). MIC showed 

the exceptionally high distribution equal to 

OMIC around the protein which was least at 

50 mM concentration.  

 

 

Fig. 2.16 Radial distribution function of water around Lyz in the absence (black) and presence of 

(A) 50 mM and (B) 200 mM of ILs, MIC (dark yellow), EMIC (pink), BMIC (cyan), HMIC (purple) 

and OMIC (red). Insets show the RDF values reaching to the value of 1 corresponding to the bulk 

solvent. 

Fig. 2.17 A representative RDF plot of IL heavy 

atoms around the heavy atoms of Lyz. 
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2.3.4.c Number of water and IL molecules around the protein 

RDF values of water showed varying distribution around the protein at 0.32 and 0.42 

nm in the presence of ILs. Also, the coordination sphere of ILs was observed to be at the 

distance 0.62 nm from the surface of protein as similar to earlier studies149. Therefore, the 

Fig. 2.18 Radial distribution function of ILs around Lyz in the presence of (A) 50 mM and (B) 200 

mM ILs. MIC, EMIC, BMIC, HMIC and OMIC are shown in dark yellow, pink, cyan, purple and red, 

respectively. The arrows indicate the position of the first-coordination sphere of the ILs around Lyz. 

Fig. 2.19 Average number of water molecules (upper panel) and IL (lower panel) around the protein. 

The number of water molecules in the presence of 50 mM ILs (A1, C1, and E1) and 200 mM (B1, D1 

and F1) ILs within the cut-off of 0.32, 0.42 and 0.62 nm. The number of ILs in 50 mM simulation systems 

are shown in A2, C2 & E2 while B2, D2 & F2 shows the number of ILs in 200 mM simulation systems. 

Color indications: black- no IL; dark yellow- MIC; pink- EMIC; cyan- BMIC; purple- HMIC; and red- 

OMIC. 
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number or water and IL molecules were calculated in all the simulation systems at three cut-off 

values viz., 0.32, 0.42 and 0.62 nm (Fig. 2.19).  

At 0.32 nm and 0.42 nm cut-offs, the number of water molecules were reduced in the 

presence of all ILs; however, there were differences in the loss of water molecules at 50 mM 

and 200 mM (Fig. 2.19 A1-D1). At 50 mM, the water around Lyz was reduced more in the 

presence of BMIC followed by EMIC at all the distances. At higher concentration, the number 

of water around the protein decreased with increasing alkyl chain length of the IL except that 

in the presence of EMIC the reduction of water was more than BMIC. Overall, the number of 

water around the protein followed the trend, buffer > MIC > BMIC > EMIC > HMIC > OMIC 

at the higher concentrations of ILs. In complement to this, the number of ILs around the protein 

increased with increasing alkyl sidechain of the IL at the distances of 0.42 and 0.62 nm from 

the surface (Fig. 2.19 C2-F2), but at a closer 

cut-off of 0.32 nm, MIC and HMIC showed 

a higher presence than other ILs suggesting 

that the overall surface area and the specific 

length of alkyl chain could be important 

factors in the interactions at the closer 

vicinity of the protein, the first solvation 

shell.  

To further investigate which moiety 

of IL more preferably interacts with Lyz, 

Fig. 2.21 Average number of ILs’ 

groups around the protein in the 

presence of 50 mM (A, C & E) and 

200 mM (B, D & F) of ILs at three 

different cut-off distances. 

Fig. 2.20 Diagram showing the different 

functional groups of ILs used to understand the 

probable orientation of interaction with the 

protein. 
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each IL was represented by three different interacting moieties, methyl, ring and side chain as 

shown in Fig. 2.20. The presence of each group was counted separately around the protein. The 

number of each group at three cut-offs would indicate the probable moiety necessary in 

maintaining a favourable interaction with the residues of Lyz. At 0.32 nm distance, only ring 

atoms were observed, while at 0.42 and 0.62 nm cut-offs, the interactions followed the order, 

side chains > ring atoms > methyl groups as shown in Fig. 2.21. 

 

2.3.4.d Average number of water and IL molecules around each residue 

To understand the types of amino acids interacting with the ILs, the number of IL and 

the number of water molecules around each amino acid were counted. The number of water 

molecules and ILs were very less or negligible at 0.32 nm cut-off to distinguish any preferable 

interactions. Thus, the results from 0.32 nm cut-off are not included. At 0.42 nm and 0.62 nm, 

with increasing concentration of ILs, reduction in the number of water molecules was more. 

The maximum reduction was observed around all the amino acids of Lyz in the presence of 

OMIC except around Asn. The number of water around Asn residues was the lowest in the 

presence of 200 mM MIC (Fig. 2.22).  

Further, the number of ILs around each residue was analysed for both 50 mM and 200 

mM concentrations of ILs (Fig. 2.23). Due to a smaller number of IL molecules in 50 mM 

simulation systems, the number of ILs around few amino acids were either very less or 

negligible. At 200 mM concentration, the number of lower alkyl chain ILs were found to be 

few or negligible around the hydrophobic amino acids such as, Ile, Val, Cys and Met. The 

number of ILs around the amino acids generally followed the order, OMIC > HMIC > BMIC 

> EMIC > MIC. However, the interaction around Met, Glu, Gln and Asp showed some 

differences. Met had greater number of BMIC around it as compared to HMIC, while Glu, Gln 

and Asp had a greater number of MIC as compared to EMIC. 
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Fig. 2.22 Average number of water molecules around each residue of Lyz in the presence of 50 mM 

of ILs at a distance cut-off of (A1) 0.42 nm and (A2) 0.62 nm, and in the presence of 200 mM ILs at 

a distance cut-off of (B1) 0.42 nm and (B2) 0.62 nm. Black bars indicate the number of water around 

the residues in the absence of ILs, whereas dark yellow, pink, cyan, purple and red bars indicate the 

presence of MIC, EMIC, BMIC, HMIC and OMIC, respectively.  
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Fig. 2.23 Average number of IL molecules around each residue of Lyz in the presence of 50 mM 

ILs within cut-off of (A1) 0.42 nm & (A2) 0.62 nm, and 200 mM ILs at a distance cut-off (B1) 

0.42 nm & (B2) 0.62 nm. Bars in dark yellow, pink, cyan, purple and red color indicate the number 

of MIC, EMIC, BMIC, HMIC and OMIC, respectively.  
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2.3.4.e Solvation properties 

To gauge the solvation effects, hydration fractions (χhyd) around the protein were 

evaluated in the presence of the ILs. It was determined to know the relative distribution of water 

and IL in the vicinity of the protein compared to their distribution in the bulk. It was calculated 

from the last 80 ns of the MD simulation trajectories for each IL using equation 2.6, described 

in section 2.2.7.b. The extent of hydration in first hydration shell was maximum reduced in the 

presence of MIC and HMIC at 50 and 200 mM, respectively while maximum in the presence 

of EMIC at both concentrations (Fig. 2.24 A1 & A2). In the presence of 50 mM ILs, hydration 

fraction followed the following order, EMIC > BMIC > MIC > HMIC > OMIC, at 0.42 and 

0.62 nm cut-off (Fig. 2.24 B1 & C1). At higher concentration of ILs, the hydration fraction was 

reduced as the length of alkyl side chain increased (Fig. 2.24 B2 & C2).  

 

 

2.3.4.f Preferential interaction coefficient (PIC) and transfer free energy (TFE) 

Preferential interaction coefficients of ILs were calculated by Kirkwood-Buff type 

integral using equation 2.8 (Fig. 2.25 A & B). The preferential interaction of all the ILs was 

positive suggesting that interaction between protein and ILs was favourable. Interaction of ILs 

with Lyz increased with increasing concentrations of ILs. Values of preferential interaction 

Fig. 2.24 Hydrations fractions calculated at the cut-off values 0.32 nm (A1 and A2), 0.42 nm (B1 and 

B2), and 0.62 nm (C1 and C2) around Lyz in the presence of 50 mM (upper panel) and 200 mM 

(lower panel) of ILs (dark yellow- MIC, grey- EMIC, cyan- BMIC, purple- HMIC and red- OMIC). 
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coefficient were observed maximum in the presence of EMIC, but a distance farthest from the 

surface of Lyz which indicate the bulk like properties of EMIC. ILs favouring the interaction 

with Lyz would tend to stay in the vicinity of protein, i.e., near the surface of protein. At higher 

concentration of ILs, peaks were observed at varying distances and followed the order, MIC > 

OMIC > HMIC > BMIC > EMIC. However, the height of peak for preferential interaction 

coefficient was the following order, EMIC >> BMIC > HMIC > OMIC >> MIC. Favourability 

of interaction depends on both the factors, height of the peak and the distance at which it is 

appearing. Thus, the PIC graphs indicate, ILs with longer alkyl chain tend to establish stronger 

interaction with Lyz and stay in the vicinity of the protein. 

 

The results were further supported by the negative transfer free energies (TFE) derived 

from the preferential interaction coefficient values at every 0.02 nm distance from the surface 

of protein (Fig .2.26 A & B). TFE is the amount of energy required for an IL to reach the vicinity 

of the protein molecule from the bulk solution144. The TFE values followed the similar order as 

observed for PIC. This indicated that ILs with longer alkyl chain interact with Lyz more 

preferentially. 

Fig. 2.25 Variation in preferential interaction coefficients calculated for Lyz with increasing 

distance from the protein surface in the presence of (A) 50 mM and (B) 200 mM of ILs. (Dark 

yellow- MIC, pink- EMIC, cyan- BMIC, purple- HMIC, red- OMIC).  
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2.3.4.g Residue-wise interaction between Lyz and ILs 

A specific folding conformation of a native protein allows few residues to be buried to 

the core of the structure and remaining residues interact with the surrounding solvent and 

cosolvent molecules in a ternary system. Therefore, knowing the specific residues involved in 

the interaction with ILs would extend the depth of information about underlying mechanism 

leading to (de)stabilization and thus fibrillation of Lyz. At 50 mM concentration, all the ILs 

showed their strongly interacting residues in N-terminal region (Fig. 2.27 A-E). Moreover, ILs 

with longer alkyl chain, HMIC and OMIC showed maximum regions of interaction on Lyz as 

shown in Fig. 2.17 D and E.  At higher concentration, regions of interaction are more for all 

ILs. Regions involved in interaction with each IL are shown in Table 2.2.  

 

 

 

 

 

 

Fig. 2.26 Transfer free energies derived from preferential interaction coefficients for Lyz in the 

presence of (A) 50 mM and (B) 200 mM of MIC (dark yellow), EMIC (pink), BMIC (cyan), HMIC 

(purple) and OMIC (red). 
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Table 2.2 Regions of Lyz showing stronger interaction (shown in green in Fig. 2.28) with Im-ILs at 50 

mM and 200 mM concentrations. 

IL 50 mM 200 mM 

MIC K1 - A11, S24 – A31 K1 – E7, S24 – A31 

EMIC G4 – C6, S24 – A31 K1 – C6, L13 – L17, Y23 – A31 

BMIC K1 – A11 K1 – A31, S86 – N93, R125 – R129 

HMIC K1 – A11, N19 – S24, W28 – V29,  

I78 – S81, A90 – S91, V99 – G102 

K1 – A31, N46 – T51, A122 – C127 

OMIC K1 – A11, N19 – S24, W28 – A31,  

I78 – S81, T89 – S91, V99 – G102 

K1 – A31, R45 – N46, D52 – G55,  

W62 – D66, L75 – C80, I98 – S100 

 

 

 

 

Fig. 2.27 Cartoon diagram depicting the regions of interaction of Lyz with MIC (A & F), EMIC (B & 

G), BMIC (C & H), HMIC (D & I) and OMIC (E & J) at 50 mM (A-E) and 200 mM (F-J) concentrations 

of each IL. Non-interactive regions are shown in white color. Green color shows stronger interaction, 

while pink color indicates moderate interactions between Lyz residues and IL. 
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2.4 Discussion 

2.4.1 Rate and fibrillation pathway in ILs 

Fibril assembly of globular proteins is generally initiated from a partially unfolded 

conformation24. In the present study, the effect of varying concentrations of Im-ILs, with 

increasing alkyl side chain length, on the fibrillation of Lyz is investigated at the condition 

where Lyz follows the nucleation-independent polymerization pathway. Lyz shows a 

significant loss of secondary structure at the fibril initiating condition, that is addition of DTT 

and incubation at 50 oC (Fig. 2.2 A &C), as reported earlier132. This partially unfolded 

conformation has higher β-sheet content than the native state which might facilitate the 

formation of fibrils. The fibrillation rate of Lyz at this condition is found to be faster compared 

to the rates obtained at various other conditions119,120,122. Mostly, cosolvents are known to affect 

the kinetic parameters without altering the aggregation mechanism itself. However, the 

fibrillation is shown to switch from nucleation-independent polymerization to nucleation-

dependent mechanism with the increase in initial concentration of lysozyme, when the 

fibrillation is initiated in the presence of 4 M urea150. Similarly, a change in the aggregation 

mechanism is noted for serum albumin when salt or guanidinium hydrochloride is added to the 

solution115,151. It is proposed that charge repulsion could drive the proteins to follow the 

nucleation-independent polymerization pathway. Also, proteins may undergo a nucleation-

independent pathway when the initial concentration is above a certain 'supercritical 

concentration152.  

In continuation of these observations, the present study suggests that even the 

hydrophobic interactions of cosolvents can alter the mechanism of fibril formation. At lower 

concentrations (≤50 mM), the binding of ILs is weak and shows less structural changes (as 

discussed below), thus exhibiting marginal changes on the fibrillation. ILs with alkyl side 

chains induce nucleation-dependent fibril formation at higher concentrations, whereas MIC 

does not alter the mechanism. Also, the lag phase is observed to be longer for the ILs with 

longer alkyl side chain. At higher concentrations, binding of ILs might prevent the inter-chain 

hydrophobic interactions in Lyz. Thus, the nucleus formation could become an energy barrier 

at these conditions preventing downhill polymerization of protein chains and switch the 

fibrillation into nucleation-dependent pathway. The apparent fibrillation time, (Tapp) calculated 

to assess the overall effect of ILs on the time taken by the protein to attain the fibrillar state 

(Fig. 2.5), clearly indicates that in lower concentrations, MIC is most effective in retarding the 
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fibril formation followed by BMIC and HMIC. However, in higher concentrations, HMIC and 

OMIC increase the fibrillation time by nearly 55-fold. 

 

2.4.2 Structural changes and stability of Lyz 

The absorbance of Lyz in the presence of ILs suggests that there is no significant change 

in the conformation of the protein. Only in the presence of HMIC, the absorption region 

dominated by Tyr, absorbance is reduced (Fig. 2.9 D). The absence of any notable change in 

the fluorescence of ANS implies that the binding of ILs does not significantly unfold the protein 

(Fig. 2.11). However, the decrease in ellipticity observed in near-UV CD (Fig. 2.10) infers that 

there could be a loss of tertiary interactions locally around the binding regions. Thus, the 

binding of ILs might occur on the surface of Lyz through the interactions with the partially 

exposed hydrophobic residues and polar residues. The intrinsic fluorescence of Lyz decreases 

when the concentrations of ILs are above 100 mM (above 50 mM for HMIC and OMIC) with 

a notable blue shift (Fig. 2.12). Analysis of fluorescence changes of NATA in the presence of 

varying concentrations of ILs indicated that reduced fluorescence could not be exclusively 

attributed to the binding of ILs with Lyz, but could arise from dynamic quenching effect.  

From MD simulation, RMSF analysis reveal that there are mainly four regions showing 

larger fluctuations upon addition of ILs (Fig. 2.14-B1 and B2). These regions mostly belong to 

the residues different from the six hydrophobic clusters in Lyz. Moreover, the fluctuations 

observed are maximum in the presence of OMIC and HMIC. These results correlate well with 

the near-UV  CD observations and suggest that the ILs with longer alkyl chain viz., increased 

hydrophobicity tend to interact more with hydrophobic regions of Lyz, leaving unbound 

residues with greater flexibility. 

Though all the five ILs destabilize the protein, MIC shows a stronger destabilization 

effect at lower concentrations (≤20 mM) than the other ILs at the same concentration. However, 

at concentrations above 20 mM, the destabilization effect is more pronounced with longer alkyl 

chain ILs. To evaluate the enthalpy-entropy compensation on the destabilization effect, the 

difference in the enthalpy of unfolding (ΔΔHm= enthalpy of unfolding in buffer at Tm - enthalpy 

of unfolding in IL at Tm) is plotted against the difference in the entropy of unfolding (T.ΔΔSm = 

entropy of unfolding in buffer at Tm - entropy of unfolding in IL at Tm). The enthalpy–entropy 

plot can be divided into four regions39,153 which can explain the energetics of osmolyte-induced 

effect on the stability of the protein 154,155. The plot (Fig. 2.28) clearly indicates that the 
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destabilization of ILs is enthalpy-driven in all the cases. This could be attributed to the binding 

of ILs with the proteins. The earlier reports reveal that there is a direct interaction between the 

protein and Im-ILs similar to guanidinium ions which might drive the destabilization effect of 

ILs 156. Preferential binding of Im-ILs with the unfolded states of the protein may be further 

facilitated by exposed hydrophobic residues; thus, the effect of denaturation is more for the ILs 

with longer alkyl chains. Increased destabilization effect with increasing hydrophobicity of Im-

ILs is reported in the cases of cytochrome c 156, hemoglobin (Jha et al., 2015), and azurin 158 as 

well.  

 

2.4.3 Surface solvation of Lyz and moieties of ILs involved 

RDFs of water in the presence of ILs show that the distribution of water molecules in 

the first hydration shell remains unchanged. However, in the second hydration shell, the 

distribution of water is considerably reduced in the presence of all ILs and maximum reduction 

is observed with OMIC followed by HMIC (Fig. 2.16). A similar observation is reported earlier 

in the presence of Im-IL with pentyl side chain (PMImBr) at a distance of 4 Å (from the surface 

of Lyz) which showed reduced water content around the protein159. The increased ILs density 

Fig. 2.28 Enthalpy-entropy compensation plot: ΔΔHm (difference between the enthalpy of 

unfolding in buffer and in IL at Tm) is plotted against T.ΔΔSm (difference between the entropy 

of unfolding in buffer and in IL at Tm) for Lyz in the presence of varying concentration of ILs. 

The enthalpy and entropy values were evaluated from the thermal denaturation studies presented 

in Fig. 2.8. The cosolvent-induced stabilization (blue-shaded) and destabilization (red-shaded 

and transparent) regions are marked for reference.  
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around Lyz explains that ILs tend to interact with the protein by replacing water molecules. 

RDFs calculated between Lyz and ILs indicate that the coordination sphere of ILs could be up 

to 0.62 nm from the surface of the protein. This can be attributed to the size of the ILs which is 

larger than water molecules. Again, the increasing hydrophobicity displays greater distribution 

of ILs around Lyz, with OMIC and HMIC showing the highest distribution (Fig. 2.18). 

Hydration fractions calculated in the presence of all Im-ILs support the molecular 

distribution of water and ILs around Lyz. In the second hydration shell and the coordination 

sphere of ILs, the hydration fraction reduces as 

the alkyl chain length of IL is increased (Fig. 

2.24). The results from RDFs and hydration 

fraction explain that ILs probably tend to 

interact with exposed hydrophobic residues on 

Lyz via alkyl side chains. Thus, more the 

hydrophobicity, more the interaction between IL 

and Lyz. These interactions are formed as a 

result of breaking native contacts between the 

protein and surface water molecules leading to 

the unfolding of Lyz, which slightly exposes the 

hydrophobic residues. 

The calculated number of water and ILs around each amino acids support the above 

results. The number of ILs around each residue type increases with increased hydrophobicity. 

To understand the type of interactions between the protein and cosolvent in a ternary system, it 

was pertinent to know the orientation of ILs required, i.e., which moiety is interacting with 

protein. Analysis of groupwise distribution of ILs moieties explain the significance of the side 

chain for interaction with the protein as shown in Fig. 2.21. A representative model diagram for 

the orientation of ILs on the surface of Lyz is presented in Fig 2.29. Interactions are more 

favorable as the hydrophobic side chain is longer as depicted by the positive values of 

preferential interaction coefficient and negative transfer-free energy. 

 

2.4.4 Binding of ILs, perturbation in structure and inhibition of fibrillation with 

increasing hydrophobicity 

At lower concentration, only few regions of interaction were observed on Lyz. But the 

ILs with more hydrophobicity show more regions of interactions even at this concentration (Fig. 

Fig. 2.29 Model diagram showing the probable 

orientation of ILs around the protein. The red 

crosses over the ILs denote the least possible 

orientations. 
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2.27 A-E). At higher concentration, the interactions are global with some regions having 

stronger interactions. These interaction profile of Lyz with ILs having varying hydrophobicity 

illustrates that the ILs with longer alkyl side chain tend to interact more with Lyz, leading to 

the perturbation in structure. The binding of ILs with hexyl (HMIC) and octyl alkyl chains 

(OMIC) distorts the tertiary contacts of the residues in the site locally; however, the protein is 

not globally denatured. During thermal denaturation, the protein exposes the buried 

hydrophobic residues which might facilitate the binding of ILs, thus stabilizing the denatured 

state more compared to the native state. The extent of destabilization is larger for the ILs with 

longer alkyl side chains due to this preferential binding.  

Hydrophobic interaction is one of the critical factors influencing the self-aggregation of 

protein molecules 160,161. The fibril formation in Lyz is driven by long-range interaction between 

the hydrophobic clusters 3 and 5. All the ionic liquids bind to clusters 1 and 2 invariably. 

However, the longer alkyl chain ILs, HMIC and OMIC has stronger potential to interact with 

clusters 3 and 5 compared to the other ILs. It is proposed that the region covering the long loop 

connecting the α- and β-domains, and helix-C (residues 57 to 107) is the highly amyloidogenic 

region in Lyz 121,123,162. These observations indicate that increasing hydrophobic interaction 

between the protein and IL could weaken the amyloid formation of the protein. Further, this 

might increase the energy barrier for downhill polymerization and switch the pathway into 

nucleation-dependent mechanism. The indifference in the mechanism of fibrillation in the 

presence of MIC and the longest lag times observed with the ILs with longer alkyl chains 

(OMIC and HMIC) evidence for the same.  

Globular proteins require a specific partially-unfolded conformation to attain their fibril 

structure. Any changes in the conformation might alter their fibrillation propensity. Though ILs 

destabilize Lyz, the more destabilizing ILs, HMIC and OMIC, are found to retard the fibrillation 

more. The alternate conformations attained by the protein upon binding of ILs could be less 

prone to adapt a fibrillation pathway. Destabilized conformations of proteins induced by ILs 

which could inhibit the fibrillation process is observed in other proteins as well 108. The 

inhibition can also be attributed to the binding of ILs to hydrophobic regions which are essential 

for driving the inter-chain interaction to form fibrils. The 55-fold increase in fibrillation time in 

HMIC and the inhibition of fibrillation by OMIC might be due to their strong binding 

interaction with Lyz through hydrophobic interactions, thus, driving the protein to attain a non-

favorable conformation for fibrillation. 
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2.5. Conclusion 

 Protein stability and self-association is influenced by its interaction with small 

molecules. Ionic liquids having different cationic and anionic moieties affect the proteins 

differently. Effect of increasing hydrophobicity of cationic moiety of IL on a model protein, 

Lyz, is investigated with chloride as a common anion. At lower concentrations, ILs mostly do 

not affect the stability or fibrillation propensity of the protein significantly. However, at 

concentrations above 50 mM, they destabilize the protein and alter the fibrillation propensity. 

As the alkyl chain length increases, number of water molecules decrease and number of ILs 

increase around the protein. The extent of destabilization is more with the longer alkyl side 

chain ILs. Though at the concentration around 100 mM, almost all the ILs show a sharp increase 

in the rate of fibrillation, further increase in their concentration retards the rate. HMIC delays 

the fibril formation by nearly 55-fold and OMIC at above 200 mM inhibits the fibrillation 

completely. Also, all the ILs switch the mechanism of fibrillation to nucleation-dependent 

pathway at the concentrations above 100 mM except MIC, in which Lyz follows nucleation-

independent mechanism at all the concentrations. The structural changes, destabilization, 

reduced hydration of Lyz, delay in fibril formation and inhibition follows the order, OMIC > 

HMIC > BMIC > EMIC > MIC. Thus, the study emphasizes that hydrophobic interaction of 

ILs with proteins could result in a significant change in their stability, and fibrillation propensity 

and pathway as well as the complete inhibition of fibrillation pathway at higher concentration 

as hydrophobic factor is increased. 
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Chapter 3 
Alicyclic and aromatic moieties-induced 

hydrophobicity on the stability and fibrillation 
propensity of lysozyme 
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3.1 Introduction 

Ionic liquids consist of organic cations and organic or inorganic anions163. The 

exceptional physicochemical properties of ILs, such as low melting point and very low vapor 

pressure might arise from the asymmetry in the constituting ions, charge delocalization and 

weak intermolecular interactions164. These properties are sensitive to trivial changes in the 

functional groups on both the ions, thus significantly alter the ionization, hydrophobicity, 

solubility, and intermolecular interactions of the ILs. The increase in alkyl chain length of cation 

decreases the hydrophobicity, thus the solubility of the IL. The branching in the alkyl chain also 

decreases the solubility of ILs, for instance isobutyl substitutions are less soluble compared to 

n-butyl, which might arise from the less entropy of solution for the branched chains compared 

to linear chains165. Also, in ILs with aromatic cations, the positional isomerism alters the mutual 

solubility of IL and water. The radial distribution functions of water in ILs calculated from MD 

simulation studies indicate that the meta substitution in the cationic rings hinders the water 

interaction more compared to ortho and para substitutions. This might reduce the solubility of 

ILs in water166. 

ILs with non-aromatic cations show slightly lesser solubility in water. For instance, the 

mutual solubility of 1-methyl-1-propylpyrrolidinium and 1-methyl-1-propylpiperidinium in 

water is less than 1-methyl-1-propylimidazolium at STP conditions167. This generally correlates 

with the hydrophobic tendency of the cationic group. Further, the increase in the number of 

atoms in the cationic ring might also reduce the solubility of ILs in water168. Though the surface 

volume of the functional groups could be a factor influencing the solubility in case of alkyl 

sidechains, the thermochemical properties of aromatic and alicyclic cationic groups show poor 

correlation with the molar volume. This indicates that the electronic distribution of these groups 

could be the primary factor in determining their properties165. 

The studies on the interaction of ILs with individual amino acids suggest that the 

hydrophobic amino acids weaken the hydration of ILs, whereas the hydrophilic amino acids 

enhance the solvation of ILs169. The hydrophobic amino acids preferably interact with the alkyl 

sidechains of the cationic moiety of ILs. Polar amino acids show a stronger salting-out effect 

for ILs which generally decreases with increasing sidechain length. Arg and Lys has moderate 

effect whereas Glu and Asp effects on the mutual solubility of ILs in water is insignificant170. 

Proteins in their native three-dimensional conformation consist of amino acids with 

varying solvent accessibility and their interactions with ILs depend on the surface residues. The 
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functional groups on the ILs also determine the extent of interaction. The less hydrophobic ILs 

are found to enhance the refolding whereas highly hydrophobic ILs might destabilize the 

proteins in a concentration-dependent manner171. The stability of RNase A is reported to be 

altered by the addition of ILs while the 1-butyl-3-methylimidazolium destabilizes the protein 

more than 1-butyl-1-methylpyrrolidinium172. Differences in the cations alter the protein self-

aggregation efficiency as well. Ethylammonium nitrate inhibits the aggregation of β-

lactoglobulin whereas 1-butyl-3-methylimidazolium increases the aggregation173. Similarly, 

ethylammonium nitrate shows higher protection against aggregation of insulin174. These 

observations suggest that the differences in the functional moieties of cationic species of ILs 

could change their interaction with the proteins and alter their stability and aggregation 

properties.  

In the previous chapter, the effect of alkyl chain length on the stability and fibril 

formation of lysozyme was examined. As discussed above, there are significant differences in 

the hydrophobicity of ILs having aromatic and alicyclic cations, and the number of carbon 

atoms in the cyclic ring also affects their hydrophobicity. In the present chapter, the effect of 

such differences in the ILs on the stability and fibrillation propensity of Lyz is analyzed. In 

order to achieve this, two ILs with aromatic cationic groups and two ILs with alicyclic cationic 

groups (Fig. 3.1) were chosen. The study suggests that ILs with aromatic moiety show more 

preferential binding with the protein and induce more destabilization. In contrast, the ILs with 

aliphatic moiety show preferential hydration of the protein and their destabilization effect is 

less. Though both type of ILs delay the fibrillation of Lyz, the aliphatic ILs delayed the overall 

fibrillation longer than aromatic ILs. 
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3.2 Materials and methods 

3.2.1 Materials 

Hen-egg white lysozyme (Lyz), thioflavin-T (ThT), 8-anilinonaphthalene-1-sulphonic 

acid (ANS), N-acetyl tryptophanamide (NATA) and 1-butyl-3-methylimidazolium bromide 

(BImBr) were purchased from Sigma-Aldrich. 1-butyl-1-methylpyrrolidinium bromide 

(BPyroBr; CAS No. 93457-69-3), 1-butyl-1-methylpiperidinium bromide (BPipBr; CAS No. 

94280-72-5), 1-butyl-4-methylpyridinium bromide (BPyrdBr; CAS No. 65350-59-6) were 

purchased from TCI chemicals. Dithiothreitol (DTT) and phosphate buffer salts were purchased 

from SRL, India. All the chemicals were used without any further purification. The structures 

of ILs used in the study are shown in Fig. 3.1. 

 

3.2.2 Fibrillation experiments and analysis 

Method for fibril formation was adapted from our earlier work39,40 and the same is 

described in section 2.2.2. Fibrillation kinetics were carried out in the absence and presence of 

varying concentration of afore mentioned ILs. TEM images of the fibrils were collected using 

the same method described in section 2.2.5. 

 

3.2.3 Structural Studies 

Fluorescence spectra of Lyz (15 µM) were obtained in Jasco FP-8500 in the absence 

and presence of varying concentrations of ILs. Intrinsic fluorescence changes of tryptophan 

(Trp) in Lyz were followed in the wavelength region 310-400 nm after exciting the samples at 

280 nm. ANS fluorescence changes were recorded in the range from 400-600 nm upon 

excitation at 380 nm. ANS with 50 µM concentration was added in all the samples. 

Fig 3.1 Alicyclic and aromatic ILs used in the study: 1-butyl-1-methylpyrrolidinium bromide 

(BPyroBr), 1-butyl-1-methylpiperidinium bromide (BPipBr), 1-butyl-4-methylpyridinium bromide 

(BPyrdBr) and 1-butyl-3-methylimidazolium bromide (BImBr). Carbon atoms are in grey and nitrogen 

atoms are in blue. 
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Fluorescence of NATA (10 µM) with the chosen ILs were performed to verify the quenching 

Trp fluorescence by ILs. Tertiary structural changes in Lyz (50 µM) were studied in Jasco J-

1500 spectropolarimeter connected to a circulating water bath. Baseline corrected near-UV CD 

spectra were obtained in the range of 250-300 nm in the absence and presence of varying 

concentrations of ILs (0 - 500 mM). At far-UV region, due to high voltage in the presence of 

ILs, studies for secondary structural changes could not be carried out. All the experiments were 

performed using 1 cm pathlength quartz cuvette and the samples were prepared in 20 mM 

phosphate buffer at pH 7.0 (± 0.1).  

 

3.2.4 Thermal denaturation studies 

Thermal denaturation of Lyz in the absence and presence of ILs were carried out using 

the method discussed in section 2.2.4. Obtained thermal transitions were fitted to equation 2.5 

to evaluate the change in melting temperature (Tm) and the enthalpy of unfolding at the 

transition mid-point (∆Hm). 

 

3.2.5 Molecular dynamics (MD) simulation 

All the simulations were carried out using GROMACS package 5.1.4. The parameters 

for simulations were same as discussed in section 2.2.6. Lyz molecule was placed in a cubic 

box extended to 1.2 nm from its surface with the volume of 414.223 nm3. Number of water and 

IL molecules used in each simulation are presented in Table 3.1. 

 

Table 3.1: Details of the number of ILs and water molecules used in MD simulation 

 

 

IL 

50 mM 200 mM 

Number 

of IL 

molecules 

Number 

of water 

molecules 

Obtained 

concentration 

Number 

of IL 

molecules 

Number 

of water 

molecules 

Obtained 

concentration 

BPyroBr 12 12855 51.81 45 12519 199.50 

BPipBr 12 12848 51.84 45 12474 200.22 

BPyrdBr 12 12857 51.80 45 12524 199.40 

BImBr 12 12864 51.78 45 12556 198.90 
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The MD simulation trajectories were analyzed to obtain global changes in the structure 

and the interaction of water and ILs with the protein using the same procedures mentioned in 

section 2.2.7. 

 

3.3 Results 

3.3.1 Fibrillation studies 

Lyz (140 µM at pH 7.0) follows a nucleation-independent fibrillation pathway (Fig. 

3.2A), in the presence of 14 mM DTT, when incubated for 45 min at 50 ℃. Gradual increase 

in ThT fluorescence was recorded at every two minutes at 480 nm. The fluorescence spectrum 

of ThT collected after incubation showed higher fluorescence compared to the spectrum 

collected before incubation (Fig. 3.2A-inset). The rate of reaction was calculated using 

equation. 2.1 and found to be 0.08 min-1. Far-UV spectra in circular dichroism is an effective 

way to detect the secondary structural content in any protein while near-UV spectra describe 

the tertiary interactions in a protein. Far UV-CD spectra of Lyz revealed changes in secondary 

structure of the protein after incubation in fibrillation conditions. Negative peaks at 208 nm and 

222 nm, indicative of α-helical structure in a protein, disappeared (Fig. 3.2B), while an 

appearance of weak negative band at 217 nm characterizing β-sheet content was observed. A 

strong band at 295 nm corresponding to Trp-108175 and two weak bands at 288 nm and 278 nm 

arising from other Trp and Tyr residues in the active site of Lyz, were not visible in the near-

UV spectra recorded after incubation at fibrillation conditions (inset in Fig 3.2B). Further, the 

fibril formation of Lyz was confirmed by TEM images (Fig 3.2 C) and the width was measured 

to be nearly 50 nm (inset Fig. 3.2 C). 

Fig. 3.2. (A) Fibril formation of Lyz in the presence of DTT at 50°C probed with the change in ThT 

fluorescence. Inset shows the fluorescence spectra of ThT in native (black) and fibrillar (orange) 

protein. (B) Far-UV CD spectra of lysozyme in native (black) and fibril (orange) conformations. Inset 

shows near-UV CD spectra of the same samples. (C) TEM micrograph of the fibril formed by Lyz. 
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The fibrillation experiments were also performed in the presence of varying 

concentrations of the selected four ILs. Fig. 3.3 (A-D) shows the representative kinetic traces 

for the increase in ThT-fluorescence upon Lyz fibril formation in the presence of different ILs. 

Fibrillation pathway switched from a nucleation-independent to nucleation- dependent 

mechanism, with a noticeable lag time, when the concentration of ILs was ≥200 mM, except in 

the presence of BPyrdBr, which switched the mechanism at the concentrations ≥100 mM. The 

lag time and elongation rates were evaluated using equations 2.1 and 2.2. Elongation rates 

decreased with increasing concentrations of ILs (Fig. 3.3E). At lower concentrations of ILs with 

alicyclic ring moiety (BPyroBr and BPipBr), the rate was reduced by ~1.6 times. While the 

addition of aromatic ILs (BPyrdBr and BImBr), the fibrillation rate was reduced to a greater 

extent. At 1 mM concentration, fibrillation rate was reduced by ~1.8 and ~3.3 times in the 

Fig 3.3. Representative kinetic graphs showing change in ThT fluorescence during the fibrillation 

of Lyz in varying concentrations of different ionic liquids, (A) BPyroBr, (B) BPipBr, (C) BPyrdBr, 

and (D) BImBr. The solid lines are data-fit using equation 2.1 or 2.2 for nucleation -independent 

and nucleation-dependent kinetics, respectively. (E) Rate of fibril formation of Lyz in the presence 

of various concentrations of the ILs: BPyroBr (pink squares), BPipBr (grey hexagons), BPyrdBr 

(green circles), and BImBr (brown triangles). Inset shows lag times calculated for the concentrations 

following nucleation-dependent mechanism. (F) Apparent fibril formation time (Tapp) in various 

concentrations of the ILs. The values of ln kf and Tapp in the absence of any IL are given as black 

diamonds. 
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presence of BPyrdBr and BImBr, respectively. In BImBr, the rate was found to be the least 

among all ILs at concentrations <100 mM. While the rate was slightly increased between 100 

and 200 mM of ILs, only in the presence of BPipBr the rates started increasing from 20 mM. 

With an increase in the IL concentration above 200 mM, the elongation rate was drastically 

reduced with BPyroBr showing the slowest rate at 500 mM. The lag time observed in the 

presence of higher concentrations of ILs increased with increasing IL concentration.   

To evaluate the total time taken to form fibrils in different conditions, apparent 

fibrillation time (Tapp) was derived using equation 2.4. In lower concentrations of ILs, the time 

taken by Lyz to form fibrils was slightly increased which was later reduced at above 100 mM. 

In the ILs concentrations of around 100-200 mM, the fibrillation time was comparable with that 

of Lyz in buffer alone. When the concentration was above 200 mM, all the ILs enormously 

delayed the fibrillation process by 30 to 70-fold. In 500 mM of IL, the apparent fibrillation time 

followed the order as, BPyroBr > BPyrdBr > BImBr > BPipBr.  

To gain further insights into the effects of ILs on the fibrils morphology of Lyz, TEM 

micrographs of the fibrils formed under different conditions were collected (Fig. 3.4). Lyz fibril 

formed in the absence of any IL was thread-like in appearance and often clumped together (Fig. 

3.4A).  Fibrils were visibly dense and formed blob-like thick and dark structures at regular 

intervals with an estimated width of ~50.3±6 nm for an individual filament (Fig 3.4F). In the 

presence of BPyroBr (Fig. 3.4 B), the fibrils formed were micrometres long, unbranched and 

flexible with an average width of 36.6±3 nm. Thin fibrils were arranged parallel to each other 

and loosely interwind to form a bundle-like appearance. Fibrils formed in the presence of 

BPipBr had similar morphology as in the presence of BPyroBr with slight differences in their 

twists of individual filaments (Fig. 3.4 C). The length of the fibrils was nearly 15 to 20 µM with 

an average width of 49.4 ± 6 nm. The fibrils formed in the presence of BPyrdBr (Fig. 3.4 D) 

were long, flexible and unbranched, and were twisted around each other in doublets or triplets 

with the short nodes appearing at regular intervals of 17-20 nm distance. The average width of 

a single fibril was found to be 59.6 ± 2 nm. The morphology of fibrils formed in the presence 

of BImBr (Fig. 3.4 E) was similar to the Lyz fibrils formed in buffer with slightly lesser average 

width of 20.7 ± 3 nm. 
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3.3.2 Thermal stability 

Change in the absorbance of Lyz with an increase in temperature was measured to study 

the stability of the protein in the presence of different ILs. The thermal transitions obtained in 

the absence and the presence of all the ILs exhibited sigmoidal curves representing two-state 

unfolding transitions (Fig. 3.5 A-D). With increasing concentrations of all the ILs, the protein 

was gradually destabilized. Exceptionally, non-cooperative transitions were obtained in the 

presence of BImBr above 200 mM that were not considered for analysis. Other thermal 

unfolding curves were analysed using equation 2.5 to calculate transition mid-point 

temperatures (Tm) and enthalpy of unfolding (∆Hm) and the values are presented in Fig. 3.5 (E 

& F). There was a marginal reduction in Tm value in the presence of ILs up to 50 mM. At higher 

concentrations, the extent of reduction in the Tm value was more, except in the case of BImBr 

which showed a gradual loss of stability up to 200 mM. The lowest Tm of Lyz was observed in 

the presence of 500 mM BPyrdBr and the order of destabilization in the presence of ILs at the 

highest concentration was BPyrdBr > BPyroBr > BPipBr. ∆Hm value of Lyz was gradually 

Fig. 3.4 Representative TEM images of the Lyz fibrils in (A) the absence of any IL and in the 

presence of (B) 100 mM BPyroBr, (C) 400 mM BPipBr (D) 100 mM BPyrdBr, and (E) 400 mM 

BImBr. (F) Width of fibrils formed in different ILs is calculated from the TEM micrographs. 
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decreased with the increasing concentrations of all the ILs. However, ∆Hm slightly increased in 

BPipBr and substantially higher in BPyrdBr at the concentrations above 200 mM.  

 

3.3.3 Structural changes in Lyz 

The conformational features of a protein can be studied with the help of circular 

dichroism (CD) spectroscopy. Characteristic peaks in far-UV region (180-250 nm) at 190 nm 

(strong band) and 210 nm (weak band) attribute to the peptide bonds, negative peaks at 208 nm 

and 222 nm corresponds to α-helical content and peak between 216 – 218 nm arises due to β-

sheet content in a protein176. On the other hand, tertiary structural changes in native proteins 

can be deduced from the spectra collected in the range between 250 – 300 nm. Aromatic amino 

acids (Trp, Tyr and Phe) as well as disulphide bonds show characteristic peaks in this region176. 

With the change in residue composition and the environment around the residues, notable 

differences in the spectral patterns can be observed. Lyz has six tryptophan residues, three 

tyrosine and four disulfide bonds to maintain the structural integrity of the protein177. Two weak 

Fig. 3.5. Representative thermal denaturation transitions of Lyz measured by following the change in 

absorbance of the protein in the presence of varying concentrations of ILs, (A) BPyroBr, (B) BPipBr, 

(C) BPyrdBr, and (D) BImBr. The solid lines represent the data-fit using equation 2.5. (E) Thermal 

denaturation midpoint (Tm) and (B) enthalpy of unfolding (ΔHm) of Lyz in the presence of various 

concentrations of ILs: BPyroBr (pink squares), BPipBr (grey hexagons), BPyrdBr (green circles), and 

BImBr (brown triangles). The Tm and ΔHm values in the absence of any IL are given as black 

diamonds. 
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positive bands at 282 nm, 288 nm, and a sharp positive peak at ~294 nm in arises due to the Trp 

residues in the binding site of the protein. A peak at 294 nm is particularly due to Trp-108 in 

Lyz. Any alterations in the protein conformation around Tyr can be characterized by the peaks 

in range of 260-280 nm. Differences in the ellipticities at three wavelengths, 278, 284 and 294 

nm were observed for varying concentrations of ILs before and after incubation of Lyz in 

fibrillation conditions. There were marginal changes in the ellipticities at these wavelengths in 

the presence of BPyroBr (Fig. 3.6-A2&A3) and BPipBr (Fig. 3.6-B2&B3). However, a 

significant decrease in ellipticities was seen in the presence of BImBr (Fig. 3.6-C2 & C3). 

Fig. 3.6. Near UV-CD spectra of Lyz in the absence (black) and the presence of 10 mM (dark yellow), 

100 mM (cyan), and 500 mM (red) of (A1) BPyroBr, (B1) BPipBr, and (C1) BImBr. Dashed and solid 

lines represent before and after incubation of Lyz at fibrillation condition. Ellipticity changes in the 

protein in the presence of varying concentrations of ILs before (circles) (A2-C2) and after incubation 

(triangles) (A3-C3) at fibrillation conditions followed at 278 nm (orange), 284 nm (dark blue), and 

294 nm (cyan). 
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Contrarily, a sharp reduction in the 

ellipticities for Trp and Tyr residues was seen 

in the presence of BPyrdBr even at the lowest 

concentration (Fig. 3.7). This could be due to 

the high absorption of BPyrdBr in this region 

(inset of Fig 3.7). There were changes in 

ellipticities upon incubation of Lyz at 

fibrillation conditions in the absence as well 

as presence of varying concentrations of ILs. 

With increasing concentrations of ILs, 

ellipticity changes were differentiable, with 

maximum changes in the presence of BImBr 

followed by BPipBr and least in the case of 

BPyroBr. 

Intrinsic fluorescence spectra of Lyz 

in the presence of varying concentrations of 

Fig. 3.7. Near-UV CD spectra of Lyz in the 

absence (black) and presence of 5 mM (blue), 10 

mM (red) and 50 mM (dark blue) of BPyrdBr. 

Inset shows absorption spectra of BPyrdBr at 

0.0 mM (black), 0.2 mM (pink), 0.4 mM (green) 

and 0.8 mM (purple)  

Fig. 3.8. Fluorescence emission spectra of Lyz in the absence (black) and in the presence of varying 

concentrations of (A) BPyroBr, (B) BPipBr, (C) BPyrdBr, and (D) BImBr upon excitation at 280 nm. 

(E) Stern-Volmer plots for the fluorescence at 340 nm (derived from spectra given in panels A-D) in 

the presence of BPyroBr (pink square), BPipBr (grey hexagon), BPyrdBr (green circle), and BImBr 

(brown triangle).  
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ILs showed a fall in spectral 

fluorescence in the order as follows, 

BPyrdBr >> BImBr > BPipBr > 

BPyroBr (Fig. 3.8 A-D). Stern – 

Volmer plots derived from 

fluorescence emission at 340 nm 

showed a non-linear curve for all the 

ILs indicative of possible static 

quenching (Fig. 3.8E). To verify 

whether the fluorescence quenching 

occurred as a result of ground state 

complex formed between protein and 

ILs, spectra for N-acetyl 

tryptophanamide (NATA, a model 

compound for protein tryptophan 

residues) were collected in varying concentrations of ILs (Fig. 3.9). Decrease in the 

fluorescence intensity of NATA was observed in the presence of ILs and showed similar trends 

as Lyz. Notably. The fluorescence intensity of both Lyz and NATA was completely lost in the 

presence of higher concentrations of BPyrdBr. Therefore, it could be assumed that the observed 

fluoresce quenching might not exclusively arise due to the binding of IL with the protein. 

 Protein undergoing conformational changes in the presence of any cosolvent may 

expose a few hydrophobic residues on the surface, such that, they are accessible to the solvent 

molecules. ANS, a dye that shows elevated fluorescence on getting bound to the hydrophobic 

residues is thus employed to study the conformational changes of the protein. Any perturbations 

in the microenvironment of these residues may lead to a blue or red shift in the wavelength 

emission maxima accompanied by the changes in fluorescence intensity of ANS. The ANS 

fluorescence in ILs in the presence and the absence of Lyz was similar except in the case of 

lower concentrations (≤50 mM) of BPyrdBr (Fig. 3.10). Though changes in tertiary structure 

were observed through CD spectra, intrinsic and extrinsic fluorescence studies demonstrated 

opposite imprints of protein conformation upon addition of varying concentrations of ILs. This 

suggests that the conformational changes might be restricted to local environments. For further 

residue-level insight, molecular dynamic simulations were performed.  

Fig. 3.9. Fluorescence emission intensity of NATA at 

355 nm after exciting the dye at 280 nm in the presence 

of varying concentrations of the ILs, BPyroBr (pink 

squares), BPipBr (grey hexagons), BPyrdBr (green 

circles), and BImBr (brown triangles). 



66 

 

 

3.3.4 Molecular dynamic simulations studies 

3.3.4.a Residue fluctuations and compactness 

Root mean square deviation (RMSD) of the protein chain, root mean square fluctuations 

(RMSF) of individual residues, radius of gyration (Rg) and solvent accessible surface area 

(SASA) of Lyz were calculated from the MD simulations of the protein performed in the 

absence and the presence of all four ILs at two different concentrations, 50 mM and 200 mM 

(Fig. 3.11). RMSD analysis reflects the average amount of movement of backbone atoms 

throughout the entire protein structure while RMSF values show the localised flexibility of 

individual amino acids throughout the protein. Rg is the extent of compactness a protein 

undergoes in the given conditions while SASA is the surface area of protein accessible to 

solvent molecules178. RMSD values of Lyz had only marginal changes in the presence of 50 

mM of ILs as compared to Lyz in water. In 200 mM concentration of ILs, RMSD values were 

reduced and the extent of reduction followed the order, BPyrdBr > BPipBr > BPyroBr > BImBr 

(Fig. 3.11 A1 & B1). RMSF values in the absence and presence of ILs showed differential 

residue-wise fluctuations throughout the protein as shown in Fig. 3.11 (A1 & A2). The 

Fig. 3.10 The fluorescence intensity of ANS at 520 nm after exciting the dye at 380 nm in varying 

concentrations of (A) BPyroBr, (B) BPipBr, (C) BPyrdBr and (D) BImBr in the absence (hollow 

symbols) and the presence (filled symbols) of Lyz. 
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fluctuations were more around the residues 44-50, 65-74 and 98-119. In general, the residue 

fluctuations were reduced in the presence of 200 mM of ILs compared to 50 mM. Radius of 

gyration (Rg) and SASA values did not show any significant differences with the addition of 

ILs (Fig. 3.11 A3-B4). 

 

3.3.4.b Radial distribution function (RDF) 

The distribution of water and ILs around the protein were calculated using radial 

distribution function (Fig. 3.12). The RDFs calculated for water showed three maxima which 

appeared at 0.28 nm, 0.38 nm and 0.48 nm representing the first, second and third hydration 

shells around the protein. It may be noted that the peak positions were not changed upon the 

addition of ILs but maxima values were altered. In the presence of 50 mM ILs, the changes 

were almost negligible in all cases, while in 200 mM concentration, there were visible 

differences in the values. With the addition of BPyroBr and BPipBr, the maxima values were 

increased in the second and third hydration shells, but almost remained unchanged for the first 

hydration shell. This implied that both the ILs tend to increase the water density around the 

protein surface. On the other hand, in the presence of BPyrdBr, the values were decreased, but 

only marginally reduced in the presence of BImBr. Reduction in peak height possibly relates to 

reduced water molecules in the respective hydration shells. 

Fig. 3.11. Upper panels: (A1) Root mean square deviation of the protein chain (RMSD), (A2) root 

mean square fluctuations (RMSF) of residues, (A3) radius of gyration (Rg) and (A4) solvent accessible 

surface areas (SASA) of Lyz in the absence (black) and presence of 50 mM BPyroBr (pink), BPipBr 

(grey), BPyrdBr (green) and BImBr (brown). Lower panels (B1-B4) show similar results in the 

presence of 200 mM of the ILs.  
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The RDF plots for ILs around the protein showed that the first coordination sphere of 

the ILs around the protein could be at ~0.48 nm. The peak heights followed the order, BPyrdBr 

> BImBr > BPipBr ≈ BPyroBr, indicating that the density of BPyrdBr around the protein was 

maximum and it is minimum for BPyroBr among the four ILs. 

 

3.3.4.c Distribution of water and ILs around Lyz and residues 

The number of water and ILs were evaluated at three different cut-offs 0.32, 0.42 and 

0.62 nm from the protein surface by the same procedure followed in section 2.3.4.c. of the 

previous chapter. In the presence of 50 mM of ILs, the average number of water molecules in 

all three regions showed marginal reduction as compared to the number of waters in the absence 

of any ILs (Fig. 3.13-A1, B1 & C1). In the presence of 200 mM of ILs, the decrease in the water 

molecules around the protein was higher at all three cut-offs. The decrease in water molecules 

followed the order, BImBr > BPyrdBr > BPyroBr > BPipBr (Fig. 3.13-A2, B2 & C2). The 

number of ILs around the protein showed only a small fraction in first hydration shell and had 

significant values at 0.42 and 0.62 nm. The occupancy of BPyrdBr and BImBr was more around 

the protein whereas BPyroBr was the least at all three distance cut-offs (Fig. 3.13-B2, B4 & 

Fig. 3.12. Radial distribution function of water (upper panels) and ILs (lower panels) in the absence 

(black) and presence of 50 mM (A1 and A2) and 200 mM (B1 and B2) of BPyroBr (pink), BPipBr 

(grey), BPyrdBr (green), and BImBr (brown).  
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C4). To understand the preferable orientation of interaction of the ILs with Lyz, ILs were 

separated into three groups, methyl, butyl sidechain and ring moiety and the interaction of each 

group around the protein was analysed (Fig. 3.13-A5, A6, B5, B6, C5 and C6). It was observed 

that the ring moiety and butyl sidechain of the ILs are closer to the protein surface than the 

methyl group for all four ILs.  

To garner the residue-level interaction of Lyz with the ILs, the numbers of water 

molecules and ILs around each type of amino acid were evaluated (Fig. 3.14 and 3.15). This 

would provide information on which amino acids were more often involved in the interactions 

with ILs. The number of water and IL molecules at the distance cut-offs of 0.42 and 0.62 nm 

were only discussed, because of the negligible fraction of IL molecules around the protein in  

the first hydration shell. It was observed that in the presence of all the ILs, the water molecules 

around Phe and Trp were reduced except for BImBr (Fig. 3.14). There was only slight reduction 

in the water molecules for Ser, Thr, Pro, His, Asp, Asn, Lys and Arg with the addition of all 

ILs. In the presence of BPipBr and BImBr there was a larger reduction in water molecules 

Fig. 3.13 Average number of water molecules (top row), IL (middle row), and ILs’ groups (bottom row) 

around the protein in the absence and presence of 50 mM (A1, A3, A5, B1, B3, B5, C1, C3, C5 ) and 

200 mM (A2, A4, A6, B2, B4, B6, C2, C4 and C6) of ILs within the cut-offs of 0.32 nm (panel A), 0.42 

nm (panel B) and 0.62 nm (panel C). Black bars indicate the absence of any IL (top row), pink for 

BPyroBr, grey for BPipBr, green for BPyrdBr, and brown for BImBr (top and middle row). Methyl 

groups, butyl groups and ring moiety of each ILs are shown in violet, cyan and orange bars (bottom 

row), respectively. 
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around Glu as well. A slight increase in the number of water molecules around Gln was 

observed with the addition of BPipBr and BPyrdBr. From the number of ILs around the residues 

(Fig. 3.15), it was noted that BPipBr and BImBr had more interaction with hydrophobic 

residues such as Ile, Val, Phe and Met. While BPyrdBr was found more in the vicinity of polar 

or charged residues, such as Cys, Glu, Arg and Lys, BImBr molecules were found to be in the 

proximity of Thr, Ser, Pro, Gln and Phe residues and showed less interaction towards His and 

Lys as compared to BPipBr and BPyrdBr. 

Fig. 3.14 Average number of water molecules around each residue of Lyz in the presence of 50 

mM of ILs at a distance cut-off of (A1) 0.42 nm and (A2) 0.62 nm, and in the presence of 200 mM 

ILs at a distance cut-off of (B1) 0.42 nm and (B2) 0.62 nm. Black bars indicate the number of water 

around the residues in the absence of any IL, whereas pink, grey, green and brown bars indicate 

the presence of BPyroBr, BPipBr, BPyrdBr and BImBr, respectively.  
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3.3.4.d Solvation properties and associated free energies 

The hydration fraction was calculated at three different cut-offs using equation 2.6 as 

mentioned in the previous chapter. The values of hydration fraction (ꭓhyd) in the presence of 50 

mM and 200 mM ILs are shown in Fig. 3.16. At both concentrations, hydration fraction was in 

all three regions. In 50 mM ILs, ꭓhyd values were the highest for BPyroBr followed by BPipBr 

and  BPyrdBr for the first hydration shell (0.32 nm cut-off). In the regions underlying 0.42 nm 

and 0.62 nm, the hydration fraction was again maximum for BPyroBr, but the value was almost 

Fig. 3.15 Average number of IL molecules around each residue of Lyz in the presence of 50 mM of 

ILs at a distance cut-off of (A1) 0.42 nm and (A2) 0.62 nm, and in the presence of 200 mM ILs at a 

distance cut-off of (B1) 0.42 nm and (B2) 0.62 nm. Bars in pink, grey, green and brown color indicate 

the presence of BPyroBr, BPipBr, BPyrdBr and BImBr, respectively.  
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similar in other three ILs. In 200 mM as well, ꭓhyd  followed the same trend that the value was 

maximum of BPyroBr at all three distance cut-offs.  

 

 

Further, preferential interaction coefficient (ΓP-IL) was calculated based on Kirkwood-

Buff integral method using radial distribution functions as described in section 2.2.7.c (Fig. 

3.17-A1 & B1). At both 50 and 200 mM concentrations, BPyrdBr showed the highest values 

beyond 0.32 nm cut-off. At lower concentration, for the other three ILs, the values were close 

to zero or slightly negative implying that at lower concentration only BPyrdBr tends to interact 

with Lyz. At higher concentration, BPyrdBr and BImBr showed positive values beyond the 

second-hydration shell, whereas BPyroBr and BPipBr had negative values at all the distances.  

These results suggest that BPyrdBr, followed by BImBr, had more preferential interaction over 

water molecules around the protein, whereas in the presence of ILs with alicyclic moieties, 

BPyroBr and BPipBr, the protein surface is preferentially hydrated. For any interaction to be a 

favorable event, free energies of binding or interaction should be negative. Fig. 3.17 (A2 and 

B2) show the negative transfer free energy for BPyrdBr and BImBr while positive values were 

noted for BPyroBr and BPipBr.  

 

Fig. 3.16 Hydrations fractions calculated at the distance cut-off of 0.32 nm (A1 and B1), 0.42 nm (A2 

and B2), and 0.62 nm (A3 and B3) around Lyz in the presence of 50 mM (A1-A3) and 200 mM (B1-

B3) of ILs (pink: BPyroBr, grey: BPipBr, green: BPyrdBr, and brown: BImBr).  
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3.3.4.e Probable ligand binding sites on Lyz 

As the protein is folded in a particular conformation, not all the residues are exposed to 

the solvent molecules to interact. Therefore, knowing how and to what extent each residue 

would be involved in the interactions with a particular IL type is highly significant to predict 

the probable binding sites. The degree of interaction between each residue and IL was evaluated 

used the same method discussed in the previous chapter (section 2.2.7.e). Residues were 

assigned color on the basis of their interaction tendency with ILs. Fig. 3.18 shows the interaction 

profile of Lyz with all ILs at 50 and 200 mM concentrations. In the presence of 50 mM of ILs, 

the major interacting site was on the N-terminal of Lyz and a few other regions showed weak 

interactions (Fig. 3.18 A-D). While at higher concentration, apart from N-terminal residues, 

few other sites show moderate to high interactions with ILs shown in Fig. 3.17 (E-H). The 

Fig. 3.17  Preferential interaction coefficients calculated for Lyz with increasing distance from 

the protein surface in the presence of 50 mM (A1) and 200 mM (B1) of BPyroBr (pink), BPipBr 

(grey), BPyrdBr (green) and BImBr (brown). Insets show a closer view to the preferential 

interaction coefficients and the distances 0.32 nm and 0.42 nm from the protein surface are 

indicated with grey dotted vertical lines. Transfer free energies derived from preferential 

interaction coefficients for Lyz in the presence of (A2) 50 mM and (B2) 200 mM of the ILs. 
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overall representation of all the probable binding sites for all four ILs is discussed in detail 

below in section 3.4.4. and Fig.3.21.  

 

3.4 Discussion 

3.4.1 Fibrillation rate, mechanism and morphology  

Lyz forms fibrils by following a nucleation-independent mechanism under the condition 

adapted in this study (Fig. 3.2 B). With the addition of ILs, apparent fibrillation time is delayed 

in a concentration-dependent manner (Fig.3.3). At lower concentrations, the rate is slightly 

reduced. When the concentration of ILs is above 100 mM (80 mM for BPyrdBr), the fibrillation 

switched from nucleation-independent to nucleation-dependent mechanism. At the 

concentrations above 200 mM, the rate is drastically reduced in the presence of all the ILs. Also, 

the lag time was increased in a concentration-dependent manner almost linearly. To understand 

the overall effect of aromatic and alicyclic ILs on the fibrillation propensity of Lyz, apparent 

fibrillation time (Tapp) was calculated. The maximum delay in fibril formation is provided by 

500 mM of BPyroBr that is nearly 70-fold longer that the fibrillation time in buffer. 500 mM 

Fig. 3.18 Cartoon diagram depicting the fraction of time (A) BPyroBr, (B) BPipBr, (C) BPyrdBr and 

(D) BImBr occurred in the vicinity of each residue of Lyz throughout the simulation in the presence 

of 50 mM (upper panels) and 200 mM (lower panels) of the ILs. The color gradients from white to 

green indicate non-interactive regions to most interacting regions on the protein, while regions shown 

in pink are indicative of moderate interactions with the ILs. 
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of BPipBr induces minimum delay among all the four ILs which is nearly 30-fold longer than 

the control. The delay in fibrillation by all four ILs followed the order, BPyroBr > BPyrdBr > 

BImBr > BPipBr. TEM micrographs reveal that the morphology of fibrils are different in the 

presence of BPyroBr, BPyrdBr and BPipBr, whereas in BImBr, the morphology is similar to 

the fibrils formed in buffer (Fig. 3.4). The width of fibrils is maximum in the presence of 

BPyrdBr, while in all other ILs the width is similar to the control.  

 

3.4.2 Structural changes and thermal stability of Lyz 

All the ILs destabilized the protein and the maximum destabilization is noted in the 

presence of aromatic ILs. 500 mM of BPyrdBr lowers the Tm by 14 K as compared to the Tm of 

Lyz in buffer, which is the maximum among all the ILs. Interestingly, destabilization is 

significant in the presence of BImBr as well, though slightly lesser than BPyrdBr. However, 

BImBr shows non-cooperative transitions at above 200 mM. Similar transitions are observed 

also in the presence of higher concentrations of HMIC and OMIC (Im-ILs with longer alkyl 

chains) in the previous chapter. On the other hand, the destabilization effect of alicyclic ILs is 

relatively less. The enthalpy of unfolding (∆Hm) has only marginal reduction with increasing 

concentration of BPyroBr, BPipBr and BImBr which corresponds to the reduced Tm of Lyz. 

However, BPyrdBr shows exceptionally higher values of  ∆Hm at concentrations above 200 

mM. Enthalpy-entropy compensation plot for the thermal transitions in the presence of all four 

ILs is shown in Fig. 3.19.  

All the ILs induce enthalpically-driven destabilization of Lyz, except in the presence of 

higher concentrations of BPyrdBr. Overall, the results indicated that the destabilizing effect of 

ILs with aromatic moiety is more than the ILs with alicyclic moiety, particularly at 

concentrations above 100 mM. There are only marginal structural changes in the ellipticity 

measured at near-UV region in the presence of alicyclic ILs (BPipBr and BPyroBr) at room 

temperature as well as at the fibrillation conditions. Whereas aromatic ILs (BPyrdBr and 

BImBr) show significant changes in the structure of Lyz at both conditions (Fig. 3.6). Also, the 

intrinsic fluorescence has only slight reduction indicating less structural differences in Lyz. 

BImBr, an aromatic IL, shows slight reduction in ellipticity and fluorescence at lower 

concentrations (upto 20 mM) but with increasing concentration, there is a drastic reduction in 

both. These findings are indicative of the fact that BImBr interacts effectively with the protein 

at higher concentrations and induce structural changes. BPyrdBr completely reduces the 
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ellipticity at all concentrations. This can be due to its characteristic absorption at wavelength 

255 nm (Fig. 3.7 inset), which falls in near-UV region. Further, the excessive reduction of 

fluorescence intensity, also complemented by NATA fluorescence quenching (Fig. 3.9), 

explains that structural changes in Lyz cannot be predicted only based on ellipticity and 

fluorescence data of BPyrdBr .  

The structural changes and interaction between Lyz and ILs were evaluated through MD 

simulations. Global parameters, RMSD, radius of gyration and SASA has only marginal 

changes. However, RMSF values show more fluctuations in the presence of ILs compared to 

Lyz in water which are higher in the presence of aromatic ILs (Fig. 3.20). Such differences in 

RMSF of protein can be related to different interaction strengths of ILs with the protein.  

Fig. 3.20 Structure of Lyz highlighting the regions with higher RMSF values (orange) in the (A) 

absence of any IL and in the presence of (B) BPyroBr, (C) BPipBr, (D) BPyrdBr, and (E) BImBr.  

Fig. 3.19 Enthalpy-entropy compensation plot evaluated from the thermal denaturation studies 

presented in Fig. 3.5. The cosolvent-induced stabilization (blue-shaded) and destabilization (red-

shaded and transparent) regions are marked for reference.  
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3.4.3 Solvation properties of Lyz in the presence of ILs 

Reduction in RDFs of water with the addition of aromatic ILs is more pronounced as 

compared to alicyclic ILs. This is complemented with the increased RDFs of aromatic ILs (Fig. 

3.12). This suggests that the probability of finding an aromatic IL around the protein is more 

than an alicyclic IL. RDF result is also corroborated with the number of water and ILs calculated 

around the protein. More water molecules are reduced in the presence of aromatic ILs (Fig. 

3.13) and a greater reduction in hydration fraction is observed (Fig. 3.16) indicating that the 

tendency of BPyrdBr, followed by BImBr, to be in the vicinity of the protein is more compared 

to BPyroBr and BPipBr. This implies that aromatic ILs show more interaction by replacing the 

water molecules in the vicinity of protein.  

 

3.4.4 Interaction, structural changes and delayed fibrillation 

Type of molecular interaction between protein and ligand depends on the functional 

group moiety of ligand and the surface-exposed residues in the protein. Therefore, we tried to 

know the orientation of each IL present in the vicinity of the protein. All four ILs preferably 

interact with Lyz through butyl sidechain and ring moiety. Residue-wise interaction of ILs with 

Lyz (Fig. 3.18) shows that the number of binding sites are more for aromatic ILs than the 

alicyclic IL. It is also observed that the destabilizing effect of BPyrdBr is the most among all 

four ILs and it also shows the longest lag time during fibril formation of Lyz. Whereas BPyroBr 

shows minimum destabilization effect and maximum Tapp value during the fibril formation of 

Lyz.  

BPyroBr, though least in number around the protein, shows stronger binding to the 

protein, in the regions far away from the hydrophobic clusters 3 and 5, which is crucial for fibril 

assembly. The loss of number of water molecules around Lyz is less with the addition of 

BPyroBr as compared to the addition of aromatic ILs. This might suggest that the hydrophobic 

core of protein remains less-exposed to initiate fibril assembly, hence leading to the delay in 

fibrillation. On the other hand, BPyrdBr shows many regions of binding on Lyz including the 

hydrophobic clusters 3 and 5. The reduced number of water molecules on the surface of Lyz 

and its greater destabilization indicate that BPyrdBr interact with the protein globally and 

destabilizes it. This does not allow the misfolded conformations to form a nucleus of critical 

size which is crucial to effectively initiate fibril elongation. This might result in a prolonged lag 

time in the presence of higher concentrations of BPyrdBr. Overall, four regions were identified 
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on Lyz for the interaction of ILs as shown in the Fig. 3.21. All the ILs show the strongest 

interaction on the N-terminal region of Lyz. All the identified binding regions on Lyz are mostly 

composed of hydrophobic residues. 

 

 

 

 

 

Fig. 3.21 A cumulative representation of the binding regions of ILs on Lyz obtained from MD 

simulation of the protein with 50 mM and 200 mM of all the ILs. The color gradients from white 

to green indicate non-interactive regions to most interacting regions on the protein, while regions 

shown in pink are indicative of moderate interactions with the ILs. ILs are represented with 

yellow colored surface-mesh. The major residues in the binding pockets are shown in sticks and 

are labeled.  
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3.5 Conclusion 

Packing of hydrophobic residues to the core of a protein is the key to stabilizing its 

native conformation. However, any molecule added to the protein-solvent binary system, which 

can alter the native conformation of the protein such that the hydrophobic residues are partially 

exposed might lead the protein to aggregation or fibrillation. Thus, molecules having different 

degrees of hydrophobicity, by the nature of presence of aromatic or alicyclic moieties, are used 

to study their effect on the stability and fibrillation propensity. Fibrillation was delayed by all 

the ILs, while different mechanisms were involved in forming the fibrillar assemblies of Lyz in 

the presence of alicyclic and aromatic ILs. Higher concentration of BPyrdBr induced maximum 

destabilization which was entropically-driven. Aromatic ILs induced fibrillation by 

destabilizing the protein, i.e., by replacing more water molecules in the vicinity of Lyz. 

Whereas, alicyclic ILs showed less destabilization by preferential hydration of Lyz. Overall, 

aromatic ILs show more interaction with protein as compared to alicyclic ILs and ILs with 

alicyclic moiety inhibits fibrillation more effectively. 
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4.1 Introduction 

Proteins, the most abundant molecules, are the principal entities in all the molecular 

functions in a cell11. It is well known that functional maturity of a protein is governed by its 

three-dimensional structure guided by the sequence of amino acids2. Though misfolded proteins 

undergo proteasomal degradation in the cellular milieu, thermodynamically low energy 

conformations may coexist in the system. Such misfolded conformations might become 

precursors to form aggregated or fibrillar structures leading to protein conformation disorders 

(PCDs)69. Hence, it is crucial to understand the mechanisms involved in the formation of non-

native conformations and the remedies to stabilize the proteins.  Also, the misfolding of proteins 

in in vitro systems can harbor numerous challenges in the field of biotechnology and pharma 

industries which employ enzymes (proteins) to catalyze various biochemical pathways to obtain 

the desired end products179,180.  

Stability of proteins can be affected by various conditions such as cold, heat, non-native 

pH and ionic strength of the solvent, etc. To overcome the effects of these destabilizing factors 

various methods are adapted. For instance, genetic engineering, mutations, fusion strategies, 

modulation of solvents, addition of preservatives, surfactants and additives are most commonly 

used in bio-pharma industries179. Of all these methods, the modification of solvent systems 

occupies the major attention of biophysical community because of its non-invasive approach 

and does not affect the three-dimensional spatial arrangements of proteins181. Generally, the 

addition of cosolvents to the binary systems, protein in solvent, are studied to increase the 

stability, enhance their activity, and prevent or protect them from aggregation or fibril 

formation182,183. Such cosolvent systems, generally called as chemical chaperones, leverage the 

folding and stability by affecting the unfolding transitions of the proteins69.  

There are many reports on the use of cosolvents such as sugars180,184, polyols185, amino 

acids186, salts187, and ionic liquids188,189 that help in elevating the thermal stability of proteins. 

These molecules are studied in mixtures69,181 with certain molar ratio to understand whether 

such modulations of solvent systems improve the stability of the proteins and/or further help in 

delaying or completely inhibiting the formation of fibrillar assemblies. For example, the 

equimolar mixture of proline and sorbitol can delay the fibrillation of insulin and lysozyme by 

many folds in a synergistic manner compared to their individual effects on the fibrillation of 

these proteins69. A study on the mixtures of amino acids shows that the combination of glycine 
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and arginine can significantly stabilize the catalase enzyme while spray drying and is able to 

retain its activity for longer duration179,180.  

Ionic liquids, also known as green solvents, are proven to be a bio-compatible solvents 

as they possess the ability to stabilize proteins190. For example, BMIC acts as the stabilizer for 

α-chymotrypsin191, though it may slightly destabilize some of the proteins like myoglobin192. 

Studies also suggest that ionic liquids are efficient in preventing aggregation and fibrillation of 

proteins when added in appropriate concentrations193, while in some cases ionic liquids enhance 

the fibrillation process. For instance, 1-butyl-3-methylimidazolium nitrate is found to reduce 

the aggregation of Lyz but promotes the aggregation of β-lactoglobulin173. These findings 

suggest that the same ionic liquid may behave differently with different proteins. 

It is also an interesting quest to know whether the mixture of ionic liquids can offer 

better stability and reduce the fibrillation propensity of proteins as observed in the case of 

osmolyte molecules. There are a few studies suggesting that ILs when used in combination 

show enhanced stability of proteins as compared to their individual presence. It is reported that 

1-butyl-3-methylimidazolium chloride (BMIC), an enzyme deactivating agent, and 

butyltrimethylammonium bis(trifluoromethylsulfonyl)imide ([N1114][NTf2]), an enzyme 

destabilizer, manifest increased stability on cellulase when added simultaneously to the protein 

buffer system194. Another study has witnessed the enhanced stability and activity of 

immobilized lipase in the presence of mixtures of 1-ethyl-3-methylimidazolium 

tetrafluoroborate ([EMIM][BF4]) and 1-hexadecyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide [C16MIM] [Tf2N] rather than when used individually. It is 

also demonstrated that the denaturing effect of [BMIM][I] on α-chymotrypsin can be 

counteracted by the presence of [BMIM][Br]195. This is quite surprising to note that the 

behaviour of the ILs in combination is entirely different since it is already well-known that 

bromide or iodide containing ILs denature the proteins when used alone as cosolvents196–198. 

As the mixture of ILs alter the stability of proteins in a synergistic way, one may expect 

that studying their effects on the fibrillation propensity of proteins could bring more insightful 

results and might help to solve many dreadful issues arising due to the self-aggregation of 

proteins. In this chapter, mixtures of ionic liquids were chosen by systematically varying their 

hydrophobicity. A protic ionic liquid with aromatic cation (MIC) was mixed with either 

aromatic-shorter alkyl chain IL (BMIC), aromatic-longer alkyl chain IL (HMIC) or alicyclic IL 

(BPyroBr). In another series of combinations, an aromatic-shorter alkyl chain (BMIC) IL was 
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mixed with either aromatic-longer alkyl chain IL (HMIC) or an alicyclic IL (BPyroBr). The 

effect of the aforementioned IL mixtures on the thermal stability, structure and fibrillation 

propensity of Lyz were studied. Also, molecular dynamic simulations were carried out to 

analyse the interactions between the protein and each IL, individually and in combinations as 

well. The results show that the longer alkyl chain IL in combination with the other ILs could 

delay fibril formation. Further, they destabilize the protein more than their individual effect. 

The simulation studies predict that a longer alkyl chain increases the preferential binding of IL 

on the protein surface. 

 

4.2 Materials and methods 

4.2.1. Materials 

Hen egg lysozyme (Lyz), thioflavin-T (ThT), 1-methylimidazolium chloride 

(MIC, CAS No. 35487-17-3), 1-butyl-3-methylimidazolium chloride (BMIC, CAS No. 

79917-90-1), 1-hexyl-3-methylimidazolium chloride (HMIC, CAS No. 171058-17-6) 

and 1-methyl-3- were purchased from Sigma-Aldrich. 1-butyl-1-methylpyrrolidinium 

bromide (BPyroBr; CAS No. 93457-69-3) was purchased from TCI chemicals. 

Dithiothreitol (DTT) and phosphate buffer salts were obtained from SRL, India. 

4.2.2. Sample preparation 

The combinations of ILs used in the study and their molar ratios are depicted in 

Fig. 4.1. and Table 4.1., respectively.  

 

 

 

 

 

 

 

 

IL1 IL2 

0.25 1 

0.50 1 

1 1‡ 

2 1 

1 0.25 

1 0.50 

1 2 

‡100 mM of each IL 

Fig. 4.1  A schematic showing the combinations of ILs used in the 

present study. Combinations of (A) MIC (protic IL with aromatic 

group): (1) MIC + BMIC, (2) MIC + HMIC,  (3) MIC + BPyroBr, 

and (B) BMIC (aprotic IL with aromatic group and an alkyl side 

chain) (4) BMIC + HMIC, and (5) BMIC + BPyroBr.  

Table 4.1 Ratios of IL 

combinations used in 

the studies. 
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4.2.3. Fibrillation studies 

Fibrillation studies were performed using the method mentioned in section 2.2.2 of 

chapter 2 with a slight modification that the reaction was carried out at 40 ℃. The fibrillation 

of Lyz was measured in the mixture of ILs as shown in Fig. 4.1. and also, in the presence of 

individual ILs at 100 mM concentration. All the experiments were carried out in a 96-well 

microtiter plate in duplicates. Kinetics were recorded in Jasco FP-8500 spectrofluorometer 

connected to FMP-825 microplate reader and a Peltier temperature controller. Rate of 

fibrillation was evaluated using equation 2.2, as mentioned in chapter 2. Apparent fibrillation 

time (Tapp) was calculated using equation 2.4. TEM images of fibrils were obtained using the 

protocol mentioned in section 2.2.5 of chapter 2. 

 

4.2.4. Thermal denaturation and structural studies 

Thermal denaturation of Lyz was performed in the absence and presence of individual 

and mixtures of ILs in the ratios mentioned in Table 4.1. The methodology followed was same 

as described in section 2.2.4 in chapter 2. Structural changes in Lyz were monitored using 

absorbance, circular dichroism and fluorescence spectroscopy as explained in section 2.2.3 of 

chapter 2. Changes in absorbance, ellipticities at 273 and 294 nm, and intrinsic fluorescence at 

340 nm having excited the protein at 280 nm were monitored to study the protein 

conformational changes in the ILs. 

 

4.2.6. Molecular dynamic simulations 

GROMACS package 5.1.4. with OPLS AA/L forcefield and TIP3P water model were 

used to carry out all the simulations at 300 K. The crystal structure of lysozyme (Lyz) (PDB 

ID: 5K2P) was obtained from the Protein Data Bank (www.rcsb.org). Co-crystallized ligands 

and water molecules were removed prior to the simulations in the absence and the presence of 

100 mM of individual or an equimolar ratio of mixed ILs. Ionic liquids parameters were 

obtained from LigParGen, OPLS/CM1A Parameter Generator for organic ligands 

(http://zarbi.chem.yale.edu/ligpargen)139–141. Lyz molecule was placed in a cubic box extended 

by 1.3 nm from its surface with a total volume of 448.47 nm3. Number of water and IL 

molecules used in the simulations are shown in Table 4.2. Number of water and IL molecules 

in the mixed ILs simulations are shown in Table 4.3. All the simulation systems were energy 

minimised using 10,000 steps of steepest descent algorithm. Pressure and temperature were 

http://www.rcsb.org/
http://zarbi.chem.yale.edu/ligpargen
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kept constant at 1 atm and 300 K for 1 ns using same methods described in section 2.2.6 of 

chapter 2. Production simulations were carried out for 200 ns and the trajectories were collected 

at every 10 ps interval for further analysis. 

 

Table 4.2. The number of ILs and water molecules in individual ILs simulations 

IL 
Number of IL 

molecules 

Number of water 

molecules 

Obtained concentration 

(mM) 

MIC 24 13544 98.27 

BMIC 24 13433 99.08 

HMIC 24 13383 99.45 

BPyroBr 24 13436 99.06 

 

Table 4.3. Details of the number of ILs and water molecules in mixed ILs simulations 

IL combination Number of each 

IL molecules 

Number of water 

molecules 

Obtained 

concentration (mM) 

MIC + BMIC 24 13452 98.76 

MIC + HMIC 24 13544 98.09 

MIC + BPyroBr 24 13399 99.15 

BMIC + HMIC 24 13424 98.97 

BMIC + BPyroBr 24 13424 98.97 

 

4.2.6.a. Analysis 

Parameters such as RMSD, RMSF, Rg and SASA were determined to evaluate the 

fluctuations in the protein backbone in the presence of mixtures of ILs and compared with the 

structural deviations in the absence and presence of individual ILs. RDFs for heavy atoms of 

water and ILs were evaluated in all the cases. Number of water molecules and ILs around the 

protein and each 20 amino acids, hydration fraction, preferential interaction coefficient, transfer 

free energy and ILs interaction profile with Lyz in all the simulation systems were determined 

with the same methods mentioned in section 2.2.6 of chapter 2. For these analyses, the last 150 

ns of their respective simulation trajectories were used. 
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4.3 Results 

4.3.1.  Fibril formation of Lyz in the mixtures of 

ILs 

Lyz fibril formation was initiated by the addition of 

DTT and incubating the sample at 40 ℃ with ThT. ThT 

fluorescence at 485 nm was recorded at every two 

minutes after exciting at 440 nm. After an initial lag 

period of 20 min, fluorescence intensity was increased 

with time. Fibrillation was completed in an hour and 

followed a lag-dependent kinetics as shown in Fig. 4.2. 

Fibril elongation rate was evaluated using equation 2 

mentioned in chapter 2 and calculated to be 0.19 min-1. 

Further, fibrillation of Lyz was carried out in the 

presence of different ratios of IL mixtures. Fig. 4.3 

shows the normalized ThT fluorescence profiles of the measured kinetic traces.   

The lag time and rate of elongation were calculated from the kinetic profiles using equation 2.3 

and apparent fibrillation time was calculated using equation 2.4. Calculated parameters were 

compared with the rate, lag time and apparent time obtained in the presence of 100 mM of 

Fig. 4.2 ThT fluorescence at 485 nm 

after exciting the molecule at 440 nm 

in the presence of DTT-reduced 

lysozyme at 40℃.   

Fig. 4.3 Kinetics of Lyz fibrillation followed by the change in ThT fluorescence in the presence of 

combinations of MIC+BMIC (A & F), MIC+HMIC (B & G) and MIC+BPyroBr (C & H), 

BMIC+HMIC (D & I) and HMIC+BPyroBr (E & J). In the legends, ‘constant’ represents the 

concentration of corresponding IL as 100 mM whereas ‘variable’ represents different concentrations 

according to the molar ratios presented in each panel. The solid lines represent the data-fit using 

equation 2.2. given in chapter 2. 
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corresponding individual ILs used in the combinatorial study. It was noted that in the presence 

of all the combinations of ILs, fibril formation followed the lag-dependent kinetics. 

 

4.3.1.a. Combinations of MIC 

Elongation rate was reduced in the presence of all the combinations except in the 

presence of MIC+ HMIC added in the ratio 0.5:1. Interestingly, the rate was highly reduced in 

the presence of combination having IL with shorter alkyl chain whether having an aromatic ring 

(Fig. 4.4 A and D) or alicyclic ring (Fig. 4.4 C and F), except in the presence of 0.25:1 mixture 

of BPyroBr+MIC which showed only marginal reduction in the fibrillation rate (Fig. 4.4 F). On 

the other hand, MIC and HMIC combination showed a different pattern of rates. When MIC’s 

concentration was increased (Fig. 4.4 B), the rate was marginally affected up to 1:1 ratio of 

both ILs and at higher concentrations of HMIC, the rate was drastically reduced. It was 

observed that in 0.5:1 ratio of MIC+HMIC (Fig 4.4 B) the fibril formation of Lyz was faster 

than its fibrillation in buffer alone. When MIC concentration was kept constant at 100 mM, 

with the increasing concentration of HMIC (Fig 4.4 E) the fibrillation rate was gradually 

Fig. 4.4. Fibril elongation rates in the presence of MIC in different combinations with BMIC, HMIC 

and BPyroBr. In the legends, ‘constant’ represents the concentration of corresponding IL as 100 mM 

whereas ‘variable’ represents the different concentrations according to the molar ratios mentioned in 

the abscissa. 
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reduced. Exceptionally, at 1:1 concentration of MIC+ HMIC, the fibrillation rate was 

comparable with the rate in buffer alone. 

Lag time was increased in the presence of all combinations of ILs as compared to Lyz 

fibril formation in buffer. A marginal increase in lag time was observed in the presence of 

BMIC and BPyroBr. A biphasic trend in the fibrillation lag time was observed with varying 

concentration MIC when HMIC was constant at 100 mM (Fig. 4.5 B). Lag time gradually 

increased with increasing concentration of MIC up to 100 mM which drastically reduced at 200 

mM concentration. Lag time monotonously increased with increasing concentration of HMIC 

as MIC concentration was kept constant at 100 mM (Fig. 4.5. E).  

Since fibrillation rate and lag time were not related linearly with increasing 

concentration of ILs, interpreting the effect of mixtures of ILs on the fibrillation of Lyz only 

based on elongation rate or lag time might be inconclusive. Hence, apparent fibrillation time 

was calculated. Fig. 4.6 shows the apparent fibrillation time in the presence of combinations of 

MIC. Apparent fibrillation time (Tapp) increased with the addition of all the ILs mixtures. 

Fibrillation was delayed maximum in the presence of HMIC+MIC combination in the ratio 2:1 

Fig. 4.5. Lag time in the presence of mixtures of MIC with (A & D) BMIC, (B & E) HMIC and (C & 

F) BPyroBr in varying molar ratios. 
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with apparent fibrillation time of more than two hours. In all other cases, apparent fibrillation 

time was observed to be slightly more than an hour.  

4.3.1.b. Combinations of BMIC 

Fibrillation rate was reduced in the presence of all the combinations of BMIC (Fig 4.7). 

When HMIC was kept constant at 100 mM, the rate was marginally decreased with no specific 

trend as the concentration of BMIC increased (Fig. 4.7 A), but when BMIC concentration was 

kept at 100 mM, and HMIC was increased there was a monotonous decrease in fibril elongation 

rates (Fig 4.7 C). When BMIC was mixed with BPyroBr, it showed a drastic reduction in 

fibrillation rate with only slight differences in fibrillation rates at all the ratio of ILs (Fig. 4.7 B 

& D). Lag time was marginally decreased in the combinations of BMIC with HMIC except at 

2:1 ratio of both ILs which showed longer lag time as compared to the lag time in the absence 

of any ILs. In the presence of BMIC with BPyroBr mixtures, lag time was more than the time 

taken only in the buffer (Fig. 4.8). Further, apparent fibrillation time revealed that mixtures of 

ILs having HMIC were only marginally delaying the fibrillation time except when 

HMIC+BMIC molar ratio was 2:1(Fig. 4.9 A & C). But, combinations of BMIC with BPyroBr 

were able to retard the fibrillation process consistently in all the molar ratios as shown in Fig 

4.9 B and D. 

Fig. 4.6. Apparent fibrillation time in the presence of mixtures of MIC with (A & D) BMIC, (B & E) 

HMIC and (C & F) BPyroBr in varying molar ratios. 
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Fig. 4.7. Fibril elongation rates in the presence of BMIC in different combinations with 

HMIC and BPyroBr. In the legends, ‘constant’ represents the concentration of 

corresponding IL as 100 mM whereas ‘variable’ represents the different concentrations 

according to the molar ratios mentioned in the abscissa. 

Fig. 4.8. Lag time in the presence of mixtures of BMIC with (A & C) HMIC and 

(C & D) BPyroBr in varying molar ratios. 
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 The Fibril samples were imaged using transmission electron microscope. 

Representative fibril images, in the presence of equimolar concentration of MIC+ BMIC, BMIC 

+HMIC, and BMIC+ BPyroBr, are shown Fig 4.10. In all the cases, a long, unbranched and 

flexible morphology was obtained in fibrils. Different morphology of fibrils was observed in 

the presence of BMIC+BPyroBr. Several long fibrils were aligned in parallel and close to each 

other providing a sheet-like appearance. 

 

 

Fig. 4.9. Apparent fibrillation time in the presence of mixtures of BMIC with (A & 

C) HMIC and (C & D) BPyroBr in varying molar ratios. 

Fig. 4.10. TEM images of the fibrils formed in the presence of 1:1 molar concentration of (A) 

MIC+BMIC, (B) BMIC+HMIC, and (C) BMIC+BPyroBr. 
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4.3.2.  Thermal stability of Lyz in the presence of IL mixtures 

The stability of Lyz against temperature was monitored by the change in absorbance at 

301 nm with every 1℃ raise per minute. An increase or decrease in the melting temperature 

(Tm) of a protein in the presence of cosolvent compared to its melting tempearture in buffer 

would indicate the stabilization or destabilization induced by the cosolvent, respectively. 

Unfolding of a protein without any detectable intermediate state shows a sigmoidal thermal 

denaturation curve also known as two-state transition. In other cases,  a double- sigmoidal (or 

higher order) transition phase might be observed signifying the formation of an intermediate 

conformation during the unfolding. Such mechanisms of unfolding are termed as three-state (or 

higher-order states) transitions.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

Fig. 4.11 Thermal denaturation of Lyz in the presence of combinations of MIC+BMIC (A & F), 

MIC+HMIC (B & G) and MIC+BPyroBr (C & H), BMIC+HMIC (D & I) and HMIC+BPyroBr (E & 

J). In the legends, ‘constant’ represents the concentration of corresponding IL as 100 mM whereas 

‘variable’ represents different concentrations according to the molar ratios presented in each panel. The 

solid lines represent the data-fit using equation 5 (section 2.2.4) given in chapter 2. 
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Unfolding of Lyz in the presence of all IL mixtures was found to be two state-transitions 

as shown in Fig. 4.11. All the thermal transitions were fitted to equation 2.5 described in chapter 

2, and transition midpoints (Tm) and enthalpy of unfolding (∆Hm) were evaluated. Tm values of 

Lyz in the presence of varying concentrations of MIC with 100 mM of BMIC, HMIC and 

BPyroBr (Fig. 4.12 A-C) showed only marginal destabilization. While in all other cases, Tm 

values were reduced with increasing concentration of ILs showing significant destabilization 

of Lyz. The highest destabilization was observed in the presence of 2:1 molar ratio of the mixed 

ILs. Enthalpy of unfolding (∆Hm) evaluted for all the thermal transitions are shown in Fig. 4.13. 

Fig. 4.12. Thermal transition mid points (Tm) in the presence of combinations of MIC+BMIC (A & F), 

MIC+HMIC (B & G) and MIC+BPyroBr (C & H), BMIC+HMIC (D & I) and HMIC+BPyroBr (E & 

J). In the legends, ‘constant’ represents the concentration of corresponding IL as 100 mM whereas 

‘variable’ represents the different concentrations according to the molar ratios mentioned in the abscissa. 

Fig. 4.13. Enthalpy of unfolding (∆Hm) in the presence of MIC+BMIC (A & F), MIC+HMIC (B & G) 

and MIC+BPyroBr (C & H), BMIC+HMIC (D & I) and HMIC+BPyroBr (E & J) in varying molar 

ratios. 
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∆Hm  values were marginally altered in the presence of all the combinations of ILs. ∆Hm value 

was significantly reduced when the mixture of MIC and BMIC were added in the ratio of 0.25:1. 

With further increasing concentration of MIC (BMIC was 100 mM), ∆Hm  value was increased 

and at the highest concentration of MIC, ∆Hm was equal to Lyz in buffer or any of the 

corresponding individual ILs at 100 mM concentration. Biphasic trend was observed in the 

presence of combination of varying concentrations of MIC with 100 mM of HMIC. ∆Hm value 

was reduced at lowest concentration of MIC and increased with increasing concentration of 

MIC upto the 1:1 ratio of ILs. Further, at higher concentrations of MIC, such that the molar 

ratio of MIC+ HMIC was 2:1, ∆Hm was again reduced slightly. 

 

4.3.3.  Structural studies of Lyz in the presence of IL mixtures 

4.3.3.a Absorbance spectra 

Lyz spectra were recorded in the presence of mixtures of ILs with varying molar 

concentrations as shown in Fig 4.14. Only marginal changes were observed in the presence of 

all the studied IL combinations, except in the presence of the mixture of BMIC and BPyroBr 

(Fig 4.14 E). 

 

 

Fig. 4.14. Absorption spectra of Lyz in the presence of varying molar ratio of ILs, (A) MIC+BMIC, (B) 

MIC+HMIC, (C) MIC+BPyroBr, (D) BMIC+HMIC, and (E) BMIC+BPyroBr. The spectra of Lyz in 

buffer is shown in black line in each panel. 
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4.3.3.b Tertiary structural changes by near-UV CD spectra 

The tertiary interactions of Lyz in the presence of mixtures of ILs were studied through 

near-UV CD spectra as shown in Fig. 4.15. Lyz has six Trp residues that have positive peaks 

in the region of 280-295 nm199,200. The protein also has three Tyr residues201 that show negative 

peak in the region of 260-280 nm175. Thus, changes in ellipticity at different two wavelengths, 

273 nm and 294 nm could illustrate the changes in the environment around Tyr and Trp 

Fig. 4.15. Near-UV CD spectra of Lyz in the presence of varying molar ratio of ILs (A) MIC+BMIC, 

(B) MIC+HMIC, (C) MIC+BPyroBr, (D) BMIC+HMIC, and (E) BMIC+BPyroBr. The spectra of Lyz 

in buffer is shown in black line in each panel.  

Fig. 4.16. Ellipticity changes in Lyz, at wavelength 273 nm (for Tyr - residues shown in black bars) 

and 294 nm (for Trp – residues shown in white bars) in the presence of mixtures of MIC with (A & F) 

BMIC and (B & G) HMIC , (C & H) BPyroBr, and BMIC with (D & I) HMIC and (E & J) BPyroBr 

in varying molar ratios.  
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residues, respectively. When the mixtures of ILs were added to Lyz, marginal changes in 

conformation were observed in all the cases as shown in Fig. 4.16.   

 

4.3.3.c Intrinsic fluorescence changes in Lyz 

Intrinsic fluorescence of  Lyz was measured in the presence of mixtures of ILs in 

varying molar ratios by exciting the protein at 280 nm. Also, the fluorescence spectra in the 

presence of constituent individual ILs were recorded for comparison. Fluorescence maxima of 

Lyz was observed at 340 nm with little or no shift in the wavelength of maxima in the presence 

of ILs. Fluorescence intensity at 340 nm was reduced in the presence of all the combinations of 

ILs (Fig. 4.17). The highest loss of fluorescence was noted when the mixture had imidazolium-

ILs. In the presence of MIC+BPyroBr mixtures, Lyz showed only a marginal reduction in 

fluorescence (Fig. 4.17 C and H). In case of BMIC+  BPyroBr mixtures the fluorescence 

intensity reduction was more when the BMIC concentration was more than BPyroBr.  

 

4.3.4.  Molecular dynamic simulation (MD) studies 

 In order to identify molecular-level interactions between the mixed ILs and the protein, 

MD simulation of the protein was carried out in the presence of all five different combinations 

of ILs, MIC+BMIC, MIC+HMIC, MIC+BPyroBr, BMIC+HMIC and BMIC+BPyroBr in the 

molar ratio of 1:1. The MD simulations were performed in the presence of 100 mM of indiviaul 

Fig. 4.17. Changes in the fluorescence intensity of Lyz at 340 nm having been excited at 280 nm in 

the presence of MIC+BMIC (A & F), MIC+HMIC (B & G), MIC+BPyroBr (C & H), BMIC+HMIC 

(D & I) and HMIC+BPyroBr (E & J) in varying molar ratios. 
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ILs as well for comparison. All the simulations were run for 200 ns and the trajectories were 

analyzed to understand the global structural changes and the reside-wise interactions. 

 

4.3.4.a Global analysis 

Root mean square deviation (RMSD) of Cα-atoms of all the residues in Lyz was 

evaluated in the absence and presence of individual and mixed ILs (Fig. 4.18 A1 & A2). There 

were no significant structural changes observed with the addition of ILs whether individually 

or in combinations. The average RMSD value for Lyz in water was found to be 0.121±0.03 nm. 

With the addition of individual ILs, RMSD values were slightly increased in all the cases such 

that 0.138±0.02 nm in BPyroBr to 0.166±0.02 nm in BMIC. When ILs were added in 

combination, the average values of RMSD were close to that of Lyz in water such that 

0.137±0.02 nm in MIC+BMIC, 0.165±0.02 nm MIC+HMIC, 0.129±0.01 nm in MIC+BPyroBr, 

0.158 ±0.01 nm in BMIC+BPyroBr and 0.109±0.02 nm in BMIC+HMIC.  

Root mean square fluctuations (RMSF) calculated for individual residues (Fig 4.18 B1 

& B2) showed more fluctuations in the regions covering the residues 44-50, 65-76 and 99-105, 

and moderate fluctuations in the regions from 14-23 and 105-118 of Lyz. Radius of gyration 

(Rg) and solvent accessible surface area (SASA) were also evaluated and their values showed 

only marginal differences as compared to Rg and SASA of Lyz in water. 

 

Fig. 4.18 The changes in (A1 & A2) RMSD, (B1 & B2) RMSF, (C1 & C2) Rg, and (D1 & D2) SASA 

of Lyz in the absence and presence of individual ILs (upper panels) and mixtures of ILs (lower panels). 

Colors in each panel corresponding to the presence of cosolvents is indicated in the legend.  
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4.3.4.b Radial distribution function (RDF) 

RDFs of water around the protein are shown in Fig. 4.19. RDF values were reduced 

with the addition of individual as well as mixtures of ILs. The reduction was observed to be 

only marginal in the first hydration shell in all the cases whereas significant reduction was noted 

in the second and third hydration shells. The maximum reduction in the distribution of water 

molecules around Lyz was observed when the mixture of BMIC and HMIC were added to the 

protein (Fig. 4.19 C).  

 

Fig. 4.19 Radial distribution function of water around Lyz in the absence (black) and presence of 

(A) individual ILs, (B) combinations of MIC and (C) combinations of BMIC.  

Fig. 4.20 RDFs of ILs around Lyz in the combinations of MIC with (A) BMIC, (B) HMIC and (C) 

BPyroBr and BMIC with (D) HMIC and (E) BPyroBr. The colors in the panels are explained in the 

legend such that individual and mixed labels represent, the RDFs calculated from the simulation 

trajectories of that IL alone and of that IL in the mixed system, respectively    
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RDFs of ILs around the protein were also evaluated (Fig. 4.20). It was observed that 

RDF values of the mixtures of Im-ILs are significantly higher than the mixtures containing 

BPyroBr. In case of MIC+BMIC (Fig. 4.20 A), RDF of BMIC in the mixed simulation was 

maximum as compared to that in its individual simulation and more than MIC in the mixed as 

well as individual simulations. RDF of MIC and HMIC was increased and reduced respectively, 

as compared to their RDFs in individual simulations. However, the distribution of both ILs was 

similar in the mixed simulation as shown in Fig. 4.20 (B). When BMIC and HMIC were added 

together to Lyz, the distribution of both ILs was observed to be similar and lower than their 

individual presence (Fig 4.20 D). In the combinations of ILs having BPyroBr, the distribution 

was more than MIC in the same simulation system (Fig 4.20 C) and almost similar to BMIC 

(Fig. 4.20 E). 

 

4.3.4.c Number of water and IL molecules around the protein 

The average number of water and IL molecules at three different distance cut-offs from 

the surface of Lyz were calculated in the presence of individuals and combinations of ILs (Fig. 

4.21).  Among all the four ILs, the number of water molecules around the protein were reduced 

to the maximum extend by HMIC. In the combinations of ILs, MIC+HMIC showed larger 

reduction of water around the Lyz followed by MIC+HMIC. Combinations of BMIC showed 

Fig. 4.21 Average number of water molecules (A1-A3) and IL molecules (B1-B3) at the distance 

cut-off of 0.32 nm, 0.42 nm and 0.62 nm from the surface of the protein. The solid-colored and 

shaded bars indicate the number of molecules from individual IL and mixed IL simulations. 

respectively. 
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only marginal differences in the number of water molecules at all cut-offs. Interestingly, upon 

evaluation of the number of IL molecules around the protein, it was found that the number of 

HMIC molecules were always higher whether in individual or mixed IL simulations. Following 

this, the number of BMIC was more around the protein in the mixed IL simulations with either 

MIC or BPyroBr. In all the mixed combinations, the number of MIC around the protein 

remained less. Overall, among all the mixed ILs, HMIC tends to stay more in the vicinity of the 

protein followed by BMIC and BPyroBr, and MIC had the least occurrence in all the cases. 

 

4.3.4.d Average number of water and IL molecules around each residue 

To have a deeper insight into the interactions of each IL with Lyz in a mixed IL 

simulation system, the number of water and ILs around each amino acid residue was analyzed. 

The number of water and ILs were calculated for three distance cut-offs, 0.32 nm, 0.42 nm and 

0.62 nm from the surface of the protein. Here, the evaluated numbers for only two cut-offs, 0.42 

nm and 0.62 nm, are shown. The number of ILs were either very less or negligible at the distance 

cut-off 0.32 nm, and thus were inconclusive to understand any interactions. The results are 

discussed below under the head of each combination studied. 

(i) MIC+BMIC 

The number of water molecules around each amino acid were marginally reduced when 

MIC or BMIC was individually added into the system. However, in the mixed IL systems, a 

significant reduction of water was found around hydrophilic amino acids, particularly His and 

Glu. (Fig. 4.22 A1 & A2). This was complemented with presence of more BMIC molecules 

around these amino acids Fig 4.22 (B1 & B2). The number of BMIC molecules were always 

more than MIC in the mixed IL system at both the distance cut-offs. 
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(ii) MIC+HMIC 

Fig. 4.23 Average number of water molecules around each residue of Lyz in the absence (black bars) 

and presence of individual ILs (solid-color bars) and mixed ILs (shaded bars) within cut-off of (A1) 

0.42 nm & (A2) 0.62 nm from the protein’s surface. Average number of ILs around each residue at a 

distance cut-off (B1) 0.42 nm & (B2) 0.62 nm.  

Fig. 4.22 Average number of water molecules around each residue of Lyz in the absence (black bars) 

and presence of individual ILs (solid-color bars) and mixed ILs (shaded bars) within cut-off of (A1) 

0.42 nm & (A2) 0.62 nm from the protein’s surface. Average number of ILs around each residue at a 

distance cut-off (B1) 0.42 nm & (B2) 0.62 nm. 
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The number of water molecules were marginally reduced with the addition of ILs 

around most of the amino acids. A significant reduction in numbers was observed around Val, 

Phe, Thr, Ser, His, Glu, Asp and Arg as shown in Fig 4.22 A1 and A2. Further, the number of 

HMIC molecules around the protein was always more than MIC whether present individually 

or in the mixed IL systems (Fig 4.22 B1 & B2) indicating that ILs with longer alkyl sidechain 

tend to interact more with the protein.  

 

(iii) MIC+BPyroBr 

Similar results for the number of water and ILs were observed in the presence of MIC 

and BPyroBr as well (Fig. 4.24). There were a greater number of BPyroBr molecules around 

the protein as compared to MIC in their mixed IL simulation (Fig 4.24 B1 & B2). In the 

presence of BPyroBr the number of MIC around the protein was significantly reduced 

compared to its presence in individual simulation, particularly around the residues, Glu, Gln 

Asp and Arg. 

 

 

Fig. 4.24 Average number of water molecules around each residue of Lyz in the absence (black bars) 

and presence of individual ILs (solid-color bars) and mixed ILs (shaded bars) within cut-off of (A1) 

0.42 nm & (A2) 0.62 nm from the protein’s surface. Average number of ILs around each residue at a 

distance cut-off (B1) 0.42 nm & (B2) 0.62 nm.  
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(iv) BMIC+HMIC 

As already mentioned in other cases, the number of water molecules around amino acids 

reduced when BMIC and HMIC were added individually and a pronounced reduction was 

observed when both ILs were present together (Fig. 4.25 A1 & A2). On the other hand, the 

number of HMIC around the protein was more than BMIC in the individual simulation 

systems. Also, when both were present together in the system, the number of HMIC still 

remained more than BMIC (Fig. 4.25 B1 & B2). These results indicate that both BMIC and 

HMIC molecules tend to interact competitively with the residues of Lyz to occupy the same 

sites. In such a scenario, the IL with longer alkyl chain was able to interact more efficiently 

with the protein. 

 

 

 

 

 

 

 

 

Fig. 4.25 Average number of water molecules around each residue of Lyz in the absence (black bars) 

and presence of individual ILs (solid-color bars) and mixed ILs (shaded bars) within cut-off of (A1) 

0.42 nm & (A2) 0.62 nm from the protein’s surface. Average number of ILs around each residue at a 

distance cut-off (B1) 0.42 nm & (B2) 0.62 nm.  
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(v) BMIC+BPyroBr 

It is understandable so far that longer alkyl chain derivatives of Im-ILs were 

preferentially interacting with the protein when the other IL in the mixture had a shorter alkyl 

sidechain. Hence, there raises a question, what happens if the alkyl sidechains of ILs are same, 

but the ILs differ in their ring moiety? When BMIC (aromatic ring) and BPyroBr (alicyclic 

ring) were added individually to the protein, the number of BMIC molecules were more as 

compared to BPyroBr (Fig. 4.26 B1 & B2). In the mixture of BMIC and BPyroBr, the presence 

both ILs in the vicinity of Lyz was similar in numbers and were less than their numbers in the 

corresponding individual simulation systems.  

 

Fig. 4.26 Average number of water molecules around each residue of Lyz in the absence (black bars) 

and presence of individual ILs (solid-color bars) and mixed ILs (shaded bars) within cut-off of (A1) 

0.42 nm & (A2) 0.62 nm from the protein’s surface. Average number of ILs around each residue at a 

distance cut-off (B1) 0.42 nm & (B2) 0.62 nm.  
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4.3.4.e Solvation properties 

Hydration fractions were determined with respect to each IL in the mixed ILs system and 

compared with their fractions obtained when present individually in the system (Fig. 4.27). For 

individual IL simulations, the hydration fraction was reduced with increasing alkyl side of Im-

ILs, but found to be more in the presence of BPyroBr. The hydration fraction followed the 

order, MIC ≈ BPyroBr >BMIC > HMIC. In the mixed ILs simulations, it was observed that the 

hydration fraction in the presence of ILs with longer alkyl chains always remained less than the 

shorter alkyl chain ILs. For instance, in MIC+BMIC simulation, MIC had more hydration 

fraction as compared to BMIC. Similarly, in other combinations, MIC+HMIC, BMIC+HMIC 

and MIC+BPyroBr, the hydration fraction for HMIC and BPyroBr were less, respectively, 

indicating that ILs with longer alkyl chain tend to replace more water molecules from the 

vicinity of protein. In BMIC+BPyroBr system, the hydration fraction of BPyroBr was slightly 

more than that of BMIC suggesting more occupancy of BMIC in the vicinity of protein as 

compared to BPyroBr. 

 

4.3.4.f Preferential interaction coefficient (PIC) and transfer free energy (TFE) 

Preferential interaction coefficients were calculated from all the simulations having 

individual and mixtures of ILs (Fig. 4.28 A1-E1). In all the cases, PIC values were positive 

indicating that ILs preferentially binding on the surface of the protein. In the combinations of 

MIC with BMIC, HMIC and BPyroBr (Fig. 4.28A1-C1), the PIC of MIC was reduced in the 

Fig. 4.27 Hydrations fractions calculated at the cut-off of (A) 0.32 nm, (B) 0.42 nm, and (C) 0.62 nm 

around Lyz in the presence of individual ILs (solid-colored bars) and mixed ILs (shaded bars). 
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mixtures compared to its value when present individually. In the same set of simulations, the 

PIC of BMIC and HMIC was only marginally altered whereas a significant increase was noted 

for BPyroBr compared to its values in the individual simulation. In the mixture of BMIC with 

HMIC (Fig. 4.28D) PIC was reduced for both the ILs. In BMIC+BPyroBr mixture, the PIC 

value of BMIC was reduced drastically whereas the PIC of BPyroBr increased as compared to 

their individual presence in the simulation systems. The negative values of transfer free energies 

(Fig. 4.28A2-E2) for all the ILs individually or in the mixture indicated favorable interaction 

of the ILs with the protein surface. The energy changes complemented the changes observed in 

PIC. 

 

4.3.4.g Residue-wise interaction between Lyz and ILs 

Further to understand the details about the interaction of ILs with Lyz, the interaction 

of ILs with individual residues of the protein was analyzed (Fig. 4.29). The color depiction, 

green, pink and white was used to mark the regions on the protein to represent the more 

favorable, moderate and less/no interaction of IL on the protein, respectively. MIC showed 

more regions of binding on Lyz when in combination with BMIC, whereas the binding regions 

for BMIC in the same simulation system was lesser compared to the systems with their 

individual presence. It was observed that HMIC had more favourable binding to the protein 

Fig. 4.28 Preferential interaction coefficients calculated using Kirkwood-Buff integral (upper panel) and 

the transfer free energies (lower panel) calculated for the ILs from the mixture of IL simulations (A1 & A2) 

MIC+BMIC, (B1 & B2) MIC+HMIC, (C1 & C2) MIC+BPyroBr, (D1 & D2) BMIC+HMIC, and (E1 & 

E2) BMIC+BPyroBr. The solid lines represent the values calculated from individual IL simulations, 

whereas the dashed lines represent the values calculated from mixed IL simulations.  
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when in combination with MIC. As a result, fewer MIC molecules were found on the protein. 

The interaction profile of MIC and BPyroBr were marginally altered.  It was noticed that 

binding regions and strength of binding of both ILs were almost similar when present in 

combination as well as individually. Interestingly, when BMIC and HMIC were present 

together, they compete almost equally with each other for the binding sites on the protein. It is 

evident from the binding regions on the protein for both ILs which were similar to the regions 

Fig. 4.29 Cartoon diagram depicting the regions of interactions of ILs on Lyz. The interaction regions 

from individual IL simulations are shown in the top row (for MIC and BMIC) and the first column (for 

BMIC, HMIC and BPyroBr). Regions of interaction for each IL present in the mixed simulation systems 

are shown for (1) MIC+BMIC, (2) MIC+HMIC, (3) MIC+BPyroBr, (4) BMIC+HMIC, and (5) 

BMIC+BPyroBr. The bar shows the color indication used in the cartoons where from white to green 

represent the non-interactive region to most favorably interacting region. 
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found when each IL presents individually. The combination of BMIC with BPyroBr also 

showed similar behaviour.  

 

4.4 Discussion 

Effect of mixtures of two cosolvents can be additive202, non-additive, synergistic203 or 

counteracting190 on the stability of a protein. Similarly, the effects of mixed cosolvents can be 

evaluated on the fibrillation propensity and the structure of a protein as well. The present study 

analyzes the combinatorial effect of four different ILs with varying hydrophobic properties on 

the fibrillation, stability of Lyz. The interaction of mixtures of ILs with the protein was also 

examined using MD simulation. 

  

4.4.1 Delayed fibrillation time in mixtures of ILs 

Fibrillation of Lyz was performed at 40 ℃ in DTT-reduced condition which was 

completed in an hour by following a nucleation-dependent kinetics (Fig. 4.2). It has been noted 

that the addition of individual ILs and their mixtures does not alter the fibrillation mechanism 

(Fig. 4.3). However, the rate of fibrillation is reduced in all cases, except in few combinations 

having HMIC (Fig. 4.4 & 4.7). Lange et al.204 commented that Im-ILs behave as refolding 

agents for partially or fully unfolded proteins while testing the effect of ethyl-, butyl-, hexyl- 

imidazolium ILs on the unfolded Lyz. Interestingly, all the ILs could refold the fully denatured 

Lyz and thus preventing aggregation. Another study suggests that more the length of alkyl 

sidechain, more the refolding activity of IL205. It is intriguing that two ILs when added to protein 

simultaneously whether it suppresses the fibrillation in a more pronounced manner. It is 

observed that MIC with BMIC slightly increases the overall fibrillation time (Fig. 4.6.) whereas 

MIC+HMIC delays the fibrillation only when their ratio is 1:2.  Similarly, BMIC with HMIC 

also delays the fibrillation only when the ratio is 1:2. The other combination of ILs either 

shorten or do not show notable differences in the apparent fibrillation time. These results 

suggest that only the excessive presence of long alkyl sidechain ILs could delay the fibril 

formation.  

 

4.4.2 Thermal stability and structural changes in Lyz 

Thermal denaturation in the presence of IL mixtures show that except in the excessive 

presence of MIC in the mixture, all other combinations of IL destabilise the protein. The 
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destabilization effect is significant as the concentration of BMIC, BPyroBr or HMIC is more in 

any of the combinations. This has been observed earlier as well by Takekiyo et al.206 that the 

structure of Lyz is altered in a concentration-dependent manner and completely distorted at 

higher concentrations of Im-ILs. Loss of structural integrity of Lyz leads to destabilization 

which is more pronounced when HMIC is present in the mixture. It is evident from the results 

that as the alkyl chain length increases, the tendency of IL to interact with the protein also 

increases, thus destabilization effect is more. This effect persists even when the mixture has 

another IL with a shorter alkyl chain as the longer alkyl chain of HMIC strongly competes with 

MIC or BMIC. This also corroborates with the earlier finding from Lange’s work204 which 

mentions the concept of decreased stability of Lyz with increasing alkyl chain i.e., increased 

hydrophobicity of IL. The increased hydrophobicity, thus, making the IL more suitable to 

interact with the hydrophobic core of Lyz.  

Structural changes in Lyz were only marginal in all the cases as evident from absorbance 

and near-UV CD spectra. RMSD, radius of gyration and SASA values obtained from the MD 

simulation of Lyz in the presence of IL mixtures also show only marginal differences implying 

that structural changes are quite minimal supporting the results from the spectroscopic 

experiments. The regions showing residue fluctuations are reduced in the mixture of ILs (Fig. 

4.18 B) as compared to the fluctuations in the presence of individual ILs (Fig. 4.18 B1 & B2). 

This shows that when ILs are present in combination, they tend to occupy more regions on Lyz 

leaving only a few residues to show fluctuations.  

 

4.4.3 Hydration properties and occupancy of ILs in the vicinity of Lyz 

Reduced RDFs of water (Fig. 4.19 A, B & C) and the number of water molecules (Fig. 

4.21 A1-A3) with the addition of individual and mixed ILs indicate the preferential occupancy 

of ILs in the vicinity of Lyz by replacing the water molecules. However, in each combination, 

the probability of each IL to be found near the protein is different as compared to their individual 

presence. The distribution of MIC is less which is not altered in the mixture of ILs as well, 

whereas the distribution of BMIC or HMIC around the protein increased in the mixture of ILs, 

MIC+BMIC and MIC+HMIC (Fig. 4.20). This is further confirmed by the number of each IL 

when present individually and in combination (Fig. 4.21). Also, there is a greater reduction of 

hydration fraction with respect to BMIC as compared the hydration of fraction of MIC in the 

same mixture (Fig. 4.27).  
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Similarly, the combinations with largely dissimilar alkyl chain lengths showed a stark 

differences in their distribution around the protein and associated hydration fraction. In 

MIC+HMIC and MIC+BPyroBr mixtures, the number of HMIC and BPyroBr are more as 

compared to MIC, respectively (Fig. 4.21 B1-B3). This strongly favours the argument that more 

the hydrophobicity of IL, more competitively it would bind to the protein. However, when the 

length of alkyl chain in the mixture of ILs is comparable or similar, as in BMIC+HMIC and 

BMIC+BPyroBr combinations, the number of each IL and hydration fraction are similar (Fig.  

4.27). This is again well supported by the distribution of ILs around the protein as evident from 

the RDF plots of ILs from each simulation (Fig. 4.20 D & E). All these results indicate that 

more the difference in alkyl chain length of ILs in combination (difference in hydrophobicity), 

more is the difference in their tendency to interact with the protein. Though in a combination 

of BMIC and BPyroBr, alkyl chain length is same, but they differ in their ring moiety that 

BMIC is aromatic and BPyroBr is alicyclic. This makes BMIC slightly more hydrophobic as 

compared to BPyroBr. In this case, the number of water and ILs calculated around each amino 

acid shows similar results (Fig. 4.22-4.26).  

 

4.4.4 Binding profile of ILs and its impact on fibrillation of Lyz 

The regions occupied by ILs individually and in combinations are shown in Fig. 4.29. 

MIC occupies more regions on Lyz when in combination, while BMIC has a reduced interaction 

in the same regions. However, BMIC shows favourable binding when present individually. 

When HMIC is in combination with MIC, the binding profile of HMIC remains unchanged 

with a slight reduction in the occupancy of MIC on the protein. This indicated that HMIC being 

more hydrophobic interacts with the protein favourably which is unaffected by the presence of 

another IL which is less hydrophobic. But the binding regions for both BMIC and HMIC are 

slightly reduced when added together compared to their individual presence, explaining their 

competition to bind on the same regions of the protein. Since, both ILs possess high 

hydrophobicity, they exhibit similar tendency to bind with protein. Combination of MIC with 

BPyroBr displayed similar binding profile as they are present individually. Both are weekly 

hydrophobic due to different reasons, MIC without any alkyl side chain and BPyroBr with 

alicyclic ring system. In case of BMIC and BPyroBr, both ILs possess butyl side chain, but 

differ in their overall hydrophobicity due to ring moiety. Both ILs make an almost equal 

competition to occupy the binding sites on Lyz.  
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All the combinations, show two binding sites in common, N-terminal and the cleft 

formed between α- and β- domain of the protein. As it is already known, the long-range 

interactions established between hydrophobic cluster 3 (part of β-domain) and cluster 5 (part of 

α-domain) initiate the fibril formation45, any cosolvent molecule binding to these regions may 

interfere with the fibrillation assembly. We could clearly observe from the fibrillation in the 

presence of MIC-BMIC that the fibrillation rate is reduced by them. Whereas in other cases, 

the binding may not linearly correlate with the rate of fibrillation. It could be attributed to the 

fact that the fibrillation is initiated from a partially-unfolded state where the binding of mixture 

of ILs on the exposed residues of Lyz could be different from their binding on surface-exposed 

residues in the native state. 

 

4.5 Conclusion 

The mixtures of various ILs have been studied to modulate the solvent properties such 

that protein is stabilized for longer duration. In some cases, the destabilizing effects of IL is 

counteracted by the addition of other ILs (stabilizer or destabilizer) and proved as excellent 

stabilizers for the prolonged storage of proteins. But studies on overcoming the 

fibrillation/aggregation of protein by using mixtures of two or more ionic liquid is still scanty. 

Here, we have studied the imidazolium ILs in combinations to understand how they affect the 

fibrillation parameters. As imidazolium ILs are proven inhibitor of fibrillation (earlier chapters) 

by interacting with Lyz, we are intrigued that the combination of ILs might either inhibit 

fibrillation in additive or synergistic manner. We found that all the ILs individually or in 

combination delayed fibrillation. Destabilization of Lyz in the presence of IL combination with 

more hydrophobicity was observed. It is also noted that ILs with longer alkyl chain reduce more 

water molecules in the vicinity of the protein. The results suggest that IL with longer alkyl chain 

competes with lower alkyl chain IL to interact with the protein. Compared to individual effect, 

longer alkyl chain ILs delays fibril formation more effectively in combination with other ILs. 
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Overall Summary of the thesis 

 Folded state of a protein is dictated by various non-covalent interactions such as 

coulombic, hydrogen bonding and hydrophobic. Disruption of any of these interactions may 

direct the protein to a misfolded state which might proceed to a deleterious self-aggregation or 

fibril formation pathway. The effects specifically induced by hydrophobic interactions of 

different functional groups namely, aliphatic, aromatic and alicyclic, on the stability and 

fibrillation propensity of a protein were investigated using lysozyme as a model protein and 

different ionic liquids with varying hydrophobic moieties as cosolvents.    

 When imidazolium-based ILs with varying alkyl sidechains were added to Lyz, the ILs 

with the longest alkyl chains, HMIC and OMIC, imparted the highest destabilization to the 

protein. Also, HMIC and OMIC delayed the fibrillation by 55-fold at higher concentrations and 

OMIC completely inhibited the fibrillation at 500 mM. The ILs with longer alkyl chains were 

found to replace more water molecules around Lyz and had stronger interactions with the 

protein compared to the ILs with shorter alkyl chains. 

Compared to the ILs with aromatic moieties, the extent of destability-induced by 

alicyclic ILs was lesser. However, they could be slightly more effective in slowing down the 

fibril formation of Lyz. The destabilization effect by all the ILs was enthalpy-driven, except for 

BPyrdBr which showed entropy-driven destabilization at concentrations above 200 mM. The 

molecular-level interaction analyses showed that the aromatic-ILs had slightly stronger 

interactions with the protein compared to alicyclic-ILs.  

When the ILs with varying hydrophobicity were added together, the ILs with longer 

alkyl chains and aromatic rings competed with alicyclic and lower alkyl chain ILs to interact 

with the protein. The ability of longer alkyl chain ILs to inhibit fibril formation was enhanced 

in the presence of shorter alkyl chain ILs. Therefore, it is proposed that the mixture of ILs could 

be more effective in preventing protein fibrillation.  
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