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SDG 3: Good Health and Well-Being, and SDG 9: Industry, Innovation, and 

Infrastructure  

This thesis contributes to the United Nations Sustainable Development Goals (SDGs), 

particularly SDG 3: Good Health and Well-Being, and SDG 9: Industry, Innovation, and 

Infrastructure. It investigates protein-surfactant interactions across various conformational 

states of globular proteins, focusing on their stability and denaturation under extreme 

temperatures. This study examined anionic surfactants (sodium octyl sulfate, sodium decyl 

sulfate, and sodium dodecyl sulfate), cationic surfactants (myristyltrimethyl ammonium 

bromide, hexatrimethyl ammonium bromide, and octadecyltimethyl ammonium bromide), and 

non-ionic surfactants (polysorbate 20, polysorbate 40, and polysorbate 80) in relation to 

ribonuclease A (RNase A) and apo-myoglobin (apoMb), including their conformational 

variants. 

By combining spectroscopy, surface plasmon resonance (SPR), and molecular dynamics (MD) 

simulations, this study elucidates the mechanisms of surfactant micellization, aggregation, and 

binding at the atomic level. Insights into the roles of hydrophobic interactions, surfactant alkyl 

chain length, and protein conformational state provide a molecular framework for designing 

biocompatible, nontoxic surfactant systems. These findings are relevant to biomedical 

applications, including protein-based therapeutics, drug delivery, and diagnostic formulations, 

thereby supporting SDG 3 targets 3.4 and 3.9. 

Simultaneously, this study advances scientific innovation and industrial applications by 

informing the development of thermally robust and efficient surfactant-protein systems for the 

pharmaceutical, food, cosmetic, and biotechnological industries, aligning with SDG 9, Targets 

9.4 and 9.5. Collectively, this study bridges fundamental biophysical research and applied 

formulation science, contributing to global efforts to improve health, promote innovation, and 

enable sustainable industrial practices. 
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PDB - Protein data bank 
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SPR - Surface plasmon resonance 
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MD - Molecular dynamics 

REMD - Replica exchange molecular dynamics 

CMD - Classical molecular dynamics simulation 
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1.1 History of surfactants 

Soaps and detergents have been used for centuries. Particularly, the history of soaps 

traces back to the Babylonians, who created soap by combining fat or cassia oil with alkali 

substances such as ash. The ancient Greeks and Romans around the early centuries AD used 

soap for personal cleanliness and bathing. In 1878, two German chemists, Heinrich Zoellner 

and Otto Roelen, developed the first successful synthetic detergent called Nekel [1]. In 1916, 

Procter & Gamble introduced the first commercial synthetic detergent, Dreft. In the following 

decades, there was a significant increase in the use of surfactants. Further, to improve the 

detergentsô cleaning ability, the companies focused on enzyme-based detergents [2]. Otto Rohm 

conducted the first enzyme-containing detergent experiment in Germany in 1913 by adding 

trypsin extracted from a pig pancreas. However, trypsin had poor stability and activity in the 

presence of the detergent [3]. This led to the foundation and exploration of protein-surfactant 

interactions and strategies to increase enzyme activity and stability. Novo Nordisk, a Danish 

pharmaceutical company, developed and launched an alcalase-containing detergent in 1953. 

The main purpose of alcalase was to clean blood-splattered laundry in hospitals and 

slaughterhouses. This enzyme had sufficient activity in the presence of detergents.  The 

resistance of alcalase to sodium dodecyl sulphate (SDoS) provided insight into the relationship 

between unfolding and activity in the presence of surfactants, highlighting the significance of 

studying protein-surfactant interactions. [4].  

Surfactants are widely used in laboratory applications for various purposes. They assist 

in cell lysis, extraction of nucleic materials, and in enabling downstream molecular biology 

processes [5]. They also play a role in facilitating protein refolding from inclusion bodies and 

are essential for the extraction of membrane proteins [6]. Surfactants are utilized in sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) for protein size determination 

[7]. In enzyme-linked immunosorbent assays (ELISA), surfactants help to reduce non-specific 

binding and improve assay specificity [8]. Additionally, they are employed to solubilize water-

insoluble dyes, enabling their use in various applications [9]. Surfactants are key components 

in household and industrial products, such as surface disinfectants and personal care products 

[10]. In pharmaceutical industries, surfactants are used to enhance drug solubility, permeability 

[11], absorption, and delivery. They also stabilize drug formulations by reducing aggregation.  

Surfactants act as emulsifiers and stabilizers in the food industry, improving the 

consistency and texture of products while enhancing aroma and flavour. For example, 

polysorbates, also known as tweens, along with glycerides and sucrose esters, are commonly 

used to stabilize oil-water mixtures in food products. In nanotechnology, surfactants are critical 
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for synthesizing, stabilizing, and characterizing nanomaterials, nanoemulsions, biosensors, and 

bioimaging tools. Surfactants prevent aggregation, control particle size and shape, enhance 

dispersion and solubility, and assist in self-assembly processes. Examples of surfactants used 

in nanoscience include sodium dodecyl sulphate (SDoS), hexadecyl trimethylammonium 

bromide (HTAB), polyethylene glycol (PEG), and Triton X-100 [12][13][14][15] .Surfactants 

are employed in wastewater treatment to reduce water surface tension, facilitating the 

separation of water and oil. They enhance flocculation and coagulation, remove suspended solid 

particles, and emulsify hydrophobic pollutants for easier extraction. Additionally, they can 

remove heavy metals through adsorption [16][17][18]. Surfactants are also used as flotation 

agents, and in electronic printing, magnetic recording, microelectronics, and viral research, 

highlighting their versatility across industries [19]. 

1.2 Types of surfactants 

Surfactants are surface-active agents that reduce the interfacial tension between two 

phases by acting at the interfaces [20]. Surfactants are amphiphilic molecules with a lyophilic 

head and a lyophobic tail. The head part can be either positively or negatively charged, and it 

is mostly an alkyl chain that makes up the tail. Surfactants can be categorized according to their 

ionic charge as  [21], (i) anionic surfactants: have a negatively charged head group, e.g., sodium 

dodecyl sulphate, (ii) cationic surfactants: have a positively charged head group, e.g., 

cetyltrimethylammonium bromide, (iii) non-ionic surfactants: have a polar head group, e.g., 

lauryl alcohol ethoxylate, and (iv) amphoteric surfactants: have both negative and positive 

functional groups, e.g., cocamidopropyl betaine. Further, based on the hydrophilic-lipophilic 

balance, surfactants can be categorized as (i) hydrophilic surfactants: have a high hydrophilic-

lipophilic balance, e.g., oleyl cetyl alcohol, (ii) hydrophobic surfactants: have a low 

hydrophilic-lipophilic balance, e.g., palmitic acid, and (iii) amphiphilic surfactants: have an 

intermediate hydrophilic-lipophilic balance, e.g., sorbitan monooleate [22,23]. 

1.3 The two forms of surfactants 

 Surfactants can exist in two distinct forms, monomer and micellar, depending on their 

concentration. At low concentrations, in aqueous media, surfactant molecules exist as 

monomers. However, at higher concentrations, the surfactant molecules undergo self-assembly 

to form micelles, wherein the hydrophobic tail is oriented inward and the polar head outward 

[21][24]. The minimum concentration at which this self-assembly occurs is called the critical 

micelle concentration (CMC). The number of surfactant molecules in a micelle is influenced 

by the experimental conditions, such as pH, temperature, and ionic strength. The interaction of 
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surfactants with proteins differs significantly between these two forms [25]. Additionally, the 

presence of protein affects the micelle formation, which depends on the surface charge and 

interacting residues on the protein [26]. 

1.4 Protein-surfactant interaction 

Protein-surfactant interactions can be broadly categorized into two types. At monomeric 

concentrations, the charged head groups of surfactants interact with charged and polar amino 

acids of proteins such as glutamic acid, aspartic acid, arginine, lysine, or histidine, through 

electrostatic interactions. These are the strongest interactions observed between proteins and 

surfactants and are reported to be exothermic [27]. Consequently, proteins undergo mild 

denaturation. At micellar concentrations, hydrophobic interactions predominate [20]. This 

occurs between the hydrophobic tail group of surfactants and the non-polar amino acids such 

as valine, leucine, and phenylalanine. Compared to electrostatic interactions, it is generally 

weaker. The formation of micelles around the protein surface usually results in the unfolding 

of proteins. Different models have been proposed to explain the interaction of surfactant 

micelles around a protein. 

1.5. Protein-surfactant interaction models 

1.5.1 Binding isotherm model 

The binding isotherm model elucidates the interaction between surfactants and proteins, 

demonstrating how the number of surfactants bound to a protein varies as the concentration of 

free surfactants in the solution increases. The isotherms frequently exhibit distinct phases that 

reflect different binding mechanisms and structural changes in proteins. Typically, the binding 

isotherm is represented as a plot of the average number of surfactant molecules bound per 

protein molecule against the logarithm of free surfactant concentration. These plots can 

generally be divided into four regions (Fig. 1.1). (i) Initial binding at very low concentrations 

of surfactants, where a few surfactant molecules bind to specific, independent, and high-affinity 

binding sites on the protein. (ii ) Non-cooperative binding: as the surfactant concentration 

increases, a larger number of surfactant molecules bind to the protein in a non-cooperative 

manner. These regions appear as a plateau or slow rise in the isotherm. (iii ) Cooperative 

binding: at the CMC of the surfactants, there is a steep increase in surfactant binding due to 

cooperative interactions. This phase is associated with the unfolding of the protein, exposing 

more binding sites. (iv) In this phase, the isotherm reaches a plateau, indicating that the protein 
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is saturated with the micelles of the surfactants. No further binding occurs on the protein, and 

the excess surfactant forms only free micelles [28][29][30][31][32][24][33]. 

 

 

1.5.2 Necklace and beads model 

The model elucidates the structural organization of protein-surfactant complexes, 

wherein the unfolded polypeptide chain of a protein functions as a scaffold for surfactant 

molecules, resulting in the formation of micelle-like clusters along the chain (Fig. 1.2). The 

polypeptide backbone provides a framework that facilitates the aggregation of surfactants, with 

its inherent flexibility enabling it to adopt an extended conformation capable of accommodating 

multiple micelle-like structures. The micelles are arranged along the protein chain in a 

configuration analogous to beads on a necklace. The interaction between surfactants and the 

protein is predominantly driven by hydrophobic forces, with hydrophobic regions on the 

polypeptide chain serving as nucleation sites for the surfactant aggregation [34][32][31][29].  

 

L LL 

L± 

LLL 

Fig. 1.1. An illustration of the binding isotherm of protein-surfactant interactions. Protein is in 

black, the micelle head groups in blue, and the alkyl tails in black. This model depicts the binding 

mechanism and organization of surfactant aggregates along the protein chain with increasing 

concentration of surfactant. The S-shape curve shows the binding of surfactant molecules to 

protein with increasing concentration. 
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1.5.3 Protein-decorated micelle model 

The protein-decorated micelle model, alternatively referred to as the core-shell model, 

elucidates the structural organization of protein-surfactant complexes. In this model, surfactant 

molecules self-assemble into micelle-like aggregates, which are subsequently enveloped by an 

unfolded protein chain. The micelle comprises a hydrophobic core encapsulated by a shell 

consisting of surfactant head groups, the protein, and associated water molecules (Fig. 1.3). 

Surfactants interact with the polypeptide chain via hydrogen bonding and ionic interactions, 

while hydrophobic interactions occur between the non-polar amino acid side chains and the 

micelle core. The unfolded protein exhibits sufficient conformational flexibility to adapt around 

the micelle, with larger proteins capable of interacting with multiple micelles simultaneously 

[24][35][36].  

 

 

 

 

Fig. 1.2. A cartoon representation of the beads-on-a-necklace model. Protein is 

depicted in black, and the micelles in blue. 

Fig 1.3. A cartoon representation of the protein-decorated micelle model. Protein is depicted 

in black, and the micelles in blue. The water molecules are represented by red and grey 

spheres.  
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1.5.4 Flexible-helix micelle model  

The flexible-helix model of protein-surfactant complexes postulates that all bound 

surfactant molecules aggregate into a single, flexible, capped cylindrical micelle, around which 

the hydrophilic segments of the polypeptide chain are helically arranged (Fig. 1.4). In this 

model, the surfactant molecules associated with a single protein coalesce to form a unified 

cylindrical micelle. The micelle's flexibility enables it to bend and twist, thereby 

accommodating the protein chain. The helical arrangement of the polypeptide around the 

micelle is stabilized through interactions between the protein and surfactant molecules, 

specifically between the polar head groups of the surfactants and the amide backbones of the 

protein [24][35][37].  

 

1.6 Protein denaturation  

Protein denaturation is commonly induced by various perturbations such as temperature, 

chemical denaturants, pH, specific ions, genetic mutations, and pressure. These approaches are 

employed to evaluate protein stability and folding pathways under controlled conditions 

[15][16]. Thermal denaturation can occur through either an increase (heat denaturation) or a 

decrease (cold denaturation) in temperature. The free energy of unfolding (ȹG) is a key 

thermodynamic parameter that determines the stability of a protein and its susceptibility to 

denaturation. A plot of ȹG as a function of temperature provides critical insights into the 

thermal stability of proteins under various experimental conditions (Fig. 1.5). This approach 

offers a comprehensive representation of protein stability across different temperatures. A 

positive ȹG value indicates that the folded state of a protein is more stable, whereas a negative 

ȹG value suggests that the unfolded state is favoured. The ȹG value becomes increasingly 

negative as the temperature either decreases or increases beyond the optimal stability range. 

The points where the free energy curve intersects the ȹG plot (ȹG = 0) at low and high 

temperatures correspond to the midpoints of cold- and heat-induced denaturation (Tm and 

Fig. 1.4. The cartoon representation of the flexible-helix micelle model. Protein is depicted in 

black, and the micelles in blue.  
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Tc), respectively. The peak of the curve, where ȹG reaches its maximum value, represents the 

temperature of maximum (Tmax) stability (Figure 1.4). In addition, protein stability is assessed 

by other thermodynamic parameters, enthalpy of unfolding (ȹH), entropy of unfolding (ȹS), 

and heat capacity change during unfolding (ȹCp), as well [38][39][40][41][42][43][44][45]. 

 

1.7 Hydrophobic hydration and cold denaturation 

The hydrophobic effect, along with other non-covalent interactions, is essential to 

maintain a macromolecule's 3-D structure [46]. The hydrophobic effect results from the 

tendency of non-polar residues to interact with one another to minimize their contact with water. 

The Gibbs energy (ȹG) of transferring a non-polar molecule from its bulk liquid state into water 

can be defined as,  

ЎὋ Ὃ Ὃ   (1.1) 

If æG is positive, the solute exhibits a preference to remain separate from water. The larger the 

value, the higher the tendency of solutes to cluster together. Conversely, a negative æG value 

indicates that the solute is soluble in water. The magnitude of the hydrophobic effect decreases 

as the temperature decreases. This is a key factor in cold denaturation of proteins. This implies 

that the tendency of non-polar solutes to cluster together, driven by the hydrophobic effect, 

weakens at lower temperatures. The hydrophobic core is not typically the catalytic region of 

the protein molecule; however, it is often crucial for protein function. Thus, destabilization of 

the hydrophobic effect almost invariably results in protein destabilization as well as a disruption 

in protein function [43][47]. 

Fig. 1.5. Temperature-dependent change in the free energy of a protein during cooling or heating 

the protein from its temperature of maximum stability (Tmax). Tm and Tc represent the transition 

midpoint temperatures of heat and cold transitions, respectively.  



9 
 

Hydration shells are water layers that form near the surface of proteins. Water molecules 

near hydrophobic regions exhibit a different arrangement compared to water molecules in the 

bulk. These water molecules aggregate around the hydrophobic regions and form cages. Their 

interactions are stronger than those in bulk water [48].  These cages form water-surrounded 

hydrophobic zones, known as clathrate cages [49]. Generally, disturbances in these water 

structures induce structural changes in proteins. Hydrophobic hydration, with its large positive 

heat capacity, is a major driving factor in the cold denaturation of proteins during cooling [50].  

When a protein denatures or unfolds, the hydrogen bonding network is disrupted and 

hydrophobic residues are exposed to solvent, resulting in a significant increase in heat capacity. 

Cold denaturation is not a novel phenomenon; ancient Egyptians utilized icy water for 

healing purposes. Around the mid-seventeenth century, James Arnott employed cold 

temperatures to remove malignant tumors. In the contemporary scientific landscape, a 

significant contribution to the discovery of cold denaturation of proteins can be attributed to 

Hopkins, who primarily investigated urea denaturation of proteins during the 1930s [51]. 

Recently, pressure-assisted cold denaturation of proteins has gained prominence. Pressure as 

low as 200 MPa can reduce the freezing point of water to -22 °C. Various researchers have 

achieved cold denaturation of proteins such as ubiquitin, ribonuclease A, and lysozyme by 

determining a protection factor. The protection factor represents the resistance of a protein 

against pressure-assisted destabilization and is directly related to the secondary structure 

content of the protein. Pressure can be utilized both to prevent freezing and to induce 

destabilization. The seamless functionality of marine life under extreme circumstances of 

pressure and temperature serves as an exemplar of these natural phenomena [52][53].  

 

1.8. Methods to study the protein-surfactant interactions 

1.8.1. Optical spectroscopic methods 

Protein-surfactant interactions can be investigated by various analytical techniques, with a 

multi-probe approach strongly recommended due to the dynamic nature of surfactants. Intrinsic 

protein fluorescence provides insight into the conformational changes as surfactant 

concentration increases. The secondary and tertiary structural changes can be monitored using 

far- and near-ultraviolet (UV) circular dichroism, respectively. Isothermal titration calorimetry 

(ITC) and differential scanning calorimetry (DSC) quantify energy changes during surfactant 

binding and protein unfolding, respectively, by measuring heat absorbed or released [20][25].  
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External fluorophore dyes, such as 6-(p-toluidino)-2-naphthalene sulfonate (TNS), bind 

selectively to hydrophobic residues of proteins and function as probes to monitor protein 

unfolding [54]. Fluorescence anisotropy is another efficacious tool for studying surfactant-

induced protein unfolding [55]. This method measures the degree of polarization of emitted 

light, which reflects the average angular displacement of the fluorophore between absorption 

and photon emission. The extent of polarization depends on the rotational motion of molecules; 

rapid rotation results in depolarized emission, while minimal rotation preserves polarization. 

Fluorescence anisotropy is particularly effective for tracking tryptophan (Trp) and tyrosine 

(Tyr) residues within a protein's tertiary structure. Under plane-polarized excitation, the Trp or 

Tyr residues in native proteins rotate slowly relative to the excited state lifetime, maintaining 

polarization and yielding higher anisotropy. Conversely, unfolded proteins exhibit greater 

rotational diffusion and internal flexibility, causing the polarization of excitation light to 

disperse during the excited state lifetime, which reduces anisotropy. This decrease in anisotropy 

serves as an indicator of protein unfolding [56][57]. 

1.8.2 Surface plasmon resonance (SPR) 

SPR is an optical technique and label-free detection method for studying real-time 

interactions between biomolecules. SPR offers an easy way to measure the kinetics of the 

reversible binding of analyte molecules. The analysis of kinetic is conventionally treated as 1:1 

interaction model, which is the Langmuir isotherm model based on certain assumptions [58]. It 

also assumes that the binding is specific, all sites are equivalent, ligands are uniformly 

distributed, and binding is not affected by neighbouring sites. For such binding reactions, the 

equilibrium can be:  

ὃ ὄ ᵮὃὄ              (1.2) 

Where A and B are the analyte and ligand, respectively. The forward and reverse reactions are 

described by the association and dissociation rate constants, Ὧ and Ὧ, respectively. Once the 

equilibrium is reached, the equilibrium dissociation constant (KD) can be expressed as follows: 

Ὧ ὃ ὄ Ὧ ὃὄ  (1.3) 

ὑ   (1.4) 

 [59]. In a typical SPR methodology, the ligand (protein) is immobilized onto a sensor chip 

surface through covalent bonding to carboxymethylated dextran matrix. This matrix is attached 

covalently to the metal surface, and the analyte dissolved in the buffer is passed over this surface 

to detect the changes in refractive index. Biomolecular interactions are quantified in resonance 

units (RU) as a sensorgram and are recorded as responses. RU is directly proportional to the 



11 
 

mass on the surface. SPR can be used for protein-surfactant interaction studies where proteins 

are immobilized as ligands and surfactant is used as an analyte.  

 

1.8.3 Molecular dynamics simulation  

Molecular dynamics (MD) simulation is a computational technique used to study the 

molecular behaviours of matter like gases, liquids, and solids [60]. The position and velocities 

of a particle in a system follow Newtonôs law of motion over time, which are calculated based 

on forces acting between the atoms and particles. The following equation expresses the simplest 

form of Newtonôs equation for every particle in a system.  

ὓ ὓ ὶ Ὂ (1.5) 

Where Fi is the force acting on atoms and is derived from the potential energy of atomic 

coordinates participating in the interaction [61]. The functional form of potential energy 

calculation in molecular simulations is typically described by a force field. In 1949, 

Metropolisôs work was a milestone moment in the field of simulation, specifically in the 

development of the Monte Carlo simulation [62]. Before the advancement of electronic 

computing power, machines such as those used in the Manhattan Project and in deciphering the 

Enigma code were highly beneficial [63][64]. Metropolis provided a statistical method for 

simulating the characteristics of a group of particles using a probabilistic approach. This method 

was specifically designed to analyse differential equations using simulation. Alder and 

Wainwright (1959) advanced the field of simulation by performing molecular simulations of 

liquid systems, which was a significant step forward in MD simulations [65]. They used the 

square-well potential to study the classical particle interactions, elucidate particle forces, and 

solve the equation of motion. In 1964, Rahman and colleagues successfully simulated liquid 

argon, calculating diffusion coefficient values that matched the experimental result [66]. In 

1971, Rahman and Stillinger proposed a model of liquid water that included molecules, not 

only atoms [67]. They investigated the structural and kinetic properties of liquid water, bringing 

them closer to experimental data and proposing a more refined and precise model.  
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Warshel and Levitt (1976) conducted a study on lysozyme catalysis by combining 

quantum mechanics and molecular mechanics [68]. Anderson introduced volume as a dynamic 

variable into a constant temperature-pressure ensemble in 1980 [69]. His research laid the 

foundation for simulating processes like nucleation, phase separation, and chemical reactions 

at constant pressure and temperature. Traditional MD methods fix the volume and energy of 

particles, limiting important fluctuations. Parrinello and Rahman (1981) used Lagrangian 

mechanics to study solids [70][71]. Parrinello and Car (1985) combined MD with density 

functional theory (DFT), called Car-Parrinello molecular dynamics (CPMD), to simulate 

covalently bonded and metallic systems of crystalline silicon [72]. The use of multiple computer 

processors running in parallel, as well as graphics processing units (GPUs), has significantly 

increased the computing power for studying large-scale biochemical processes using 

simulations. These examples are just a few of the many important contributions that have helped 

to develop the sophisticated system of MD simulation, including force-biased Monte Carlo 

[73], Brownian dynamics [74], general Langevin dynamics [75], dissipative particle dynamics 

[76], collisional dynamics [77], and reduced variable molecular dynamics [78]. 

MD simulation results are useful for understanding protein stability and folding. 

However, conventional MD simulations may not provide complete information about a 

protein's folding free energy, because the protein can be trapped in local energy minimum 

conformations. To address this issue, enhanced sampling methods have been developed, such 

as replica exchange molecular dynamics (REMD), metadynamics, umbrella sampling, and 

simulated annealing [79]. In 1999, Okamoto introduced the replica exchange molecular 

dynamics (REMD) method, which combines molecular dynamics (MD) and the Monte Carlo 

algorithm [80]. REMD is used to accelerate the sampling when the conformations are separated 

by high energy barriers, particularly at low temperatures with large numbers of local minima-

energy states. In REMD, several replicas of the same system are simulated at different 

temperatures in parallel using different Hamiltonians. The methodology involves running 

parallel simulations with multiple replicas at different thermodynamic states (temperatures) to 

provide more efficient conformational space and replica exchange. Based on the Metropolis 

Fig. 1.6. A few major milestones in the early development of molecular dynamics simulation. 
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criterion, neighbouring replicas exchange their thermodynamic states at regular time intervals, 

allowing the system to overcome energy barriers and sample a wider range of configurations. 

Metropolis criterion [81]  is the probability of accepting the exchange between two replicas, i 

and j. 

ὖὭP Ὦ ÍÉÎ ρȟÅØÐ  Ὗ Ὗ   (1.6) 

Where Ὗ and Ὗ are the potential energies of the two replicas, Ὧ is the Boltzmann constant, 

and Ὕ and Ὕ are the respective temperatures. There are other forms of REMD, or extensions 

of REMD, available for specific conditions. For example, NPT-REMD modifies the exchange 

probability and considers the reference pressure and volume [82]. Hamiltonian-REMD involves 

each replica having a different Hamiltonian [83]. 

 

1.9 About the present study 

This thesis investigates the protein-surfactant interactions with various conformational 

states of globular proteins. The surfactants used in this study are, anionic surfactants (sodium 

octyl sulfate, sodium decyl sulfate, and sodium dodecyl sulfate), cationic surfactants 

(myristyltrimethyl ammonium bromide, hexatrimethyl ammonium bromide, and 

octadecyltimethyl ammonium bromide), and non-ionic surfactants (polyoxyethylene sorbitan 

monolaurate, polyoxyethylene sorbitan monopalmitate, and polyoxyethylene sorbitan 

monooleate). The proteins examined were ribonuclease A (RNase A) and apo-myoglobin 

(apoMb), along with their conformational variants (discussed in Chapter 2). The investigation 

employed spectroscopy, surface plasmon resonance (SPR), and molecular dynamics (MD) 

simulations at various temperatures to elucidate protein-surfactant interactions. The stabilities 

of proteins were analysed in the presence of surfactants at different concentrations, ranging 

from monomeric to micellar and across sub-zero to high temperatures. The micellization of 

surfactants in the presence of globular proteins was also assessed at different temperatures (sub-

zero to high). Partially unfolded protein conformations were utilized to explore the role of 

hydrophobic interactions in surfactant binding.  

The central focus of chapters 3 and 4 is the exploration of the significance of 

hydrophobic interactions of surfactants in the denaturation of proteins under extreme 

temperature conditions. Specifically, these chapters examine the mechanisms underlying cold-

induced and heat-induced protein denaturation, emphasizing how surfactants influence protein 

stability at low and high temperatures. The study also elucidates how the surfactants could 

reduce the urea-induced protein denaturation effect. The influence of surfactant hydrophobicity, 
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particularly alkyl chain length, on protein binding and stability is analysed. In addition, MD 

simulations were performed to evaluate the surfactant aggregation, micelle formation, and 

binding to different protein conformations at the atomic level to provide insight into the 

molecular mechanism of protein-surfactant interactions. 
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Chapter 2 

 

 

 

Interaction of Anionic Surfactants with Native and 

Partially-Unfolded RNase A: Binding Kinetics, 

Structural Changes, and Stability 
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2.1 Abstract 

In protein-surfactant interactions, the alkyl chain length of the surfactants and surface-

exposed residues of the proteins play essential roles in binding and unfolding. To investigate 

this, the interactions of sodium octyl (SOS), decyl (SDeS), and dodecyl (SDoS) sulphates were 

studied with native and partially unfolded ribonuclease A (ox-RNase A & rd-RNase A) using 

SPR, optical spectroscopy, and molecular dynamics (MD) simulations. rd-RNase A was 

obtained by partial reduction of the disulfide bonds of RNase A. MD simulations of RNase A 

in its native and unfolded states were carried out in the presence of all three surfactants in their 

monomeric and micellar concentrations, respectively. The binding affinity of surfactants differs 

between ox-RNase A and rd-RNase A. Monomeric forms of surfactants do not affect the 

structure and stability. Upon micelle formation of the surfactants, ox-RNase A loses its tertiary 

interactions along with ɓ-sheets. However, it forms non-native Ŭ-helices that gradually 

destabilize ox-RNase A. Further increases in surfactant concentrations destabilize the ɓ-sheets 

and induce the formation of non-native Ŭ-helices. MD simulation results suggest that rd-RNase 

A induces micelle formation with higher aggregation numbers than ox-RNase A. At monomeric 

concentrations, the interactions of surfactants could be predominantly ionic, whereas at micellar 

concentrations, hydrophobic interactions contribute significantly. The exposed hydrophobic 

surfaces of partially unfolded rd-RNase A facilitate binding of the surfactant to the protein. This 

results in differences in the unfolding pathways of rd-RNase A and ox-RNase A. 
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2.2 Introduction 

The studies on protein-surfactant interactions have implications in various fields such 

as food industries, personal care, cosmetic formulations, pharmaceuticals, and nano-biomaterial 

synthesis [84][85][86]. At the laboratory level, surfactants are regularly used in refolding of 

proteins from inclusion bodies, solubilization, extraction of membrane proteins [87], and in 

electrophoresis to estimate the size and purity [88]. Surfactants, based on their concentration, 

exist in two forms in aqueous solutions, monomeric and micellar. The critical micelle 

concentration (CMC) is the minimum concentration of a surfactant required to form micelles. 

Below CMC, the surfactants also form pre-micellar aggregates (or primary micelles), which 

can be detected by spectroscopic and tensiometric methods [89]. Surfactants unfold the proteins 

more effectively than conventional denaturants like urea and guanidium hydrochloride 

[90][91]. Conventional denaturants unfold the proteins [92] by either direct non-covalent 

interactions [93] or by disturbing the spatial arrangement of water around the proteins [94]. 

However, the surfactant interactions are predominantly ionic at their monomeric concentrations 

and hydrophobic at micellar concentrations [90][95].  

At monomeric concentrations, the charged head group of surfactants binds to the polar 

surfaces of proteins, and the alkyl chains of surfactant tails bind to the hydrophobic regions [90]  

[24]. The studies on the interaction of alkali-denatured cytochrome c with sodium dodecyl 

sulfate (SDoS) show that the interactions could be predominantly hydrophobic even in pre-

CMC region [96]. In many proteins, the pre-micellar aggregation and micellization of 

surfactants occur at lower concentrations than in water, which is generally attributed to the 

exposed hydrophobic regions of the protein upon mild denaturation [96][29][97]. The 

calorimetric experiments suggest that the binding of SDoS and dodecyltrimethylammonium 

bromide (DTAB) on RNase A and trypsin is primarily an exothermic process at monomeric 

concentration and endothermic at micellar concentration [98][99]. However, SDoS and 

cetyltrimethylammonium bromide (CTAB) show only exothermic changes while interacting 

with myoglobin [100]. 

Computational analyses of protein-surfactant interactions using molecular dynamics 

(MD) simulations suggest that the addition of anionic surfactants at their monomeric 

concentrations does not disrupt the native structure of proteins [101][102]. When a protein is 

partially unfolded, the micelles of the surfactants destabilize both Ŭ-helix and ɓ-strands. In the 

case of short peptides (Ò 20 amino acids), the monomeric SDoS could destabilize the helical 
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peptide, whereas ɓ-strands show resistance to denaturation. However, above CMC, both the 

secondary structures are intact, but the tertiary structures are destabilized [103]. 

Most of the reported studies focus on the unfolding rates of proteins upon surfactant 

binding [96][104][105][106]. The structural reorganization at each stage of their interactions is 

evaluated by different methods, such as stopped-flow, FRET, and small-angle X-ray light 

scattering [97]. Refolding of the protein unfolded by ionic surfactants has also been studied 

[105]. Nevertheless, to the best of our knowledge, there is no study on the rate of association of 

surfactants with a protein and how the monomers bound to the protein surface alter the rate and 

affinity of further binding of micelles. Moreover, assessing the binding ability of surfactants 

with the change in the hydrophobicity of a protein with the same sequence is a challenging task, 

since the protein needs to be partially unfolded. The commonly used denaturants would alter 

the micellization property of the surfactants as well [107]. This could be overcome by selecting 

a model protein that is stabilized by disulfide bonds, and mild disruption of the disulfide bond(s) 

could expose the buried hydrophobic residues. The binding of surfactants with this partially 

unfolded protein can be compared with the native protein to evaluate the role of exposed 

hydrophobic residues in protein-surfactant interactions and micellization.  

In the present study, ribonuclease A (RNase A) was chosen as a model protein which 

has 124 amino acid residues. In its native state, the protein is stabilized by four disulfide bonds 

(ox-RNase A), and a partial reduction of the disulfide bonds denatures the protein (rd-RNaseA). 

The association and dissociation rates of three anionic surfactants, sodium octyl sulfate (SOS), 

sodium decyl sulfate (SDeS), sodium dodecyl sulfate (SDoS) at their monomeric and micellar 

concentrations with both ox-RNase A and rd-RNase A (Fig. 2.1) were studied using surface 

plasmon resonance (SPR). Also, the structure and stability changes of both forms of RNase A 

were analysed by spectroscopy. MD simulations of ox-RNase A and rd-RNase A in the 

presence of monomeric and micellar concentrations of the surfactants were carried out. The 

results suggest that the binding rate and unfolding pathway vary between these two protein 

forms. Further, the number of micelles formed and their aggregation number are higher in rd-

RNase A due to the exposed hydrophobic surfaces and partially unfolded state of the protein. 
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2.3. Materials and methods 

2.3.1 Materials 

 Bovine pancreatic ribonuclease A (RNase A), 6-(p-Toluidino)-2-naphthalenesulfonic 

acid (TNS), sodium octyl sulfate (SOS), sodium decyl sulfate (SDeS), and sodium dodecyl 

sulfate (SDoS), were obtained from Sigma-Aldrich. Urea, guanidium chloride, sodium 

phosphate monobasic, sodium phosphate dibasic, and sodium chloride, were purchased from 

SRL India. Dithiothreitol (DTT) was procured from Himedia. Series S sensor chip CM5, N-

ethyl-Nô-(3-dimethylaminopropyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS), 

ethanolamine, sodium iodoacetamide, 10 mM glycine HCl pH 2.0, sodium chloride, and 10 

mM sodium acetate buffer pH 4.0 were purchased from Cytiva. 

2.3.2 Protein samples and CMC of surfactants 

RNase A was dissolved in 20 mM phosphate buffer at pH 7.5, with all four disulfide 

bonds intact (ox-RNase A). The native RNase A was dissolved in 8 M urea in 20 mM phosphate 

buffer at pH 7.5 and was incubated with a 50-fold excess concentration of DTT for 15 min. 

Then a 20-fold excess concentration of iodoacetamide was added and incubated for 1 hour in a 

dark condition. The sample was then dialyzed against 20 mM phosphate buffer at pH 7.5 for 

Fig. 2.1. (A) Surfactant molecules, SOS, SDeS, and SDoS used in this study. Three-dimensional 

structure of different forms of RNase A: (B) native RNase A from PDB id: 7RSA (ox-RNase A) with 

all four disulfide bonds intact, (C) partially- reduced RNase A from PDB id: 1A5P (rd-RNase A) in 

which the C40-C95 disulfide bond is reduced, (D and E) unfolded forms of native and partially-reduced 

RNase A obtained from REMD simulations, ox-RNase Aunf and rd-RNaseunf A, respectively (refer 

section 2.3.5.1). The triple-stranded ɓ-sheet (strands A1 to A3) and four-stranded ɓ-sheet (strands B1 

to B4) are shown in light brown and cyan, respectively. The helices are marked as H1, H2 and H3, the 

ɓ-loops are marked as ɓL1 and ɓL2, and the ɓ-hairpins are marked as ɓh1, ɓh2, and ɓh3. Cys residues are 

coloured yellow sticks.   
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three times at 4 °C to remove urea and unreacted iodoacetamide. This disulfide-reduced form 

was named as rd-RNase A for further discussion. Samples with varying concentrations of 

surfactants, SOS, SDeS and SDoS were prepared in 20 mM of phosphate buffer at pH 7.5 and 

50 ɛM of TNS. The fluorescence spectra of TNS were recorded from 380 to 500 nm after 

exciting the samples at 320 nm [87]. The spectra were also obtained by adding either ox-RNase 

A or rd-RNase A. The change in intensity of TNS was used to evaluate the pre-CMC and CMC 

of the surfactants in the absence and the presence of the proteins [29][108].  

2.3.3 Surface plasmon resonance (SPR) measurements 

Generally, a kinetic measurement using SPR involves an association phase, a steady-

state, and a dissociation phase followed by a regeneration step to repeat the cycle. This routine 

process has been named as ñunistepò method (Fig. 2.2A) and was performed with monomeric, 

pre-micellar, micellar, and higher-order micellar (HO-micellar) concentrations of the 

surfactants. In addition, two modified SPR runs were also performed. (i) Initially, the 

monomeric concentration of surfactant was passed over ox-RNase A or rd-RNase A 

immobilized on an SPR-sensor chip, and the sensorgram for binding kinetics was measured. 

After this, a single washing step was performed with the wash buffer to remove the unbound 

surfactant molecules. Then, the micellar concentration of the surfactant was passed over the 

chip, and the sensorgram was measured. Finally, a regeneration buffer was passed to remove 

all the bound surfactants from the protein surface. The experiment was repeated 5 times. This 

was named as ñbistepò method (Fig. 2.2B). (ii) Firstly, the monomeric concentration of 

surfactant was passed over ox-RNase A or rd-RNase A immobilized on the chip, and then a 

single washing step was done. After this, the pre-micellar concentration of the surfactant was 

passed over the chip followed by a wash step, then the micellar-concentration of the surfactant 

followed by a wash step, and finally the HO-micellar concentration of the surfactant followed 

by a wash step was performed. The protein surface was then regenerated with the regeneration 

buffer. The sensorgram for the entire process was measured. The experiment was repeated 5 

times. This was named as ñmultistepò method (Fig. 2.2C).  
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All the SPR experiments were performed using Biacore T-200 system (Cytiva). Sensor 

chip surface was activated by exposing it to 200 mM N-ethyl-Nô-(3-dimethylaminopropyl) 

carbodiimide (EDC) and 50 mM N-hydroxysuccinimide (NHS) for 7 minutes. 25 µg/ml of ox-

RNase A or rd-RNase A was immobilized covalently to the hydrophilic carboxymethylated 

dextran matrix of the sensor chip by primary amine coupling reaction according to the 

manufacturerôs recommendation. The reference flow cells were prepared by deactivating with 

1 M ethanolamine pH 8.5, for 7 minutes. The surfactants were dissolved in 20 mM phosphate 

buffer at pH 7.5. The contact time, flow rate, and dissociation time used for the different 

methods are listed in Table 2.1. All solutions were purified through a 0.22 µM syringe filter 

(Merck Millipore) before the experiments. All the experiments were performed at 25 °C. The 

analysis of sensorgrams was done using Biacore Insight software. Each phase of bistep and 

multistep kinetics was analysed independently to calculate the association (ka) and dissociation 

(kd) rates. 

 

 

 

 

 

Fig. 2.2. The steps involved in different SPR methods followed in this study. (A) Unistep:  Conventional 

method of association followed by dissociation and regeneration. (B) Bistep: Association of monomeric 

surfactants followed by a washing step. This is followed by another phase of association with micellar 

concentration of surfactants and then regeneration. (C) Multistep: This has four phases of association 

such that the surfactant concentration is sequentially increased from monomeric to pre-CMC to CMC 

to higher-order micelles and finally a regeneration step. 
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Table 2.1: Flow rate, association time, and dissociation time used in SPR experiments 

Parameter 

Method 

Unistep 
Bistep Multistep 

monomeric micellar 

Flow rate (ɛL/min) 15 20 20 20 

Contact time (s) 60 180 120 120 

Dissociation time (s) 300 600 420 420 

2.3.4 Spectroscopic analysis 

RNase A has no tryptophan residues but has six Tyr residues. The intrinsic fluorescence 

changes of the protein in both forms, ox-RNase A and rd-RNase A, were recorded between 300 

and 340 nm, after exciting the proteins at 280 nm in Jasco FP-8500. The fluorescence anisotropy 

of the proteins was calculated using the following equation [109], 

                                             ὶ     (2.1) 

Where Ivv is the intensity of the detected light when both the excitation and emission polarizers 

are in the vertical position and Ivh is the intensity of the detected light when the excitation and 

emission polarizers are in the vertical and horizontal positions, respectively. The G-factor was 

calculated as  

                                                                    Ὃ     (2.2) 

Where Ihv is the intensity of the detected light when the excitation and emissions polarizers are 

in the horizontal and vertical positions, respectively. Ihh is the intensity of the detected light 

when both excitation and emission polarizers are in the horizontal position.  

The absorbance changes of ox-RNase A and rd-RNase A were measured in a Cary100 

UV-Vis spectrophotometer. The thermal denaturation of the proteins in the presence of varying 

concentrations of the surfactants was measured by following the absorbance changes at 278 nm 

from 20 to 90 °C at the heating rate of 1 °C/min. The thermal denaturation curves were 

normalized and analysed using the following equation [110].  

                               ὣ    (2.3) 

Y is the normalized absorbance value representing the fraction of unfolding. yf and yu correspond 

to the absorbance values in the pre- and post- transitions, mf and mu are the corresponding 

slopes. Tm is the transition midpoint temperature, ȹHm is enthalpy change at the midpoint 
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transition temperature, and ȹCp is the heat capacity change associated with the unfolding. T is 

temperature and R is the gas constant.  

Far- and near-UV circular dichroism (CD) spectra of the proteins in varying 

concentrations of the surfactants were measured using Jasco J-1500 spectropolarimeter attached 

to an external circulating water bath. The spectra were recorded from 190 to 250 nm, and 250 

to 300 nm, respectively, at a scan rate of 20 nm/min. The percentage of secondary structural 

content of the proteins was calculated from their far-UV CD spectra collected at 20 °C using 

Reedôs method [111]. All the spectroscopic measurements were done with the protein 

concentration of 20 µM in 20 mM phosphate buffer at pH 7.5.  The size and zeta potential of 

micelles, proteins, and protein-micelle complexes were measured by dynamic and 

electrophoretic light scattering (DLS and ELS), respectively, using Litesizer500, Anton Paar. 

The concentrations of proteins were 30 µM, and SOS, SDeS and SDoS were 200 mM, 50 mM, 

and 20 mM, respectively. 

2.3.5. Molecular dynamics (MD) simulation studies  

2.3.5.1 Initial structures of ox-RNase A and rd-RNase A 

The crystal structure of native ribonuclease A (ox-RNase A) was obtained from the 

protein data bank having PDB ID 7RSA (Fig. 2.1B). The extensive studies by Scheraga and his 

co-workers [112][113][114] suggest that DTT-reduced RNase A might form two types of three 

disulfide bond intermediates, one without C40-C95 disulfide bond (des-C40-C95) and another 

without C65-C72 disulfide bond (des-C65-C72). They reduce the thermal stability of the 

protein (ȹTm) by 21.8 K and 17.8 K at pH 4.6, respectively. The des-C40-C95 results in a larger 

perturbation of the triple-stranded ɓ-sheet structure consisting of the strands ɓ1, ɓ4, and ɓ5, 

whereas the structural change in des-C65-C72 is mostly limited to the short ɓ strands, ɓ2 and 

ɓ3. Also, the des-C65-C72 maintains most of the tertiary interactions of the native protein. The 

far-UV and near-UV CD data of rd-RNase A showed that the DTT-reduced form lost ɓ-sheet 

content and tertiary interactions, respectively (refer to section 2.4.4.). Also, the thermal 

denaturation studies showed that the thermodynamic stability of rd-RNase A was reduced by 

16.7 K (refer to section 2.4.5.). These experimental observations revealed that the DTT-reduced 

protein is predominantly des-C40-C95 form. The difference in ȹTm could be due to the 

variations in the pH and buffer in the present study. Thus, the crystal structure of RNase A 

mutant variant C40A-C95A (PDB ID: 1A5P) was used as a representative structure to simulate 

the conformational changes of rd-RNase A (Fig. 2.1C). Scheraga et al., also used this structure 
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as an analog for the three-disulfide bond intermediate to analyse the folding pathway of RNase 

A [113].  

2.3.5.2 Unfolded structures of ox-RNase A and rd-RNase A 

 Since the binding of micellar concentration of the surfactants significantly denatures the 

protein, the interactions of surfactant micelles were studied using in silico unfolded structures 

of both forms of RNase A. Classical molecular dynamics simulation (CMD) requires a very 

long computational time to generate unfolded conformations under ambient conditions; 

therefore, replica exchange molecular dynamics method (REMD) was adopted. The selected 

structures of ox-RNase A and rd-RNase A from PDB were placed at the centre of cubic boxes 

and filled with SPC-E water. The systems were neutralized with 4 chloride ions, then were 

energy minimized using the steepest descent algorithm. The systems were equilibrated with 

NVT and NPT ensemble conditions for 2 ns each at 1 atm pressure using Parrinello-Rahman 

barostat [115], and at their respective replica temperature using modified-Berendsen thermostat 

[116]. REMD simulations of ox-RNase A and rd-RNase A systems in water were performed 

for the temperature ranges of 310-382 K and 310-399 K with 46 and 60 replicas, respectively. 

The exchange probability was kept at 0.20 with every 2 ps of exchange between the replicas. 

Each replica was run for 20 ns, amounting to the total simulation times of 0.92 and 1.20 ɛs for 

ox-RNase A and rd-RNase A, respectively.  

 The conformations of the proteins were collected at every 10 ps from each replica. This 

provided nearly 92,000 conformations of ox-RNase A and 120,000 conformations of rd-RNase 

A. The secondary structural contents of all these conformations were analysed using BeStSel 

server [117]. The conformations having the secondary structural contents comparable to that of 

ox-RNase A and rd-RNase A in micellar concentration, as obtained from far-UV CD studies, 

were chosen as unfolded conformations, ox-RNase Aunf and rd-RNase Aunf, respectively (Fig. 

2.1 D-E).  

 2.3.5.3 MD simulations of RNase A with surfactants 

The geometrical parameters and atomic charges of SOS, SDeS, and SDoS were obtained 

from the automated topology builder (ATB server) [118]. All the simulations were performed 

in GROMACS 2019.4 [119] using GROMOS9654a7 force field [120] and SPC-E water model 

[121]. The control simulations of surfactants in water were performed for 100 ns to assess the 

formation of micelles in the absence of protein. The numbers of surfactants forming micelles 

in water at pH 7 and ambient conditions were optimized (Table 2.2). Similar conditions were 

extended for the simulations of surfactants in the presence of the proteins. An earlier study 
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[122] [123] has suggested that placing individual surfactant molecules around the protein and 

allowing them to form micelles during the simulation could provide desirable conformational 

changes than placing pre-formed micelles around the protein. Therefore, a similar protocol was 

followed in our simulations as well.  

For the native protein simulation, ox-RNase A was kept at the centre of a virtual cubic 

box and filled with water. The system was neutralized with counteracting ions and energy 

minimization was performed using the steepest descent minimization algorithm. Equilibration 

of the system with NVT and NPT ensembles was performed for 2 ns each with 1 atm pressure 

and 300 K temperature. Following this, a production simulation was run for 100 ns, and the 

trajectories were collected every 10 ps. Also, simulations with 8 molecules of SOS, SDeS or 

SDoS, were performed to represent the monomeric concentrations of the surfactants with the 

same parameters. Simulations of ox-RNaseAunf were performed with 128, 96 or 64 molecules 

of SOS, SDeS or SDoS representing the micellar concentrations of the surfactants to assess the 

unfolded protein-micelle interactions. Similarly, simulations of rd-RNase A with monomeric, 

and rd-RNase Aunf with micellar concentrations of the surfactants were also performed. The list 

of simulations performed is presented in Table 2.2.  
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Table 2.2: The list of classical MD simulations 

System Number of surfactants Number of waters Simulation time (ns) 

Surfactants in water (without protein)  

SOSÀ 8 32664 100 

SDeSÀ 8 32659 100 

SDoSÀ 8 32636 100 

SOS§ 128 88448 100 

SDeS§ 96 88704 100 

SDoS§ 64 88956 100 

Surfactants in ox-RNase A 

ox-RNase A -- 15344 100 

ox-RNase A + SOSÀ 8 32152 100 

ox-RNase A + SDeSÀ 8 32152 100 

ox-RNase A + SDoSÀ 8 32152 100 

ox-RNase Aunf  -- 49486 100 

ox-RNase Aunf + SOS§ 128 88893 100 

ox-RNase Aunf + SDeS§ 96 87100 100 

ox-RNase Aunf + SDoS§ 64 89000 100 

Surfactants in rd-RNase A 

rd-RNase A -- 15121 100 

rd-RNase A + SOSÀ 8 32152 100 

rd-RNase A + SDeSÀ 8 32152 100 

rd-RNase A + SDoSÀ 8 32152 100 

rd-RNase Aunf -- 45310 100 

rd-RNase Aunf + SOS§ 128 88893 100 

rd-RNase Aunf + SDeS§ 96 87100 100 

rd-RNase Aunf + SDoS§ 64 89000 100 

À - monomeric concentration of surfactant; § - micellar concentration of surfactant. 

 

2.3.5.4 Preliminary analysis 

Root mean square deviation (RMSD) and root mean square fluctuations (RMSF) were 

calculated by taking CŬ-atoms as reference. Solvent accessible surface area (SASA), and radius 

of gyration (Rg) of the proteins were calculated by considering all the heavy atoms in the protein 

using the modules available with GROMACS package. Radial distribution functions (RDFs) 

for the heavy atoms of proteins against the oxygen of water, heavy atoms of the surfactant 
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molecules, only the surfactantôs head group, and only the surfactantôs alkyl chain were analysed 

using gmx_rdf module of GROMACS.  

2.3.5.5 Residue-wise interaction of surfactants and aggregation number 

The average numbers of water and surfactant molecules around each amino acid of the 

proteins within the distance cut-off of 0.30 nm, 0.42 nm, and 0.70 nm were calculated for the 

last 60 ns of the simulation trajectories. The amino acids were ordered according to the Kyte 

and Dolittle hydrophobicity index to plot the graphs. Further, a heat map of the protein was 

generated based on the frequency of presence of each surfactant within 0.70 nm distance from 

each residue during the last 60 ns of their respective simulations. The value of 1 would represent 

the presence of the surfactant throughout 60 ns, whereas zero would indicate no interaction 

between that particular amino acid and the surfactant. Each amino acid was given a color based 

on this fractional value to depict the distribution of surfactants around the protein. 

 At the micellar concentrations, surfactants formed clusters around the unfolded protein 

surfaces (ox-RNase Aunf and rd-RNase Aunf). The number of surfactant molecules in each such 

cluster was calculated using an in-house Python script by applying a condition that the centre 

of mass (COM) of the surfactant molecules within 1 nm of each other should be considered as 

one cluster. 

2.3.5.6 Structural changes in the proteins 

The conformational changes in the protein upon binding of the anionic surfactants were 

analysed by principal component analysis (PCA) [124]. Covariance matrices were generated 

using CŬ atoms of the residues for the last 60 ns of the trajectories. The eigenvectors and 

eigenvalues were evaluated from the matrix using GROMACS tools. The secondary structural 

changes were analysed using DSSP tool [125]. 

 

2.4. Results 

2.4.1 CMC of surfactants and stages of unfolding 

The pre-CMC and CMC values of SOS, SDeS and SDoS were measured using the 

fluorescence change of TNS (Fig. 2.3 A-C). While increasing the surfactant concentration 

above a certain minimum concentration, TNS fluorescence was steeply increased. This 

transition point was noted as pre-CMC of the surfactants. Upon further increase in the surfactant 

concentration, the TNS fluorescence reached a plateau with a scant slope. The concentration 

corresponding to this transition, representing the formation of mature micelles, was noted as 
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the CMC of the surfactants [29][108]. Further, the fluorescence changes were analysed in the 

presence of the native (ox-RNase A) and partially unfolded (rd-RNase A) forms of the protein. 

In the presence of proteins, the TNS fluorescence showed a four-stage transition in all three 

surfactants (for instance, the transitions are represented as R1 to R4 for rd-RNase A in SDeS in 

Fig. 2.3B). The four-stage unfolding of proteins by SDoS has been reported earlier for bovine 

serum albumin (BSA) [29] [126], Ŭ-lactalbumin [104], lysozyme [127], and S6 protein [97] 

using different optical and calorimetric methods. Comparing these transitions with the earlier 

studies suggested that in the concentration region R1, the proteins did not expose their 

hydrophobic residues, and the surfactants might bind to the protein surface by ionic interactions. 

With an increase in the concentration of surfactants, the hydrophobic interior of the protein 

might be exposed, and the binding of TNS to these sites increased its fluorescence (region R2). 

These initial bindings could be labelled as pre-CMC transitions of the surfactants in the 

presence of proteins (Fig. 2.3D and E), where surfactants might form small aggregates on the 

protein surface. Further increase in the concentration of surfactants (region R3) displaced the 

bound TNS from the surface of the proteins and formed mature micelles. This reduced the 

fluorescence of TNS. This transition point was referred to as the CMC of the surfactants in the 

presence of proteins. Increasing the concentration of the surfactants above their CMC again 

increased the fluorescence of TNS (region R4). This could be due to the binding of TNS to free 

micelles in the solution that were not bound to the protein [29][108].  

These experiments showed that both pre-CMC and CMC of the surfactants decreased 

with the addition of either form of RNase A (Fig. 2.3D and E). The unfolded conformations 

with exposed hydrophobic surfaces could act as nucleation sites for micelle formation, thus 

inducing early  
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micellization of surfactants [105][127][128]. Further, the interaction of protein and surfactant 

could be energetically more favourable than surfactant-surfactant interactions. As the chain 

length of the surfactant increased, the CMC was reduced both in the absence and the presence 

of the proteins. This indicated that the longer alkyl chain surfactant might have more affinity to 

the exposed hydrophobic residues of RNase A. A similar effect has been observed in the 

presence of acyl-coenzyme A binding protein (ACBP) [129] and ɓ-lactoglobulin [130] as well. 

The extent of reduction was more with rd-RNase A, indicating that the exposed hydrophobic 

residues might facilitate the early aggregation of the surfactants on the protein surface. 

2.4.2. Binding and dissociation rates of surfactants 

Based on the unfolding transitions obtained from TNS fluorescence studies, four 

different concentrations of the surfactants were chosen for kinetic measurements such that the 

surfactant was in its monomeric, pre-micellar, micellar, and HO-micellar forms. The direct and 

sequential (for instance, binding of monomer followed by micelle without regeneration step) 

binding of surfactants were evaluated by SPR (Fig. 2.2). For an easier interpretation, the 

equilibrium dissociation constants (KD) obtained from the measurements were plotted as -log 

KD which directly depicts the binding affinity of the surfactant with the protein (Fig. 2.4). 

 

Fig. 2.3. (A-C) The change in fluorescence of TNS in surfactants, SOS, SDeS and SDoS, present in 

buffer alone (gray), in ox-RNase A (cyan), and in rd-RNase A (red). (D and E) The pre-CMC (solid 

bars) and CMC (crossed-texture bars) of the surfactants in different conditions were calculated using 

TNS fluorescence changes. The labels R1-R4 in panel (B) represent the four transition regions of the 

protein unfolding in the presence of surfactants.  
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2.4.2.1 Unistep process 

In this process, the different forms of surfactants were directly added to the proteins as 

done in conventional SPR experiments. The -log KD values showed that the binding affinity of 

monomeric and micellar concentrations of SOS was less compared to the pre-micellar 

aggregation and HO-micelles of SOS (Fig. 2.4A3). However, in the case of SDeS and SDoS, 

the binding affinities of the surfactants at all four concentrations were similar except that the 

monomeric form of SDeS and pre-micellar aggregates of SDoS showed a marginal increase. 

With rd-RNase A (Fig. 2.4A4), all three surfactants showed higher binding affinity at their 

monomeric and pre-micellar aggregate concentrations (except for SDoS), whereas the binding 

affinity was less for the micelles. Notably, the binding affinities of micelles and HO-micelles 

of SDeS and SDoS to ox-RNase A and rd-RNase were comparable.  

 The partitioning of KD values into association and dissociation rates (Fig. 2.5 A1-A4) 

indicated that the rate of association was lower for pre-micellar aggregation and HO-micelles 

of SOS; however, the low dissociation rate increased their binding affinity with ox-RNase A. 

At the same time, monomeric and micellar concentrations of SOS had higher association and 

dissociation rates that reduced the overall binding affinity. A similar trend was observed for the 

monomeric form of SDeS and pre-micellar aggregates of SDoS, though the extent of decrease 

in the dissociation rate was less compared to SOS. The increased binding affinity of monomeric 

and pre-micellar aggregates of the surfactants with rd-RNase A was also mostly due to slower 

dissociation rates of the surfactants. Further, the dissociation rates of SDeS and SDoS were 

lower than SOS. Exceptionally, the pre-micellar concentration of SDoS had a low association 

rate with the rd-RNase A.  
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Fig. 2.4. Representative sensorgrams for binding of SDoS with immobilized ox-RNase A and rd-RNase 

A obtained from (A1 & A2) unistep, (B1 & B2) bistep and (C1 & C2) multistep SPR kinetic 

experiments as described in Fig. 2.2. The binding affinities (-log KD, where KD is equilibrium 

dissociation constant) of SOS, SDeS and SDoS to (A3-C3) ox-RNase A and (A4-C4) rd-RNase A 

calculated from their sensorgrams.  
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2.4.2.2 Bistep process 

Initially, the monomeric form of the surfactants was allowed to bind which was followed 

by the binding of micelles without regeneration (Fig. 2.2B). The binding affinity of monomeric 

surfactants was higher than micellar forms with ox-RNase A whereas an inverse trend was 

observed with rd-RNase A (Fig. 2.4B3 and B4). Further, the increased binding affinity of 

monomers could be attributed to the decrease in the rate of dissociation for ox-RNase A. In rd-

RNase A, the increased binding affinity of micelles was due to the decrease in dissociation rate 

for SOS and SDeS, whereas SDoS showed a higher association rate at micellar concentrations 

(Fig. 2.5B1-B4). Among the three surfactants, SDeS had higher binding affinity with ox-RNase 

A and rd-RNase A in its monomeric and micellar forms, respectively. 

 

Fig. 2.5. Rate of association (solid bars) and dissociation (textured bars) of surfactants, SOS, SDeS 

and SDoS, with ox-RNase A (A1-C2) and rd-RNase A (A3-C4) obtained from SPR measurements 

with three different methods (A1-A4: unistep, B1-B4: bistep and C1-C4: multistep) as explained in 

Fig. 2.2. 
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2.4.2.3 Multistep process 

The concentration of the surfactant binding to the immobilized protein was sequentially 

increased from monomer, pre-CMC, CMC to HO-micelles without any regeneration step (Fig. 

2.2.C).  SOS, from its monomeric to HO-micelle form, showed a gradual increase in its binding 

affinity with ox-RNase A. In the case of SDeS or SDoS, the binding affinity from monomeric 

to pre-CMC of the surfactants increased but reduced at the micellar concentrations (Fig. 

2.4.C3). With rd-RNase A, the monomeric and pre-micellar concentrations of SOS and SDeS 

showed higher binding affinities which decreased with micellar concentrations of the 

surfactants. However, increasing the concentration of SDoS from monomeric to micelle showed 

an increase in its binding affinity with rd-RNase A (Fig. 2.4.C4). In the multistep process as 

well, the slower dissociation rates contributed to the increased binding affinities except for the 

interaction of SDoS with rd-RNase A (Fig. 2.5.C1-C4). 

 The SPR analysis indicated that the binding affinity depended on the alkyl chain length 

of the surfactant and the initial conformation of RNase A. Also, the bound monomeric 

surfactants would alter the binding of the micellar and HO-micellar forms of surfactants 

compared to their direct binding to free proteins. Moreover, the binding of HO-micelles to ox-

RNase A in all three methods had different binding affinities, whereas the values were similar 

for rd-RNase A indicating that the ox-RNase A might undergo structural reorganization from 

micelle to HO-micelles binding.  

2.4.3 Size distribution and intrinsic fluorescence changes upon surfactant binding 

The oligomeric state of RNase A was analysed using DLS measurements. Both ox-

RNase A and rd-RNase A showed similar size distribution in the buffer. With the addition of 

micellar concentrations of the surfactants, the hydrodynamic diameters were slightly increased 

due to the formation of protein-micelle complexes (Fig. 2.6 A1-C1). The increase in size was 

more for rd-RNase A, indicating the formation of larger micelles around the protein (Fig. 2.6 

A1-C1). RNase A is reported to undergo oligomerization by 3D-domain swapping at higher 

concentrations (> 200 ɛM) and in the presence of 40% of acetic acid [131][132]. However, 

under the conditions used in this study, neither form of RNase A showed any aggregate 

formation. Furthermore, the zeta potential values (Fig. 2.6-C1 inset) indicated that both forms 

of RNase A exhibited weak negative values, and the free micelles showed increasing negative 

values with a decrease in their chain length. These values were comparable with earlier reports 
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[133] [134]. The formation of protein-micelle complexes increased the zeta potential of the 

proteins, and the effect was more pronounced with SDeS followed by SOS and SDoS.   

The intrinsic fluorescence of both ox-RNase A and rd-RNase A, monitored at 308 nm, 

showed a sigmoidal transition with increasing concentration of the surfactants (Fig. 2.6 A2-

C2). At the concentrations below pre-CMC, the fluorescence intensity of the proteins was not 

altered. Above pre-CMC, the intensity gradually increased and reached the maximum at 

concentrations well above CMC. This suggested that the protein unfolding was initiated when 

the surfactants reached the minimum concentrations to form micelles on the proteinôs surface. 

Fig. 2.6. (A1-C1) The hydrodynamic diameter of ox-RNase A (cyan) and rd-RNase A (red) in the 

absence (dashed lines) and the presence of micellar concentrations of surfactants (solid lines). Inset in 

A1: Size distribution of the micelles in the absence of protein. Inset in C1: Zeta potentials of ox-RNase 

A and rd-RNase in the absence and the presence of micelles (filled bars), and zeta potential of micelles 

without protein (grey crossed bars). (A2-C2) Intrinsic fluorescence intensity and (A3-C3) fluorescence 

anisotropy changes of ox-RNase A (cyan circles) and rd-RNase A (red circles) measured at 307 nm 

after exciting the protein at 280 nm in the presence of increasing concentrations of SOS, SDeS, & SDoS. 

The squares represent the fluorescence values of the proteins in the absence of surfactants. The dotted 

vertical lines and + represent pre-CMC and CMC of the surfactants, respectively, in the presence of ox-

RNase A (cyan) and rd-RNase A (red). 
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There were significant conformational changes around Tyr residues of the proteins due to 

unfolding that reached a maximum when mature micelles were formed. The three-phase 

transition of fluorescence changes, the interaction of monomers, unfolding by micelles, and 

saturation of conformational changes, has been reported for other proteins as well [96][129]. It 

may be noted that in other proteins, a wavelength shift has also been observed for Trp residues. 

However, the fluorescence maximum of Tyr (ɚmax) is less sensitive to the solvent polarity 

compared to Trp [108][135]. Therefore, ɚmax did not show any significant change during the 

unfolding of proteins. The unfolding was observed at lower concentrations for rd-RNase A 

compared to ox-RNase A in all three surfactants. Also, the surfactant with a longer alkyl chain 

initiated the unfolding at a lower concentration as observed in earlier studies [129][136].  

 Further, the fluorescence anisotropy of the proteins was also measured. The anisotropy 

of Tyr residues was higher for ox-RNase A compared to rd-RNase A (Fig. 2.6 A3-C3). This 

indicated that Tyr residues were exposed to the solvent in rd-RNase A. The anisotropy of ox-

RNase A was reduced when the concentrations of the surfactants were increased above pre-

CMC and reached a minimum value at the concentrations above CMC, suggesting solvent 

exposure of Tyr residues due to unfolding. In the case of rd-RNase A, the anisotropy increased 

when the surfactant concentration was above pre-CMC and decreased again. The initial increase 

indicated that the sites nearer to the aromatic amino acids might facilitate the initial micelle 

formation on the protein, thus making it compact. However, a further increase in the surfactant 

concentration fully unfolded the protein, and the anisotropy was reduced. 

2.4.4. Circular dichroism (CD) studies 

 In near-UV CD spectra (Fig. 2.7 A1-C2), ox-RNase A showed a minimum at 278 nm 

corresponding to the packing of Tyr residues.  
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As the concentrations of the surfactants were increased above their pre-CMC, the ellipticity at 

278 nm was reduced and reached zero, indicating the disruption of the tertiary structure of ox-

RNase A (Fig. 2.8 A1-C1). The ellipticity value of rd-RNase A was close to zero at 278 nm due 

to the loss of tertiary interactions. This corroborated with the lower fluorescence anisotropy 

values of rd-RNase A in buffer (Fig. 2.6 A2). The addition of surfactants above their pre-CMC 

increased the ellipticity, which again reduced to zero, similar to the trend observed in 

Fig. 2.7. Representative near-UV CD spectra of (A1-C1) ox-RNase A and (A2-C2) rd-RNase A in the 

presence of varying concentrations of the surfactants, SOS, SDeS and SDoS. Representative far-UV 

CD spectra of (A3-C3) ox-RNase A and (A4-C4) rd-RNase A in the presence of varying concentrations 

of the surfactants, SOS, SDeS and SDoS. The colors represent different concentrations of the 

surfactants as given in the respective legends.  
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fluorescence anisotropy. The analysis of secondary structures from far-UV CD spectra of the 

proteins (Fig. 2.7 A3-C4) suggested that the surfactants increased the Ŭ-helical content of both 

proteins when the concentration was above the pre-CMC of the respective surfactants (Fig. 

2.8A2-A3). Though SDeS and SDoS increased the helicity of rd-RNase A similar to that of ox-

RNase A, the extent of increase in helical content was less in the presence of SOS. The 

surfactants showed varying effects on the ɓ-sheet content of the proteins (Fig. 2.8 B2-B3). 

Increasing the concentrations of surfactants above their CMC destabilized the ɓ-sheets of ox-

RNase A. The surfactants, at their monomeric concentrations, had little effect on the ɓ-sheet 

content of rd-RNase A; however, between pre-CMC and CMC, they increased the ɓ-sheets. 

Fig. 2.8. (A1-C1) The ellipticity changes of ox-RNase A (cyan circles) and rd-RNase A (red circles) at 

278 nm obtained from their near-UV CD spectra (Fig. 2.7) in the presence of increasing concentrations 

of the surfactants. The squares represent the ellipticity values of the proteins in the absence of 

surfactants. Secondary structure content of (A2-C2) ox-RNase A and (A3-C3) rd-RNase A in varying 

concentrations of SOS (cyan), SDeS (dark yellow), and SDoS (red) calculated from their respective far-

UV CD spectra (Fig. 2.7) using Reedôs method [30]. The dotted vertical lines and + represent pre-CMC 

and CMC of the surfactants, respectively, in the presence of protein. 
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Above the CMC concentrations, SOS did not show any further changes; however, SDeS and 

SDoS reduced the ɓ-sheet content again, which was less than their initial conformation in 

buffer. The turn-coil structures of ox-RNase were increased with the addition of surfactants 

above their pre-CMC, whereas they showed an initial decrease followed by an increase in rd-

RNase A. 

These results indicated that the formation of primary and mature micelles on the surface of the 

compact-globular protein and the partially-denatured protein was different. An increase in Ŭ-

helix occurred simultaneously with the loss of ɓ-sheets in globular protein during the formation 

of micelles on its surface. The anionic surfactants are known to induce helicity in many globular 

proteins [97][105][127][128][130]. Also, surfactants with longer alkyl chains could induce 

helicity at lower concentrations [49]. In the case of BLG (an Ŭ/ɓ protein), the increased helical 

structure was also accompanied by the loss of ɓ-sheets [105][130].  However, below the CMC, 

the surfactants could induce more ɓ-sheets in the partially denatured rd-RNase A that were lost 

in the presence of HO-micelles. Further, in some of the proteins, [104][137][138] the initial 

binding of SDS disrupted the tertiary interactions without altering the secondary structure, thus 

inducing a molten globule-like (MG) intermediate state. In ox-RNase A, the unfolding of 

tertiary structure, as noticed from fluorescence anisotropy and near-UV CD, occurred along 

with the formation of additional Ŭ-helix and loss of ɓ-sheets. Therefore, the intermediate 

structures of ox-RNase A did not have the characteristics of conventional MG-like states. Also, 

we could not define any conventional MG-state in rd-RNase A, since the initial structure of the 

protein itself was partially unfolded.  

2.4.5. Thermal stability of the proteins 

The thermal stabilities of ox-RNase A and rd-RNase A were followed by the change in 

their absorbance. The addition of surfactants showed cooperative two-state transitions, up to 

their CMC in ox-RNase A and even higher than CMC in rd-RNase A (Fig. 2.9).  
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The monomeric concentrations of the surfactants did not show any significant change 

in the thermal denaturation profiles of both proteins. The thermal transitions were analysed 

using equation 2.3 and transition midpoint temperature (Tm) and enthalpy of unfolding (ȹHm) 

were evaluated (Fig. 2.10).  The Tm values showed a biphasic trend in both proteins. The 

addition of SOS or SDeS did not alter the stability of ox-RNase A up to their pre-CMC. Above 

the pre-CMC, they induced a drastic destabilization (Fig. 2.10A). However, SOS and SDeS 

increased the stability of rd-RNase A by 6 K and 9 K, respectively, up to their CMC, and showed 

a destabilizing effect above their CMC (Fig. 2.10B). Though SDoS also showed a similar 

biphasic trend, it destabilized ox-RNase A even at pre-CMC and stabilized rd-RNase A even 

above its CMC. This reiterated the differences in the effect of micelles on the proteins when the 

hydrophobic chain was increased. The decrease in ȹHm values correlated with the changes 

observed in Tm values and showed similar biphasic trends (Fig. 2.10 C and D). As expected, the 

ȹHm values were lesser for rd-RNase A compared to ox-RNase A. 

Fig. 2.9. Representative thermal denaturation transitions of ox-RNase A (A1-A3) and rd-RNase A (B1-

B3) in the presence of varying concentrations of the surfactants, SOS, SDeS and SDoS followed by the 

change in absorbance of the proteins at 278 nm. Different colours in the panels represent the 

concentrations of the surfactants as given in their legends. The solid lines represent the data-fit using 

equation 3.1. The extrapolation of solid lines in the post-transition regions of the highest concentrations 

(blue) is only for visual perception of the unfolded states.  
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Though the addition of surfactants increased the Ŭ-helical structure, the stability of ox-

RNase A was significantly decreased. In rd-RNase A, in addition to the helical content, ɓ-sheet 

was also increased with the addition of surfactants up to their CMC. In this concentration range, 

the stability of rd-RNase A was notably increased. This indicated that the surfactant-induced ɓ-

sheet formation in the protein could provide more stabilization, but the formation of helices 

might have more non-native interactions that destabilized the protein. The non-native helical 

formation induced by SDoS that destabilizes the protein has been reported earlier as well. This 

is referred to as ñreconstructive denaturationò of proteins [97][127].  

2.4.6. Molecular dynamics (MD) simulations 

 Four different protein models were chosen for computational studies, ox-RNase A, rd-

RNase A, ox-RNase Aunf and rd-RNase Aunf. The interactions of monomeric concentrations of 

surfactants were studied with ox-RNase A and rd-RNase A and the micellar concentrations 

were studied with ox-RNase Aunf and rd-RNase Aunf. In total, 16 simulations amounting to 1.6 

µs of computational time were performed (Table 2.2).  

 

Fig. 2.10. (A and B) Thermal denaturation midpoint, Tm and (C and D) enthalpy of unfolding, ȹHm 

of ox-RNase A (left panels) and rd-RNase A (right panels) in the absence (black squares) and the 

presence of varying concentrations SOS (cyan), SDeS (dark yellow), and SDoS (red). The dotted 

vertical lines and + represent pre-CMC and CMC of the surfactants, respectively, in the presence 

of protein. 
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2.4.6.1 Basic analysis of the trajectories 

The root mean square deviation of protein from its initial conformation (RMSD) was 

calculated (Fig. 2.11 A1-C2). RMSD values of the unfolded conformations were higher than 

native conformations. The addition of monomeric surfactants to native proteins did not show 

significant changes in the RMSD values. This could be due to the interaction of a smaller 

number of surfactants at monomeric concentrations as discussed in section 2.4.6.3. However, 

the presence of micelles reduced the RMSD of the unfolded proteins. The reduction of RMSD 

was more in SOS for ox-RNaseunf, whereas it was more reduced in SDoS for rd-RNaseunf.  

Further, the residue-wise fluctuations were measured as RMSF changes (Fig. 2.11 A3-

C4). RMSF values of the residues were higher in the unfolded conformations compared to the 

native conformations. ox-RNase A showed larger fluctuations around the ɓ-loop (ɓL2) that is 

between helix-2 and strand-A1, and all three ɓ-hairpins (ɓh1, ɓh2, and ɓh3). The addition of 

monomeric concentration of the surfactants reduced the fluctuations around ɓL2 and ɓh1. rd-

RNase A had larger fluctuations around ɓh2 region followed by ɓL2 and ɓh1. The addition of 

monomeric surfactants reduced the fluctuations around ɓh2 and ɓL2, whereas only a marginal 

reduction was observed in ɓh1. It may be noted that Cys40 and Cys95 are in ɓL2 and ɓh2 regions, 

respectively, and the disulfide bond between these residues is broken in rd-RNase A. The N-

terminal region exhibited more fluctuation in ox-RNaseunf along with strand-A1, helix-3 and 

ɓL4. This may be attributed to the loss of structure in strand-A1 and helix-3 in ox-RNaseunf (Fig. 

2.1D). Notable fluctuations were observed around ɓh2 as well. The micellar formation on the 

protein surface reduced the overall fluctuations except ɓh2 and ɓh3 which were close to the C-

terminal.  

In rd-RNaseunf, the RMSF values of N-terminal and ɓL4 were higher. The micelles of 

surfactants decreased the overall RMSF, but ɓL2 and ɓh2 regions still showed larger 

fluctuations. These observations indicated that the binding of monomeric surfactants on both 

ox-RNase A and rd-RNase A was around ɓL2 loop and the ɓ-hairpins ɓh1 or ɓh2. Though the 

micellar concentrations of the surfactants reduced the RMSF around N- and C-termini of both 

the unfolded proteins, their interactions with ɓL2 and ɓh2 regions were different.  
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Furthermore, the solvent-accessible surface area (SASA) of the proteins was plotted 

against radius of gyration (Rg) in the absence and presence of the surfactants to understand the 

global conformational changes (Fig. 2.12). From the plots, it was evident that the SASA and 

Rg values of ox-RNase Aunf and rd-RNase Aunf were larger than their corresponding native 

conformations. The monomeric concentrations of the surfactants slightly increased the Rg and 

SASA values. The extent of increase was more for ox-RNase A in SDeS and SDoS, and for rd-

Fig. 2.11. RMSD and RMSF values obtained from MD simulations: (A1-C1 and A3-C3) ox-RNase A 

and ox-RNase Aunf in the absence (black & gray, respectively) and the presence of monomeric (blue) 

and micellar (cyan) concentrations of the surfactants, respectively. (A2-C2 and A4-C4) rd-RNase A 

and rd-RNase Aunf in the absence (dark green & light green, respectively) and the presence of 

monomeric (red) and micellar (magenta) concentrations of the surfactants, respectively. 
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RNase A in SDoS. Though the micellar concentrations of SOS did not show any significant 

change in the distribution of Rg and SASA of ox-RNase Aunf, the micelles of SDeS and SDoS 

increased the values. In the case of rd-RNase Aunf, SOS increased the SASA of the protein at 

the micellar concentrations, whereas SDeS and SDoS decreased the Rg values, indicating an 

increase in compactness of the protein in the presence of these micelles.  

2.4.6.2 Radial distribution functions 

The radial distribution functions (RDF) of water around the proteins showed first and 

second peaks at 0.28 and 0.38 nm, respectively (Fig. 2.13 A1-A2) as reported in earlier studies 

[139][140]. The peak value of RDFs, corresponding to the fraction of water molecules at a 

given distance, was reduced upon the addition of surfactants. At the micellar concentrations, 

the reduction of water was higher. Though the micelles of all three surfactants showed similar 

water distribution around the proteins, the monomeric concentration of SDeS and SDoS had 

lower RDF values of water for ox-RNase A and rd-RNase A, respectively. The RDFs of 

surfactants around the protein (Fig. 2.13 B1-B2) showed peak values at around 0.55 nm for all 

Fig. 2.12. The distribution of solvent accessible surface area (SASA) against the radius of gyration (Rg) 

of the proteins obtained from MD simulations: (A1-C1) ox-RNase A & ox-RNase Aunf in the presence 

of monomeric (blue) and micellar (cyan) concentrations of the surfactants, respectively.  (A2-C2) rd-

RNase A and rd-RNase Aunf (A2-C2) in the presence of monomeric (red) and micellar (magenta) 

concentrations of the surfactants, respectively. The distribution of Rg and SASA of the proteins in the 

absence of surfactants (ox-RNase A (black), ox-RNase Aunf (gray), rd-RNase A (dark green) and rd-

RNase Aunf (light green) are presented for comparison. 
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the surfactants. It is similar to the value presented in an earlier study on SDeS [141]. At the 

monomeric concentrations, SDeS showed the highest RDF values, followed by SOS and SDoS. 

However, at the micellar concentrations, the RDF values increased with the increase in chain 

length. Moreover, the surfactant molecules were separated into two groups, ionic head group 

and alkyl sidechain. Their RDFs were evaluated to understand the role of ionic and hydrophobic 

interactions, respectively. At the micellar concentrations, the peak values of these RDFs 

increased with the increase in the chain length of the surfactants (Fig. 2.13. C1-D2), similar to 

Fig. 2.13. Radial distribution functions (RDF) of water around the heavy atoms of (A1) ox-RNase A & 

ox-RNase Aunf, and (A2) rd-RNase A and rd-RNase Aunf in the absence and the presence of monomeric 

(solid lines) and micellar (dashed lines) concentrations of the surfactants, respectively. (B1 and B2) 

RDF of surfactants around the heavy atoms of the proteins in their monomeric and micellar 

concentrations. RDF plots were evaluated by separately considering the ionic moiety (C1 and C2) and 

alkyl chain moiety (D1 and D2) of the surfactants. The colors represent the absence (black) or the 

presence of SOS (blue), SDeS (green) or SDoS (red) in the simulation. The number of water and 

surfactant molecules around (A3-B3) ox-RNase A and (A4-B4) rd-RNase A in the absence (gray) and 

the presence of surfactants, SOS (cyan), SDeS (dark yellow), and SDoS (red), in their monomeric (filled 

bars) and micellar (crossed-texture bars) concentrations calculated at three different distances from the 

surface of the protein. Each surfactant was split into ionic moiety (C3 and C4) and alkyl chain moiety 

(C4 and D4), and their presence within the cut-off distance was calculated. As the number of surfactants 

in the first hydration shell (within 0.30 nm) is meager, it is not included in the panels (B3-D4). 
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the RDFs calculated for the whole surfactant molecule (Fig. 2.13. B1-B2). At monomeric 

concentration, the ionic moiety of SOS had the highest peak value followed by SDoS and SDeS 

for ox-RNase A (Fig. 2.13 C1). This suggested that at monomeric concentrations, the ionic 

interactions could be more predominant for the surfactant with a shorter alkyl chain, whereas 

hydrophobic interactions also have a significant role for surfactants with longer alkyl chains. 

The first two troughs observed at 0.30 nm and 0.42 nm from the protein-water RDF 

plots (Fig. 2.13 A1-A2), and the single trough observed at 0.70 nm from the protein-surfactant 

RDF plots (Fig. 2.13 B1-B2) were considered as three distance cut-offs to calculate the numbers 

of water and surfactants around the proteins. These cut-offs would be named as first, second, 

and third hydration shells, respectively, for further discussion.  

2.4.6.3. Water and surfactants around the proteins 

The number of water molecules in the first hydration shell was marginally reduced with 

the addition of surfactants (Fig. 2.13 A3 and A4). In the second and third hydration shells, the 

reduction was significant and was found to be more at the micellar concentrations. Though the 

number of water molecules in the presence of all three surfactants was similar around ox-RNase 

A, the number gradually reduced with an increase in the alkyl chain length of the surfactants 

for rd-RNase A. The number of surfactants was calculated for only the second and third 

hydration shells (Fig. 2.13. B3-B4), since their presence in the first hydration shell was less. At 

the monomeric concentrations, the number of SDoS molecules was slightly higher than the 

other two surfactants around ox-RNase A, whereas SDeS molecules were higher around rd-

RNase A. The same trend was observed when the interactions were separately calculated for 

the ionic and alkyl moieties (Fig. 2.13. C3-D4). At the micellar concentrations, the number of 

SOS molecules was higher than the other surfactants in the second hydration shell. In the third 

hydration shell, the number of SDeS was marginally higher. When the interactions were 

categorized into ionic and alkyl moieties, there was a gradual decrease in the number of 

interactions with the increase in alkyl chain length. These observations emphasized that the 

smaller alkyl chain surfactant had more interactions on the surface of the protein through both 

ionic and hydrophobic interactions, particularly with rd-RNase A. This could be correlated with 

the structural changes observed in rd-RNase A even below the pre-CMC of SOS (Figs. 2.6A3 

and 2.8A1), while SDeS and SDoS induced structural changes occurred only at concentrations 

above pre-CMC. 
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2.4.6.4. Residue-wise interactions of water and surfactants 

 The addition of monomeric concentrations of surfactants showed only a marginal 

reduction of water molecules around ox-RNase A (Figs. 2.14 A1-C4 and 2.15 A1-C4). The 

presence of surfactants was less around the proteins (Fig. 2.16 A1-C3 and Fig. 2.17 A1-C3), 

and a few were found around Leu, Tyr, Pro, and Gln, and negatively charged residues. At the 

micellar concentrations, the water molecules around positively charged, polar and hydrophobic 

residues were reduced in the first and second hydration shells (Figs. 2.14 D1-F4 and 2.15 D1-

F4). In the first hydration shell, a few surfactant molecules were found around polar and 

negatively charged residues. In the second and third hydration shells, more surfactant molecules 

were observed around hydrophobic residues, particularly Leu and Val (Figs. 2.16 D1-F3 and 

2.17 D1-F3). The interaction of monomeric surfactants around negatively charged residues 

suggested that the ionic interaction could drive the initial binding of surfactants. At the micellar 

concentrations, the surfactants showed significant interactions with ionic and hydrophobic 

residues, and formed clusters around the protein surfaces (Fig. 2.18). These clusters were 

further analysed.  
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Fig. 2.14. The number of water molecules around each residue of ox-RNase A in the absence and the 

presence of monomeric (A1-C4) and micellar (D1-F4) concentrations of the surfactants calculated at 

three different distances, 0.30, 0.42 and 0.70 nm from the surface of the protein. 
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Fig. 2.15. The number of water molecules around each residue of rd-RNase A in the absence and the 

presence of monomeric (A1-C4) and micellar (D1-F4) concentrations of the surfactants calculated at 

three different distances, 0.30, 0.42 and 0.70 nm from the surface of the protein. 
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Fig. 2.16. The number of surfactant molecules around each residue of ox-RNase A in their monomeric 

(A1-C3) and micellar (D1-F3) concentrations calculated at three different distances, 0.30, 0.42 and 0.70 

nm from the surface of the protein. 
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Fig. 2.17. The number of surfactant molecules around each residue of rd-RNase A in their monomeric 

(A1-C3) and micellar (D1-F3) concentrations calculated at three different distances, 0.30, 0.42 and 

0.70 nm from the surface of the protein. 
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2.4.6.5. Aggregation numbers 

The surfactant clusters were categorized into four groups: (i) small clusters (consisting 

of 1-4 molecules), (ii) medium clusters (consisting of 5-8 molecules), (iii) large clusters 

(consisting of 9-15 molecules), and (iv) macro clusters (>15 molecules). The numbers of each 

type of cluster during the MD simulation were calculated for the last 60 ns of the trajectories 

(Fig. 2.19). In the absence of protein, SOS mostly formed small clusters with a few fractions of 

medium clusters, SDeS formed all four types of clusters where the fraction of macro cluster 

was less, and SDoS formed mostly small and large clusters along with a small fraction of 

medium clusters. In the presence of ox-RNase Aunf, SOS formed a greater number of smaller 

clusters than medium and large clusters. As the alkyl chain length increased, the number of 

small clusters was reduced, whereas medium and large clusters increased. In the presence of 

rd-RNaseunf also the same trend was observed.  In ox-RNase Aunf, SDeS transiently formed 

macro clusters during the simulation. In rd-RNase Aunf, all three surfactants showed the 

formation of macro clusters, though SOS was very transient. The population of medium clusters 

was reduced where macro clusters were formed, suggesting that the spatially closer medium 

clusters might lead to the formation of macro clusters. Merging of small clusters to form larger 

clusters on the protein surface has been observed during the MD simulation of SDoS with I27 

domain of titin, ɓ-amylase and ACBP [122][123]. In ACBP, the longer alkyl chain surfactant, 

hexadecyl sulfate, forms higher-order clusters compared to dodecyl sulfate [122] as observed 

Fig. 2.18. Representative frames from the MD simulations of ox-RNase Aunf (A1-A3) and rd-RNase 

Aunf (B1-B3) in the presence of micellar concentrations of the surfactants. The proteins are represented 

by their surface contour with their secondary structural contents as ribbons (pale brown). The 

surfactants bound on the proteinôs surface are represented as blue spheres. For visual clarity, the 

unbound surfactant molecules are not shown. 


