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CHAPTER 1 

INTRODUCTION 

 

1.1 Overview 

 A constant uneasiness rings at the background of all our studies related to protein 

structure, dynamics, and folding. This discomfort emanates from the dark side of proteins that 

lead to degenerative diseases, including Alzheimer’s, Parkinson’s, diabetes, and plausibly 

many yet to know. These diseases are not caused by some micro-organism but rather by 

something conceptually simpler, i.e., incorrect protein folding.1,2 Proteins being at the heart for 

lives on the planet, their structure and conformation have a major and complex role in how 

they are destined to operate.3 A slight perturbation in their structure or conformation can impair 

their functioning and may result in devastating consequences.  

 The alpha helix is often considered to be the most prominent structural feature in the 

protein functioning in its native conformation.4 When an extensive conformational change 

occurs from alpha helix to beta sheet, it exposes hydrophobic amino acid residues and promotes 

protein aggregation.5 This conformational change is considered to be a characteristic of 

amyloid aggregation.6,7 This change in protein conformation, resulting in changes in the 

content of secondary, tertiary and quaternary structure without affecting the primary structure 

is referred to as denaturation. 

 While many chemical denaturants are known and studied, this thesis is intended to study 

the effect of two denaturants - a chemical agent, anionic surfactant sodium dodecyl sulfate 

(SDS), and a physical agent in the form of a weak electric field. The conformational changes 

brought about by these physical denaturants often pass through dense states of proteins, which 
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act as mesophases. The mesophases or mesomorphic phases facilitate the unfolded protein to 

undergo aggregation, fibrillation, and in some cases crystallization.8 

 

 

Figure 1. Schematic diagram of some possible pathways followed by protein unfolding.9 

 

1.2. Mesophases 

Mesophase refers to the intermediate phase of matter that exhibit properties between those of 

a solid and a liquid. It is also known as mesomorphic state.10 Mesophases are often observed 

in certain types of materials, most commonly in liquid crystals. In a mesophase, the molecules 

or particles are arranged in an ordered or semi-ordered fashion similar to a crystal structure, 

but they also retain some degree of mobility similar to a liquid. This unique combination of 

ordered and mobile characteristics gives rise to distinct physical properties.11 One of the most 

well-known examples of mesophases is liquid crystals that can flow like a liquid and exhibit 

some degree of order as in a solid. They have a characteristic molecular arrangement where the 

molecules are aligned in a specific direction, giving rise to optical properties such as 
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birefringence.12 Liquid crystals are widely used in various display technologies, such as LCD 

(liquid crystal display) screens. 

 

1.2.1. Mesophases and liquid crystals 

 The history of mesophases, particularly in the context of liquid crystals, is an interesting 

and significant aspect of scientific development. In the late 18th century, Swedish botanist and 

physicist Carl Wilhelm Scheele observed liquid crystalline behavior in a substance called 

"cholesterin" (also known as cholesterol) extracted from gallstones. In 1888, Austrian botanist 

Friedrich Reinitzer observed the presence of two distinct melting points in cholesteryl 

benzoate, indicating a change in physical state.13 This observation marked the first recognition 

of liquid crystalline behaviour. 

 In the early 20th century, the Dutch physicist and chemist Hendrik Antoon Lorentz 

proposed a molecular theory for materials that are half liquid and half solid.14 He suggested 

that the behaviour of liquid crystals could be explained by anisotropic (directionally dependent) 

molecular alignment. The German physicist Otto Lehmann also made significant contributions 

to the field. In 1904, he coined the term "liquid crystal" to describe the intermediate state 

between a liquid and a crystalline solid.15 Lehmann extensively studied liquid crystals and 

characterized different mesophases. In the 1940s and 1950s, the American physicist and 

chemist George W. Gray made ground breaking contributions to the understanding of liquid 

crystals.16 He classified liquid crystals into three main types: nematic, smectic, and cholesteric 

based on their different molecular arrangements and behaviours.17 Gray's classification laid the 

foundation for further research and exploration of mesophases.  

 In recent decades, research on liquid crystals has continued to expand uncovering new 

mesophases, understanding their properties, and exploring their applications in various fields. 

The discovery and characterization of more complex mesophases, such as the blue phases and 
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discotic phases, have opened up new avenues for research and technological advancements. 

It's important to note that the field of liquid crystals is interdisciplinary, involving contributions 

from physics, chemistry, materials science, and engineering. The understanding and utilization 

of mesophases in liquid crystals have had a profound impact on various technological 

applications, particularly in display technologies, optical devices, and sensors.18–20 The field 

remains an active area of scientific exploration and technological development to this day. 

 

1.2.2. Classification of mesophases 

The classification of mesophases is based on the molecular arrangements and ordering of the 

constituent molecules. Some general factors that contribute for classification of mesophases 

are, molecular shape and symmetry, molecular interactions, molecular flexibility, chirality, 

layering, stacking and molecular orientation.11,12 Based on these factors, mesophases can be 

classified as follows: 

 

1. Nematic (N) Phase 

 The nematic phase is the simplest and most common mesophase observed in liquid 

crystals. In this phase, the molecules have no long-range positional order but exhibit 

directional alignment.21 The molecules align parallel to each other along a common 

preferred direction called the director (𝑛), as shown in Figure 2(a). 

 

2. Cholesteric (Ch) Phase 

 The cholesteric phase, also known as the chiral nematic phase, exhibits a helical molecular 

arrangement. The term "cholesteric" for this mesophase type comes from the first known 

liquid crystals based on derivatives of cholesterol. The molecules form layers with a helical 

twist along the director axis. The molecules are twisted along a hypothetical axis to form 
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a helical arrangement, as shown in Figure 2(b). The pitch (𝑝) of the helix determines the 

wavelength of light selectively reflected by the liquid crystal, resulting in iridescent 

colours.22,23 

 

3. Smectic (Sm) Phases 

 Smectic phases are characterized by the presence of molecular layers or sheets. The layers 

have long-range positional ordering, while the molecules within each layer have short-

range positional ordering.23 Smectic phases are further divided into several sub-phases 

based on the arrangement and behaviour of the layers, which are represented in Figure 

2(c): 

i.  Smectic A (SmA): In this phase, the molecules are aligned parallel to each other 

within the layers, forming a liquid-like state. The layers, however, have long-range 

positional order, resulting in a distinct layered structure. 

ii.  Smectic B (SmB): SmB phase is characterized by tilted molecules within the layers, 

forming a tilted or tilted-layer structure. The tilt direction can vary, leading to different 

subphases such as SmB, SmB*, and SmB-I.  

iii.  Smectic C (SmC): SmC phase is similar to SmA but with an additional feature, the 

molecules are tilted with respect to the layer normal, resulting in a tilted structure. 

SmC phase exhibits ferroelectric properties, meaning that the molecular alignment 

can be switched by an external electric field. 

iv.  Smectic F (SmF): SmF phase is characterized by a helical arrangement of the layers, 

forming a chiral smectic structure. This phase is also ferroelectric and exhibits a 

spontaneous polarization. 
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4. Discotic (D) Phase: 

 Discotic phases or columnar phases are a class of mesophases observed in certain 

materials, particularly discotic liquid crystals. Unlike conventional liquid crystals, which 

consist of rod-shaped molecules, discotic liquid crystals are composed of disc-shaped 

molecules.24 In discotic phases, the disc-shaped molecules arrange themselves in columns 

or stacks that extend through the material. The individual columns are usually held 

together by weak intermolecular interactions; such as van der Waals forces or π-π stacking. 

The columns can be oriented perpendicular to the plane of the material, parallel to the 

plane, or have an inclined orientation as shown in Figure 2(d). 

    Discotic phases are further divided into several sub-phases based on the 

arrangement and behaviour of the layers: 

i. Discotic Nematic (ND): The Nem phase serves as a transitional phase situated 

between the isotropic liquid phase and the discotic columnar phase. In this phase, 

the disc-shaped molecules have orientation order but lack positional order along 

the columns. 

ii. Discotic Columnar Hexagonal (Colh): In this phase, the columns exhibit a 

hexagonal lattice arrangement, forming a two-dimensional network in the plane 

perpendicular to the columns. This phase exhibits long-range positional order in 

two dimensions. 

iii. Discotic Columnar Rectangular (Colr): In the Colr phase, the columns form a 

rectangular lattice, resulting in a more elongated columnar structure compared to 

the Colh phase. 

It's important to note that the classification of mesophases is an active area of research, and 

new phases and sub-phases continue to be discovered and characterized, further expanding our 

understanding of liquid crystal behaviour.24 
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Figure 2. Schematic diagram of various types of mesophases as labelled.25  

 

1.2.3. Mesophases in biological systems 

 In biological systems, the concept of mesophases is not commonly used in the same sense 

as in liquid crystals. However, there are specific instances where ordered structures or phase 

behaviour similar to mesophases can be observed. Some of these instances are mentioned 

below:  

1. Cellular Membranes 

 Biological membranes such as cell membranes and organelle membranes can exhibit 

liquid crystalline behaviour. Lipids, which are a major component of membranes, can 

undergo phase transitions between different ordered states, including gel phase and liquid 
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crystalline phase. The ordered arrangement of lipids within membranes is essential for 

maintaining membrane integrity, fluidity, and the organization of membrane proteins.26 

 

2. Protein Aggregates and Amyloids 

 These can exhibit ordered structures with specific arrangements and are associated with 

various diseases. Amyloid fibrils, for example, are composed of misfolded proteins that 

assemble into a characteristic cross-β structure. These structures often possess a high 

degree of order and can exhibit mesophase-like properties.27 

 

3. Liquid-Liquid Phase Separation (LLPS) 

 LLPS is a phenomenon observed in biological systems where intracellular components 

undergo de-mixing to form liquid-like phases. Biomolecular condensates, which are 

dynamic and membrane-less organelles formed through LLPS, can exhibit liquid droplet-

like behaviour with distinct phases.28 The formation and dissolution of biomolecular 

condensates are tightly regulated and play important roles in cellular processes such as 

signal transduction and gene regulation. 

 

4. Microscopic Structures 

 Biological systems often exhibit hierarchical organization and ordered structures at 

different length scales. For example, collagen fibres in connective tissues,29 microtubules 

in the cytoskeleton,30 and DNA supercoiling31 can display ordered arrangements that 

resemble mesophases on a microscopic level. 

 

It is important to note that the concept of mesophases in liquid crystals and the behaviour 

observed in biological systems are not directly equivalent. However, by examining the ordered 
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structures, phase transitions, and hierarchical organizations present in biological systems one 

can draw analogies to mesophases in liquid crystals. 

 

1.3. Surfactants 

Surfactants are compounds that are commonly used in various industries and products, 

including cleaning agents, personal care products, and pharmaceuticals. The term "surfactant" 

is short for "surface-active agent," which refers to their ability to lower the surface tension of 

liquids, making them more effective at removing dirt, oil, and other substances. Surfactants 

have a unique chemical structure that allows them to interact with both water-soluble and oil-

soluble substances, making them effective at emulsifying and dispersing them in water.32–34 

This property makes them useful in a wide range of applications, including foaming agents, 

wetting agents, and solubilizers. Examples of surfactants include soaps, detergents, and 

emulsifiers. They are typically classified based on their ionic charge, with anionic, cationic, 

non-ionic, and amphoteric surfactants being the four main types. The choice of surfactant 

depends on the specific application, as each type has different properties and performance 

characteristics.35 

 

1.3.1. Types of surfactants 

 Surfactants can be classified into several types based on their chemical structure and the 

nature of their hydrophilic and hydrophobic groups.32,33 Here are some common types of 

surfactants. 

 

1. Anionic Surfactants: These surfactants have a negatively charged hydrophilic group, such 

as a sulfate (-OSO3
-) or carboxylate (-COO-). Anionic surfactants are commonly found in 
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cleansers like soaps, detergents, and shampoos. Examples include sodium lauryl sulfate 

(SLS) and sodium dodecylbenzenesulfonate (SDBS).  

 

2. Cationic Surfactants: Cationic surfactants have a positively charged hydrophilic group such 

as an amine or a quaternary ammonium salt. They are often used as disinfectants, fabric 

softeners, and in hair conditioners. Examples include cetyltrimethylammonium bromide 

(CTAB) and benzalkonium chloride. 

 
3. Nonionic Surfactants: They have no charge on their hydrophilic group. They are commonly 

used in personal care products, pharmaceuticals, and industrial applications. Nonionic 

surfactants are known for their mildness and compatibility with various systems. Examples 

include polyethylene glycol (PEG), polysorbate 80, and alkyl ethoxylates.  

 
4. Amphoteric Surfactants: These have both positively and negatively charged groups, 

allowing them to function as both anionic and cationic surfactants depending on the pH of 

the solution. They are used in products like shampoos, facial cleansers, and baby care 

products. Examples include cocamidopropyl betaine and sodium cocoamphoacetate.  

 
5. Zwitterionic Surfactants: Zwitterionic surfactants have both positive and negative charges 

within the same molecule. They are similar to amphoteric surfactants but typically have a 

balanced charge at neutral pH. Zwitterionic surfactants are known for their mildness and 

are used in personal care products and pharmaceuticals. Examples include betaines and 

sulfobetaines. 

 

6. Silicone Surfactants: They contain silicone-based hydrophobic groups and are used in 

personal care and cosmetic products. They provide a unique combination of properties, 

including high spread ability and conditioning effects. 
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It is to be noted that surfactants can have diverse applications and can be customized for 

specific purposes. Different types of surfactants have varying characteristics, such as foaming 

ability, solubility, and compatibility, making them suitable for various formulations in 

industrial products.34,35 

 

1.3.2. Micellization 

 Micellization is a process in which surfactant molecules spontaneously arrange 

themselves in a solution to form micelles.36,37 Surfactants are molecules that have both 

hydrophilic (water-loving) and hydrophobic (water-repelling) regions. When surfactant 

molecules are introduced into a polar solvent, they tend to aggregate to minimize their exposure 

to the liquid environment. In a typical micellization process the hydrophobic tails of surfactant 

molecules group together forming the core of the micelle, while the hydrophilic heads remain 

on the surface facing the surrounding solvent. This arrangement allows the micelle to achieve 

a lower free energy state compared to the dispersed individual surfactant molecules.36–38 

 

Micelles have a distinct structure, with a hydrophobic core and a hydrophilic shell. They can 

vary in size and shape depending on the nature of the surfactant, molar concentrations of the 

monomers, and the solution conditions. The critical micelle concentration (CMC) is the 

concentration at which micelles start to form in a solution.37–39 Below the CMC, the surfactant 

molecules are predominantly dispersed as individual monomers. 
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Figure 3. Schematic diagram for micellization. 

 

Micellization is an important phenomenon in various fields, including chemistry, biology, and 

industry. It plays a crucial role in many processes such as detergency, emulsification, 

solubilization, and drug delivery. Micelles can solubilize hydrophobic substances in their core, 

making them useful for delivering poorly soluble drugs or enhancing the solubility of various 

compounds. They can also stabilize emulsions by forming a protective layer around oil droplets 

in water.38,39 Overall, micellization is a self-assembly process of surfactant molecules in a 

solvent, leading to the formation of micelles with unique structures and properties. 

Low surfactant concentration (<< CMC) 
Moderate surface tension

Surface saturation (≤ CMC) 

Low surface tension, no micelle formation

Critical Micellar Concentration (≥ CMC) 

Low surface tension, micelle formation

High surfactant concentration (>> CMC) 
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formation
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1.3.3. Thermodynamic models of micellization 

 The mass-action model and the phase-separation or phase-equilibrium model are two 

models based on thermodynamic theories of micellization that are typically used to explain 

how surfactant monomers spontaneously self-organize into micelles. According to the former, 

monomers and micelles are two separate phases, and the surfactant is a two-phase system above 

the critical micelle concentration (CMC), which symbolizes the point of maximal 

solubility.40,41 The latter defines a micelle as an association of bound gegenions and surface 

active ions created by mass-action principles. Although there are many similarities between 

the two models, the phase-equilibrium model makes the link between the conventional Gibbs 

energy of micellization and CMC under constant pressure and temperature look unclear. The 

micellar reference state in the phase-separation model is poorly defined because the activity 

coefficient of the micellar composition appears zero here, whereas the mass-action model 

allows the solution state for the reference state of both monomers and micelles, as well as any 

other relevant components when considered present in the system.42 The phase-equilibrium 

model is sometimes referred to as a pseudo-phase model as a result of these issues, which 

include conflict with Gibbs phase rule. In spite of this, the phase-equilibrium model is quite 

helpful in practice for offering straightforward mathematical evaluations of surfactant solution 

characteristics. 
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Figure 4. Schematic diagram representing (a) phase-separation model and (b) mass-action 

model of micellization. 

 

1.3.4. Micelles as mesophases 

 Micelles can be considered a type of mesophase in certain systems. In the context of 

mesophases, micelles can be classified as a type of liquid crystalline phase. They are considered 

to be a form of the isotropic liquid phase, characterized by the absence of any long-range 

organization in the arrangement of micelles.43-45 However, within the micelles themselves, 

there is an organized arrangement of the hydrophobic tails.44 The size and shape of micelles 

can vary depending on factors such as surfactant structure, concentration, temperature, and the 

presence of other molecules.38,39 Micelles can have spherical, cylindrical, or lamellar shapes, 

depending on the characteristics of the surfactant molecules and the solvent.46 Micelles play 

important roles in various biological and industrial processes. In biological systems, they are 

involved in solubilizing and transporting hydrophobic molecules such as lipids and fat-soluble 

vitamins.46 In industrial applications, micelles are utilized in detergents, emulsifiers, and drug 

(a)

(b)
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delivery systems.44 Thus one can consider micelles as a mesophase due to their self-assembled, 

organized structure, even though they belong to the isotropic liquid phase category within the 

broader context of liquid crystals. 

 

1.4. Protein–surfactant interaction 

 The interactions between surfactants and proteins can have important implications for 

protein structure, stability, solubility, and function.47 Depending upon the type of surfactant 

used, following types of interactions are possible.  

1. Solubilization and stabilization: Surfactants can solubilize hydrophobic proteins or protein 

regions by forming micelles or bilayers around them, thereby enhancing their solubility in 

aqueous solutions.47–49 This solubilization can stabilize proteins, preventing aggregation 

or denaturation caused by exposure to hydrophobic environments.  

2. Denaturation: Certain surfactants, particularly those with strong hydrophobic properties, 

can disrupt protein structure and lead to denaturation.47,49 This can occur when surfactant 

molecules interact with the hydrophobic regions of proteins, causing unfolding or 

misfolding of the protein structure.  

3. Protein unfolding and refolding: Surfactants can induce protein unfolding by disrupting 

the native interactions that stabilize the folded protein structure.47 Conversely, some 

surfactants, known as denaturants or chaotropic agents, can promote protein refolding 

when used in appropriate conditions by disrupting non-native interactions that hinder the 

folding process.50 

4. Binding and conformational changes: Surfactants can interact with proteins through 

various types of interactions, such as hydrophobic interactions, electrostatic interactions, 

or specific binding interactions,47,48 inducing conformational changes in the protein 

structure that leads to alterations in protein function or activity. 
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5. Detergent properties: Surfactants are commonly used as detergents to solubilize and isolate 

proteins from biological samples.47,48 The choice of surfactant is crucial as different 

surfactants can have varying effects on protein structure and function. Some surfactants, 

such as non-ionic detergents like Triton X-10051 or Tween, are milder and better suited for 

preserving protein structure compared to ionic detergents like SDS which are more 

denaturing.52 

6. Other applications: These include protein purification,44 membrane protein extraction48, 

protein crystallization,53 and protein stability studies.54 They can be used to disrupt 

membranes, solubilize membrane proteins,53 or modulate protein-protein interactions.55 

	

 

Figure 4. Schematic diagram of protein–surfactant interaction. 

 

The specific effects of surfactants on proteins depend on factors such as the surfactant type, 

concentration, protein properties, and experimental conditions. It is important to consider these 

Native Protein

Unfolded protein un 
presence of anionic 

surfactant

Refolded protein

Protein fibrilization
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factors for selection of the appropriate surfactants when studying or manipulating protein 

systems to ensure desired outcomes and maintain protein integrity. 
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CHAPTER 2 

 

Multi-step self-association of monomers  

in the formation of sodium dodecyl sulfate micelles 

 

Abstract  

A step-wise self-association description is used to examine micellization of the anionic 

surfactant sodium dodecyl sulfate (SDS) at pH 7, 25°C. Experimental data consists of NMR 

line-broadening and chemical shift of SDS protons, and the hydrodynamic radii of micelles 

determined by pulsed-field gradient NMR. Detection of premicellar aggregates which are small 

oligomers at surfactant concentrations lower than the critical micellar concentration (CMC), 

facilitates the description of multi-step self-association. A linear correlation between the CMC 

and weight average molecular weight, and hence aggregation number, of SDS micelles is 

discussed. 

  

 

2.1  Introduction 

 The process of spontaneous self-organization of surfactant monomers into micelles is 

generally described by two models based on thermodynamic theories of micellization, the 

phase-separation or phase-equilibrium model, and the mass-action model. According to the 

former, monomers and micelles are two distinct phases, and above the critical micelle 

concentration (CMC), which represents the point of maximum solubility, the surfactant is a 

two-phase system.1,2 The latter describes a micelle as an assembly of surface active ions with 

bound gegenions formed via mass-action principles.3-8 The two models are largely similar- 
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both rest on classical thermodynamics to relate the standard Gibbs energy of micellization to 

CMC at constant pressure and temperature, but the relation appears confusing when the phase-

equilibrium model is examined. While the mass-action model allows the solution state for the 

reference state of both monomers and micelles, and any other relevant components when 

considered present in the system, the micellar reference state in the phase-separation model is 

poorly defined, because the activity coefficient of micellar composition appears zero here.9 

Because of such difficulties, including inconsistency with Gibbs phase rule, the phase-

equilibrium model is often also called a pseudo-phase model. Nevertheless, the phase-

equilibrium model is very useful in practice for providing mathematically simple analyses of 

surfactant solution properties. 

 

 The micelle literature is vastly rich, and the scope of this work delimits even a brief 

review of numerous discussions on experimental results and theoretical models of 

micellization. The rationale of this study is not to prove or disprove a model, rather to look for 

an analytical description of surfactant aggregation in relation to their hydrodynamic and 

molecular properties across the range of total molar concentration of monomeric surfactant. 

The surfactant chosen is sodium dodecyl sulfate, perhaps the most widely used ionic surfactant 

in molecular biology and clinical laboratories. Fluorescence and NMR spectroscopy have been 

used to experimentally follow micellization. Analysis of NMR chemical shift of SDS 

resonances, line-broadening, and mass-average molecular weight as a function of SDS 

concentration provide evidence for the occurrence of premicellar aggregates. Results are 

analyzed by a multi-step version of the mass action model in which the monomers can 

diffusively enter into and exit from the micelle in a sequential manner.  
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2.2. Experimental section 

 

2.2.1. Fluorescence measurement 

Solutions of SDS in the 0-140 mM range each containing 15 µM ANS ((8-anilinonaphthalene 

sulfonate) were prepared in 0.1 M sodium phosphate, pH 7.0. Fluorescence emission spectra 

were taken in a photon counting instrument (Fluoromax P4, Jobin-Yvon, Horiba) at 25°C by 

exciting ANS fluorescence at 360 nm. 

 

2.2.2. NMR spectroscopy 

One-dimensional 1H spectra of SDS solutions in the 0.5-70 mM range prepared in D2O 

containing 0.1 M phosphate, pH 7.0, were recorded at 25°C.  Pulsed-field-gradient NMR (PFG 

NMR) diffusion measurements were performed using the water-sLED pulse sequence10 with 

diffusion gradient (z-gradient) strength varying in the 8-50 Gauss cm-1 range. About 1 mM 1,4-

dioxane added to the SDS samples served as the internal RH standard. Values of RH were 

calculated by 

 

I 𝑔 = 𝐴e*+,-  

 

𝑅/010 = 𝑅/2345678
+9:;<=>?
+@A@

            (1) 

 

where, I is the NMR signal intensity, g is the gradient strength, and the decay constant, d, is 

proportional to the diffusion coefficient, D. All spectra were recorded at 25°C in a 500 MHz 

Avance III (Bruker) spectrometer. 
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2.3. Results and discussion 

2.3.1. Micelle formation probed by ANS fluorescence and 1H-NMR 

 The monomer-micelle equilibrium is measured simply by monitoring the fluorescence of 

the hydrophobic dye ANS (8-anilinonaphthalene sulfonate), which fluoresces when bound to 

micellar aggregates (Figure 1a). As shown by the ANS-docked micellar structure generated by 

molecular dynamics, the dye-micelle interaction is dominated by hydrophobic effect, and 

presumably involves a positive entropy change originating from the association of ANS with 

the hydrophobic environment of SDS aggregates. Here, the interest lies in the SDS 

concentration dependence of three spectral parameters of ANS fluorescence.  

 

 

Figure 1. (a) ANS-docked structure of a SDS micelle obtained from molecular dynamics 

simulation, and steady-state ANS fluorescence spectra at various concentration of SDS in the 

0-140 mM range. (b) and (c) Variation of the FWHM and emission maximum, respectively. 

The arrow heads point to the value of CMC under the present experimental conditions, 0.1 M 

phosphate, pH 7. (d) Changes in fluorescence intensity at the respective emission maximum 

does not show a sharp change in the CMC region (arrowhead). 
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 One, the SDS dependence of FWHM of the skewed Gaussian band (Figure 1b) suggests 

that the distribution of small changes in the environment of the ANS molecule, which is the 

basis of the inhomogeneous broadening, shifts with the total monomer concentration. Two, the 

shift of the emission maximum to higher energy (Figure 1c) indicates large-scale burial of ANS 

in low dielectric environment of SDS aggregates. Three, higher quantum yield of ANS 

fluorescence (Figure 1d) should mean reduced collisional quenching due to increasingly rigid 

micellar environment as the surfactant concentration increases. The observed properties vary 

rather gradually at concentrations near the CMC of ~ 1.7 mM (Figure 1d). 

 

  The 1H resonances in the NMR spectra are identified by the carbon atom numbering 

scheme shown below. 

 

 

 

The SDS concentration dependence of spectral changes is illustrated for two resonances in 

Figure 2. Expectedly, the intensities grow with increasing concentration of the surfactant. The 

triplet for the methyl protons (H12) shifts downfield by 0.0317 ppm as the SDS concentration 

is raised from 0.2 to 20 mM, and remains constant thereafter (Figure 2). Two more triplets 

appear at ~10 mM SDS, and both shift slightly upfield. Similar spectral changes are observed 

for H3-11 protons. While the physical origins of observed chemical shifts are changes in 

magnetic susceptibility, local magnetic anisotropies, and polarization of the electron cloud near 

the hydrogens accompanied by the micelle aggregation process, the appearance of additional 

triplets must mean the existence of a heterogeneous ensemble in terms of the aggregation 

number, n. On the other hand, the chemical shift of the H2 resonance that appears as a pentate 

changes little (Figure 2), suggesting that micelle aggregation does not significantly change the 
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environment of this part of the chain. However, the pentate broadens somewhat even in the 

submicellar concentrations of the surfactant. Such broadening occurs for all SDS peaks, but 

the complexity of spectra renders quantification difficult. The broadening suggests that the 

alkyl chain experiences restricted motion resulting from self-association of monomers. The 

fact that line-broadening begins to appear even at very low concentration of the surfactant 

should mean the formation of small premicellar oligomers, and such behavior suggests that 

micellization could involves sequential or multi-step association of monomers. 

 

   

Figure 2. (a) Regions of 1H NMR spectrum of SDS showing chemical shift of the H12 

resonance and line-broadening for the H2 resonance at the indicated concentrations of SDS. 

Spectra were recorded in D2O at pH 7, 25 °C. (b) Plots of micellization dependent chemical 

shifts for the proton resonances indicated. dD is the observed chemical shift minus the chemical 

shift of the proton resonance in the monomeric state of SDS. Thus, positive and negative values 

of dD mean low-field and high-field shifts, respectively. Data presented are for H12 methyl 

protons (l), H3-11 methylene     protons (¡), and H1 methylene protons (´). 
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Figure 2 also plots the chemical shift differences, Dd, the observed chemical shift minus the 

corresponding monomer chemical shift, for H12, H3-11, and H1 protons as a function of SDS 

concentration. Consistent with the observations made earlier for the fluorescence data (Figure 

1), the micelle properties reported by the chemical shifts near the CMC do not change as 

sharply. Such spectral features and their changes as a function of the surfactant concentration, 

even though useful for a qualitative description of micellization, cannot be directly used to 

understand the mechanism of surfactant aggregation. Nor do they provide adequate proof in 

support of one or the other of thermodynamic models of micellization. 

 

2.3.2. Hydrodynamic radii (RH) of micellar aggregates 

 Looking for molecular parameters so as to model the process of micelle formation, sizes 

of micellar aggregates at different monomer concentration of SDS were quantified by pulsed-

field-gradient NMR diffusion measurements. Figure 3a shows a representative set of primary 

data. The variation of RH values with SDS concentration (Figure 3b) reveals a significant size 

difference for the aggregate species at submicellar concentrations. It is implicit that a measured 

value of RH is the mean distribution value for aggregates of different size. The Gaussian 

distribution of micelle size varies continuously with SDS concentration, apparently atypical of 

a phase separation process. 
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Figure 3. (a) High-field region of PFG NMR spectra of a D2O solution of 70 mM SDS showing 

signal decay with increasing gradient strength. (b) Plot of hydrodynamic radius (RH) of the 

micelle aggregate ensemble at various SDS concentration. 

 

2.3.3. Step-wise self-association of monomers 

For a model description of micelle formation, we consider multiple equilibria involving 

multimers bi formed by association of i monomers, 

(1) 

 

where, [b] and [bi] are molar concentrations of free monomers and multimers, and Ki are 

association equilibrium constants for dimerization, trimerization, tetramerization, and so on for 

i = 1, 2, 3, …, respectively. The equilibria provide the molar concentration of total monomers, 

free and associated together, [b]total. 
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Since [b]total is a function of all equilibrium constants in the sequence, the number of Ki can be 

reduced by considering the variation of free-energy of micellization, DG, with [b]total. In 

general, DG=DGtail+DGhead+DGelec, where DGtail and DGhead represent free energy changes for 

association of the hydrocarbon tail and the sulfate head, respectively. The free-energy 

component arising from ionic repulsions, DGelec, opposes micelle formation.  If the addition of 

a monomer to a multimer does not add much to DG, as might occur for large-size micelles, the 

sequential model of micellization may be reduced to a single value of K (K » K2 » K3 » K4 » K5 

…) along with a hypothetical dimerization constant, K1.
6 In the limit of smaller-size aggregates 

however, the assumption of independence of DG on [b]total becomes less obvious. In this case, 

DG is expected to vary non-linearly and gradually at low monomer concentrations, 

characteristic of molecular binding processes. Naively, a monomer would establish only one 

unit of contact with another monomer to form a dimer, and the same monomer could have two 

units of contact in a trimer, and so on. If DG is taken due to the size of inter-monomeric 

contacts, then K-values for smaller aggregates cannot be equated. At higher monomer 

concentrations, the assumption of linearity and independence of DG can still be made. Hence, 

we let K1¹K2¹K, where K=K3=K4=K5···, and simplify the expression for [b]total.  

 

𝐛 𝐭𝐨𝐭𝐚𝐥 = 𝐛 + 𝟐𝑲𝟏 𝐛 𝟐 + 𝟑𝑲𝟏𝑲𝟐 𝐛 𝟑

+
𝑲𝟏𝑲𝟐

𝑲𝟐 𝐛
𝟏

𝟏 − 𝑲[𝐛] 𝟐 − 𝟏 + 𝟐𝑲 𝐛 + 𝟑𝑲𝟐 𝐛 𝟐 									(𝟑) 

 

This general equation for a sequential processes provides for the variation of free-monomer, 

[b], as a function of total monomer concentration, [b]total. At a fixed [b]total, the larger the 

magnitude of K1K2/K2, the smaller the value of [b], and hence larger is the deviation from a 
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phase separation characteristic. The assumption of K1¹K2¹K, and K=K3=K4=K5··· is arbitrary. 

Expressions for [b]total can also be written letting K1¹K2¹K3¹K, without loss of generality.  

 

2.3.4. Micelle molecular weights, equilibrium constants, and total monomer 

concentration 

 

One of the predictions of the step-wise self-association model of micellization is the 

proportionality of the weight-average value of the molecular weight, Mw, to the square root of 

the  total molar concentration, ([b]total)0.5, of all surfactant species, including the monomers6. 

For the present sequential model, the proportionality is given by 

𝑀\

∝
𝐾Q

𝐾P𝐾Q
[b]^4^6_
CMC

																																																																																																																													(4) 

 

This approximation relies on the assumption of K = K3 = K4 = K5···, which means the free 

energy change, DG, becomes independent of entry of a monomer to an existing aggregate 

because the local structure around the micellized monomer does not change. To test the 

predicted 𝑀\ ∝ b ^4^6_		relation originally derived for large-size micelles,6 molecular 

weights of micellar aggregates at different monomer concentration were calculated from NMR-

derived hydrodynamic radii using the relation RH ~ (Mw)a, where a = 1/3 for spherical micelles. 

As shown in Figure 4, the plot of Mw and ([b]total)0.5 indeed provides an excellent linear 

correlation (r2 = 0.99).  
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Figure 4. Plot of micellar molecular weight (and aggregation number) vs C  (where C is SDS 

concentration) provides an excellent linear correlation (r2=0.99). The uncorrected solvated 

molecular weight (¡) differs little from that corrected for second virial coefficient (l). 

 

Conversion of the apparent solvated molecular weight to the true solvated molecular weight by 

using the second virial coefficient (B2 = 0.0016) affects the slope little. It is clear that for a 

given concentration of the total monomer, smaller values of the initial equilibrium constants, 

say K1 and K2, or relatively larger value of K, will lead to formation of micelles of higher 

aggregation number. 

 

2.3.5. Aggregation number, premicellar aggregates, and micelle shape 

 The mean aggregation number of the micelle is <n> = Mw/Mo, where Mo is the molecular 

weight of SDS monomer. Under the experimental conditions of 0.1 M sodium-phosphate, pH 

7, 25°C employed here, <n> ranges from 1 to 57 for ([b]total)0.5 varying from 0.37 to 4.5 g mL-

1 (Figure 4b). While the literature consistently reports n ~ 60 for a maximally organized 

spherical micelle in pure water at 25 °C,11,12 the range of aggregation numbers observed here 

on either side of CMC must mean the existence of a range of small micellar aggregates which 

grow, most likely by a stepwise process, to produce large micelles. The presence of aggregates 
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with fewer monomers is possible regardless of the mean value representation of aggregation 

numbers, because the width of the Gaussian distribution of the micelles is unlikely to deviate 

largely from the observed mean value.13 The concentration of such premicellar aggregates in 

the sub-CMC region is much lower than the monomers,13-15 but builds up substantially around 

the CMC region,16 and dwindles thereafter.15 

  

Since prolate micelles appear only under high ionic strength and surfactant concentration,17 the 

maximally assembled micelle under the present conditions of experiments (<n> ~ 57) should 

be spherical or nearly so as indicated by numerous earlier studies on the size and shape of 

micelles.17,18 The interest however lies in the mode of monomer association and the resultant 

shape of premicellar aggregates. In all likelihood, the individual monomers cluster by a tail-to-

tail association.19 Considering the general constraints on hydrocarbon chain packing in the 

process of amphiphile aggregation,20,21 these small micellar aggregates could be lamellar. The 

shape of a dimer is then highly aspherical. The asphericity rapidly diminishes with increasing 

aggregation number,18 and the shape turns to be spheroidal or nearly spherical for a fully 

assembled micelle. 

 

2.3.6. Instability of premicellar aggregates is the reason for their depleted level 

 Low concentration of small oligomers in the sub-CMC region could arise from reduced 

thermodynamic stability of a low order assembly of SDS monomers when compared with a 

higher order one.13-15 This is qualitatively understood from the differences in hydrophobic 

solvation 20,22 and heat capacity of oligomers of different aggregation number. The unfavorable 

interactions between water and alkyl chains are alleviated as increasing number of monomers 

enter the micelle,23 meaning that the heat capacity change for micellization, DCp, defined as 
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the heat capacity of the micelle minus the heat capacity of the monomer, becomes more 

negative as the micelle size grows. Clearly, the population of small oligomers will be low. 

 

 

2.4. Conclusions 

 Small premicellar aggregates of SDS exist below CMC, in apparent conformity with the 

mass-action model of micellization. The step-wise self-association process of micellization 

consistently shows linear variation of weight average molecular weights of micelles having 

aggregation number in the limit of ~ 60.  
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CHAPTER 3 

 

Completion of all structural, conformational,  

and fibrillation transitions in proteins at submicellar SDS 

 

Abstract 

In the continued engagement with the interaction of sodium dodecyl sulfate (SDS) 

with proteins and the reaction of the latter thereof ambiguities exist regarding the level of the 

surfactant adequate to obtain complete structural and functional response of the protein. 

Uncertainties also appear concerning the role of protein charge and micellar surfactant 

concentration on amyloid fibrillation. To examine these issues this study reports on 

equilibrium and kinetic measurements of SDS interaction with six model proteins, and 

analyzes the results to obtain a united view of tertiary conformational breakdown, 

reorganization and restructuration of secondary structure, and entry into the crystal-like 

amyloid fibrillar state. Significantly, all of these responses are entirely resolved at much lower 

than the critical micellar concentration (CMC) of SDS. Adequate number of electrostatic 

interaction of dodceyl sulfate anion (DS-) with positive charges on the protein can destroy 

both secondary and tertiary structures completely followed by restructuration preferentially to 

a-helices. Invariably all proteins are driven by SDS to aggregate which can be amorphous or 

crystal-like corresponding to low or high concentration of the surfactant.            

 

3.1. Introduction 

 The age-old area of protein-SDS interactions has witnessed volumes of studies due to 

numerous applications of the system ranging from fundamental understanding of molecular 
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structure in micelle mimetic of membranes to industrial production of washes and hygiene 

merchandise. More recent studies on thermodynamics and kinetics of protein-surfactant 

interactions,1-16 forces involved therein,17,18 and the complexity of changes brought about in 

the protein structure,13,14,19,20 are continuing to provide advances in the topic. Still persisting 

are however some basic-level obscurity that includes the structure content of the SDS-

interacted protein, the resistance of b-sheet proteins to denaturation,3,8  shift and 

restructuration of b→a secondary structure,18 the role of electrostatic versus hydrophobic 

interactions in altering the conformational landscape,20 and the mystery of SDS-to-protein 

ratio dependent aggregation of the complex.2 The difficulties arise partly from protein-specific 

manifest of SDS-resistance that has been dubbed kinetic stability,3 anomalous SDS effect,21 

and the strong binding of the ionic surfactant to protein side chain which produces only a 

narrow window in the submillimolar concentration to work with.    

            The central objective of this study is to provide a unified conceptual understanding of 

the action of SDS on protein structure and conformation with references to the surfactant 

binding isotherm and possible modes of binding. Experiments have been performed uniformly 

with a set of six protein paradigms - lysozyme, cytochrome c, myoglobin, a-lactalbumin, b-

lactoglobulin, and trypsin, held under conditions that provide a broad range of net charge 

content.  But for trypsin, these proteins have been widely by authors in the field to study 

protein-SDS interactions. We first looked into the general belief that global protein unfolding 

occurs above the CMC of SDS, since only a few proteins have been found to unfold at sub-

CMC level.1,13 The idea that secondary structure shifts to all a-helix in SDS-denatured protein 

has also been considered. These analyses have been carried out by equilibrium and kinetic 

measurements probed with basic CD and fluorescence methods. The emerging idea that SDS 

binding drives protein fibrillation universally has been studied next by fibrillation kinetics and 

electron microscopy.22,23 Evidence for charge-based response of proteins to the extent of 
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complete loss of all structures has been obtained. Importantly, we resolve all of these 

processes lower in the submicellar concentration of SDS showing that the micellar regime 

may not at all be relevant for protein conformational changes and fibrillation. 

 

 

3.2.  Materials and methods 

 All proteins were purchased from Sigma Chemical Company, and SDS was from 

Calbiochem. Experiments were performed at 25(±1)°C using water at pH 3.8 (lysozyme), 100 

mM sodium phosphate, pH 5.7 (cytochrome c), 20 mM sodium phosphate, pH 7 (myoglobin), 

100 mM Tris, pH 7 (a-lactalbumin), 20 mM sodium phosphate, pH 7 (b-lactoglobulin), and 

10 mM sodium phosphate, pH 8 (Trypsin). 

 

3.2.1.  Determination of CMC 

 Solutions containing ~8 µM protein, the dye rhodamine B fixed to a concentration that 

yields ideal fluorescence signal and variable SDS under the pH and buffer conditions 

mentioned above were incubated for 2 h in dark at 25(±1)°C, and the dye fluorescence spectra 

were recorded by exiting at 310 nm. The control experiment excluded protein in the solution. 

The CMC value is determined by plotting the fluorescence values at the dye emission 

maximum as a function of SDS concentration.  

 

3.2.2.  Equilibrium measurements 

 Titration of a protein with SDS involved the use of two stock solutions - the native 

protein solution and the denatured protein solution containing the highest concentration of 

SDS employed. The stock solutions were prepared carefully to obtain considerable uniformity 

in both protein concentration and the buffer pH, and samples of different SDS concentration 
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were obtained by appropriate mixing of the two stock solutions. This procedure of sample 

preparation ensures reversibility of the protein-SDS reaction. Final protein concentrations 

were 4-8, 7, 7, 8, 8, and 7 µM for lysozyme, cytochrome c, myoglobin, a-lactalbumin, b-

lactoglobulin, and trypsin, respectively. Samples were equilibrated typically overnight at 

25(±1)°C, and CD, fluorescence, and turbidity measurements were done successively. 

Measurements were performed at 25 °C using AVIV SF420 instrument for CD, Jasco FP-

8300 for fluorescence, and a CARY 100 UV-Visible spectrophotometer for turbidity 

measurement. Sample pH was checked once more after completion of the experiment. 

 

3.2.3.  Kinetics measured by manual mixing 

 As a prelude to faster kinetics, the SDS-induced conformational changes in seconds of 

time-scale were measured by manually mixing the protein solution with the appropriate buffer 

so as to raise and lower the surfactant concentration. The final protein concentration in the 

mixed solution was 9 µM. The mixing dead time was ~10 s, and kinetics were monitored at 

25°C by both far-UV CD and tryptophan fluorescence. 

 

3.2.4.  Stopped-flow kinetics 

 Since the equilibrium experiments provide two phases of conformational transitions 

across the SDS scale, kinetics were measured by diluting the protein solutions held at the two 

ends of each transition. For example, lysozyme unfolding measurements were carried out in 

two sets corresponding to the two phases - one involving dilution of the native protein solution 

that contained no SDS with different buffers of increasing surfactant level, and the other 

requiring dilution of the initial protein solution that had 1.5 mM with buffers of lower level of 

SDS. However, refolding was carried out by diluting the initial protein solution prepared in 

0.2 mM SDS so as to variably decrease (phase 1) and increase (phase 2) the final surfactant 



41	
	

concentration. The mixing ratio of one part of the protein solution (38 µL) to seven parts of 

the buffer (267 µL) was held constant, and the final protein concentration was ~8 µM. Kinetics 

were monitored by tryptophan fluorescence at 25 °C using a SFM-400 BioLogic instrument 

the mixing dead-time of which was found to be 1.7 ms for a 0.8 mm cuvette (FC 08). Each 

kinetic trace obtained finally was an average of a minimum of seven traces. 

 

3.2.5.  Kinetics of fibrillation and FESEM imaging 

 To determine the time and type of protein aggregation a manually mixed solution 

containing 8 µM protein, 50 µM dye ThT (4-[3,6-dimethyl benzothiazol-2-yl]-N,N-

dimethylaniline), and variable SDS in 0.015 to 1 mM range was excited at 432 nm, and the 

478-nm emission of the dye was measured with time. The experiment was done at 25 °C for 

all proteins using the respective buffer system mentioned above. Fibers were however imaged 

availing the same samples that were used for equilibrium measurements described earlier. 

Gold coated samples were imaged in a ZEISS Ultra 55 FESEM instrument operating at 30 

kV. 

 

3.2.6.  Determination of SDS activity 

 Mean activity coefficients for SDS at 25°C available from the work of Burchfield and 

Wooley24 were analyzed to obtain the following empirical equation valid for concentrations 

at least up to CMC  

ln 𝛾± = 𝑎 + P
ghi [SDS]

,         (1) 

in which a = 0.054125, b = -13.866168, c = 2.577401, and [SDS] is surfactant molality. 

Instability of the function appears above 20 mM SDS. 
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3.3.  Results  

3.3.1.  CMC of SDS in buffered protein solutions 

 Since this study seeks details of events at submicellar concentrations of SDS, it is 

desirable to know the CMC of the surfactant even if a value above 5 could be easily assumed. 

In view of the fact that the protein perturbs the chemical potential of SDS in the three-

component water-protein-SDS solution, the CMC of SDS is expected to shift to a lower value. 

Figure 1 shows the extraction of CMC values in lysozyme, cytochrome c, myoglobin, and 

trypsin solutions at respective buffered pH used for experiments throughout.  

 

 

Figure 1. SDS dependence of rhodamine-B fluorescence in water solution (black) compared 

with the fluorescence of protein-SDS-rhodamine-B solutions. Red, green, pink, and blue 

symbols correspond to lysozyme (aqueous, pH 3.8), cytochrome c (100 mM sodium 

phosphate, pH 5.7) myoglobin (20 mM sodium phosphate, pH 7), and trypsin (10 mM sodium 

phosphate, pH 8), respectively. The break point of rhodamine-B fluorescence, determined by 

linear extrapolation of data from each side, approximates CMC values of 10.1, 8.4, 7.25, 10, 

and 8.3 for no protein, lysozyme, cytochrome c, myoglobin, and trypsin, respectively. 

 

SDS (mM)
0 5 10 15 20 25R

ho
da

m
in

e 
Fl

uo
re

sc
en

ce
 (a

u)

0

40

80

120



43	
	

The values are in the range of ~ 7.0 for cytochrome c to ~ 9.9 for myoglobin, which are 

somewhat lower than the CMC of ~ 10.1 for water solution of SDS. As our experiments 

described below are performed at lower than 3 mM SDS, all results correspond to surfactant 

concentrations substantially lower than the CMC. 

 

3.3.2.  Far-UV CD bands of proteins at submicellar SDS         

 The negative CD bands centered at 222 and 207 nm, the former showing relatively larger 

ellipticity, are associated with a-helical protein structure. But the prominence of the 222-nm 

band with little ellipticity at 207 nm is indicative of overwhelming b-sheet content of the 

protein. Thus both 222 and 207-nm bands can be used to monitor the extent of secondary 

structure content in protein conformational studies. Figure 2 uses lysozyme, cytochrome c, 

and b-lactoglobulin to exemplify changes in the far-UV CD spectrum brought about by sub-

CMC concentrations. For lysozyme and cytochrome c the initial band intensity at both 222 

and 207 nm gradually disappears, indicating virtually complete loss of secondary structure. 

The bands however reappear as the SDS concentration continues to rise up to the CMC, 

implying recovery of the lost secondary structure. In the case of predominantly b-sheeted b-

lactoglobulin that shows a major band centered at 218 nm the first event of band disappearance 

is not seen, but SDS causes the initial 218-nm spectral minimum to shift to a strongly growing 

negative band at 207 nm and a commensurate weaker 222-nm shoulder, suggesting SDS-

induced b→a structural transition apparently complemented by denaturation. 
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Figure 2. Far-UV CD spectra of lysozyme, 

cytochrome c, and b-lactoglobulin at indicated 

SDS concentrations showing band intensities 

near 222 and 207 nm. 

 

 

 

 

 

 

 

3.3.3.  Successive unfolding and reformation of secondary structure within the CMC 

 The spectral observations above led to a series of careful protein-SDS titrations, of 

which the 222-nm monitored data for six proteins are provided in Figure 3 where we choose 

to plot natural logarithm of activity rather than molality, ln aSDS, because SDS is highly non-

ideal in aqueous solution and its effect on protein need not be linear in concentration. Results 

for lysozyme (pH 3.8) and cytochrome c (pH 5.8) show abrupt loss of ellipticity within an 

extremely narrow region of the surfactant concentration, suggesting virtually complete 

removal of secondary structure by ~ 0.21 mM SDS. The cooperativity of structure loss is more 

pronounced in the case of lysozyme where a small but distinct plateau region of SDS is 

identified in which the protein stays unfolded. Passing the plateau region the secondary 
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structure is restored cooperatively and at least completely at ~ 0.42 mM SDS. Cytochrome c 

produces identical result except for the lack of a plateau region to straddle the unfolding and 

reforming transitions of secondary structure. Clearly, SDS has acted to both first unfold and 

then extensively reform the secondary structure. The regain of secondary structure here does 

not necessarily mean refolding to the same native state in the absence of SDS that was started 

with. The results do not provide specific information regarding the extent of SDS-induced 

secondary structure and conformation of the protein. Hence we call this ‘newly secondary-

structured’ protein denatured or D, and propose the existence of a three-state equilibrium N 

 U  D at submicellar SDS.  

Myoglobin at pH 7 is also unfolded by ~ 0.42 mM SDS cooperatively but partially 

accounting for the breakdown of roughly one-third of the secondary structure. Restoration of 

secondary structure ensues immediately, but the 222-nm ellipticity is recovered only in part, 

suggesting partly unfolded myoglobin at SDS levels higher than CMC. 

The other three proteins - a-lactalbumin (pH 7), b-lactoglobulin (pH 6.3), and Trypsin 

(pH 8) - show little change in 222-nm CD up to ~0.2 mM SDS followed by a cooperative 

increase of ellipticity to the extent of 30, 160, and 320% of the initial value for the respective 

proteins. Such changes in secondary structure are consistent with earlier report of SDS action 

on a-lactalbumin11 and the “a-state” structure of b-lactoglobulin in the presence of organic 

solvents and alcohols.25 Clearly, SDS has induced additional secondary structure, but this 

change is not attributed to refolding because these three proteins in aqueous medium at 

respective pH are known to be functionally active native protein, which at first sight would 

provide little scope for further conformational folding. However, the transition for all three 

proteins is highly cooperative with well-defined baselines, characteristic of a stabilizing 

conformational transition accompanied by a substantial increase in secondary structure. Thus, 
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it is tempting to assign these transitions to further folding of the proteins, a claim that cannot 

be generalized when further analyses are carried out. They are rather denaturation transitions 

that lead to excessive secondary restructuration involving a b→a switch.  

 

 

Figure 3. The SDS dependence of 222 and 207-nm ellipticity for the proteins indicated. The 

data are plotted with natural logarithm of SDS activity (aSDS) because of highly non-ideal 
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behavior of the surfactant solution. Molar concentrations corresponding to some ln aSDS are 

shown on top. Since the effect of SDS should not be linear because of the non-ideality in 

solution behavior, the solid lines drawn through data points are according to a two-state 

transition that assumes linearity of the protein effect on ln aSDS. 

 

3.3.4.  b-sheet ⇌ a-helix transition in SDS: no general rule for b-sheet → a-helix transition 

 An assessment of SDS-induced preferential secondary structure type for the six proteins 

is provided in Figure 5 that plots Rq - the ratio of ellipticity at 207 to 222 nm - with the 

surfactant level below CMC. The premise is that Rq will increase with a-helix preference. For 

lysozyme the ratio initially decreases to zero, indicating favored breakdown of a-helix over 

b-sheet up to the point of complete disappearance of both secondary structure types.  

 

Figure 4. Turbidity measurement of the same set of protein solutions that were used for 

equilibrium measurements. Symbols colored in black, red, green, yellow, blue, and pink 

ln aSDS

-8 -6 -4 -2 0 2 4

O
D

35
0 

nm

0.0

0.2

0.4

0.6

0.8

1.0

SDS (mM)

3.
4x

10
-4

9.
2x

10
-4

2.
5x

10
-3

6.
8x

10
-3

1.
9x

10
-2

5.
1x

10
-3

0.
13

8

0.
37

8

1.
03

2

2.
86

2

8.
16

5



48	
	

stand for lysozyme, cytochrome c, myoglobin, a-lactalbumin, b-lactoglobulin, and trypsin, 

respectively. 

 

 This cooperative decrease of Rq with SDS is associated with complete unfolding of 

lysozyme leaving no residual structure (see also Figure 5). In the refolding phase next Rq is 

recovered cooperatively, indicating preferential a-helix formation over b-sheet. The hatched 

region in the graph shows scattered data points corresponding to a few turbid samples (Figure 

4). The Rq recovery in the SDS-denatured protein or D state however does not assert excess 

helicity relative to its content in the native state. 

The biphasic change of Rq observed for lysozyme is not reproduced in results for 

cytochrome c despite the fact that cytochrome c undergoes the same successive stages of 

unfolding and denaturation in the presence of SDS. The two stages are smeared in a single 

cooperative increase of Rq the midpoint of which corresponds to the unfolding concentration 

of SDS (Figure 5), meaning preferential a-helical propensity and higher content of a-helix in 

the denatured state. 
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Figure 5. The ratio of 207 to 222-nm 

ellipticity with ln aSDS for the proteins 

indicated. Solid lines through data are 

drawn to show a simple two-state 

transition that assumes linearity of effect 

on ln aSDS. The hatched strip in the 

lysozyme graph shows data for a few 

turbid samples (see Figure 4). 

 

The increase of Rq with SDS for the all b-
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very similar to that for cytochrome c, 

suggesting variable b-sheet → a-helix 

transition. The increase occurs in a single 

cooperative phase, although the midpoint 

and the slope of the transition vary 

expectedly from one to another protein. 

The largely b-sheet trypsin shows a 

cooperative decrease of Rq with 

increasing concentration of SDS, suggesting the surfactant-induced formation of additional b-
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sheet → a-helix structural transition, consistent with the belief that SDS-denatured proteins 

contain abundant a-helices.13 However, the change of Rq for trypsin with SDS exemplifies the 

case for an a-helix → b-sheet transition, which together with the result for lysozyme indicates 

that b-sheet → a-helix structural transition accompanying SD denaturation need not be a 

general rule. 

 

3.3.5.  Successive unfolding and refolding of tertiary structures of lysozyme and apo-a-

lactalbumin within the CMC 

 Action of SDS on the tertiary structure of all six proteins was studied by tryptophan 

fluorescence of the same samples that were used for CD measurements. Figure 6 organizes 

the data into fluorescence spectra (left row), fluorescence emission maxima (middle row), and 

fluorescence intensity read at a fixed wavelength which corresponds to either no SDS or in 

the presence of highest concentration of SDS (right row).  In general, each emission spectrum 

is inhomogeneous-broadened Gaussian made up of several overlapping bands that correspond 

to differences in the environment of the tryptophan side chain in different molecules.  
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Figure 6. Details of tryptophan fluorescence with SDS. Spectra for cytochrome c (d) are 

relatively less resolved resulting in virtually no resolution of lmax (e). Spectral quality for 

myoglobin greatly improves at higher SDS. Red arrows indicate correspondence of SDS 

dependence of lmax and conformational transition which is least clear in the case of 

cytochrome c.  
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The SDS dependence of the wavelength of maximum emission, lmax, was read by inspection 

or Gaussian fits of the spectra. For cytochrome c and myoglobin, whose native-state 

fluorescence is quenched by resonance energy transfer to the heme, lmax values at low 

concentration of SDS are in large error (Figure 6e,h). The tryptophan emission band of 

cytochrome c which appears as a shoulder (Figure 6d) compounds the difficulty. The 

fluorescence increase for both cytochrome c and myoglobin (Figure 6f,i) indicates tertiary 

structure unfolding via structural intermediates that populate near 0.15 mM SDS. 

Results for b-LG and trypsin are relatively easier to interpret. Constant lmax at low 

SDS for both (Figure 6n,q) is an indication that tertiary structures of the two proteins are not 

considerably perturbed, but the decrease of lmax at SDS concentration higher than ~0.15 mM 

suggests greater burial of the tryptophan side chain (Figure 6o,r). The fluorescence decrease 

at 321 and 353 nm for b-lactoglobulin and trypsin is associated with structure unfolding26,27 

and refolding,28 respectively. 

Even clearer are results for lysozyme and apo-aLA.  For lysozyme, a 4-nm emission 

blue-shift up to ~0.15 mM SDS accompanies tertiary structure unfolding, the lmax remains 

nearly constant thereafter, and the tertiary structure appears to fold up at SDS concentration 

much lower than the CMC (Figure 6b,c). The lmax of apo-aLA red-shifts by ~14 nm at low 

SDS concentration but sharply  turns to blue after ~0.3 mM SDS (Figure 6k), and the two 

transitions correspond to tertiary structure unfolding and refolding, respectively (Figure 6l). 

The two transitions of apo-aLA at sub-CMC level were observed in an earlier 350-nm 

fluorescence data as well,11 but the authors interpreted the transitions as indicative of a two-

step binding of SDS leading to denaturation. Since the increase and decrease in fluorescence 

emission read at 335 and 336 nm for lysozyme and apo-aLA, respectively, are consistent with 

those seen in guanidine-induced equilibrium unfolding of the two proteins,29,30 we find 
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successive unfolding and refolding of tertiary structures of these two proteins at sub-CMC 

level of SDS. In the absence of information about the extent and the nature of this refolded 

tertiary structure we call the state D for denatured and propose a submicellar equilibrium N 

 U  D, which is consistent with results for secondary structure.    

 

3.3.6.  Free energy of unfolding and refolding (denaturation) at submicellar SDS 

 Because of strong and stoichiometric binding of SDS monomers to protein side chains 

a useful theoretical form for the excess free energy of binding is based on the binding 

polynomial analysis.31 Using subscripts 1, 2, and 3 for water, protein, and SDS, respectively, 

the chemical potential of the protein µ2 is given by  

𝜇Q = 𝜇Qo + 𝑅𝑇 ln𝑚2 + 𝑅𝑇𝛽2                 (2) 

where 𝜇Qo is the standard-state chemical potential, m2 is molal concentration of the protein, and 

b2 represents the excess free energy of the protein arising from its binding to SDS monomers. 

The formula for b2 based on mutual perturbation of chemical potentials of protein and ligand 

takes the form32,33 

bQ ≡ ΓQS ≅
rst
rs- u,w,xt

          

in which G23 is the thermodynamic binding coefficient. Because the difference in the chemical 

potentials of the protein in the presence of two different concentrations of the ligand gives the 

change in the free energy of the protein, the free energy of folding, DG, determined from SDS 

unfolding results can be written as  

∆𝐺o = 𝜇QD − 𝜇QN = -𝑅𝑇(ΓQS1 	−	ΓQS{ ) = -𝑅𝑇∆ΓQS,      (3) 
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where 𝜇QD and 𝜇QN are chemical potentials of the protein in the presence and absence of SDS, 

and ΓQS1 	and ΓQS{ 	 are corresponding thermodynamic binding coefficients. When information 

about G23 is not available, DG23 can be estimated from the Wyman linkage equation34 

expressed in terms of SDS activity  

-𝑅𝑇 r _7|
r _7 }3 s-

= -𝑅𝑇∆ΓQS = ∆𝐺,                (4) 

where K is the equilibrium constant of the reaction, and a3 is SDS activity. Thus, determination 

of K of the folding-unfolding reaction across the activity a3 allows for the calculation of DG 

for the SDS-induced folding-unfolding process.  

To apply the approach each of the SDS-induced unfolding and/or denaturation curves 

was plotted as fraction unfolded (fu) as a function of natural logarithm of SDS activity. This 

exercise was less straightforward for cytochrome c and myoglobin data which provide no 

baselines for the unfolded state (Figure 3), and were constructed assuming no change in the 

ellipticity on either side of the point of the lowest CD signal. The K values were thus extracted 

across the sharp transition region, and the slope r _7|
r _7 }3

  times -RT provided the DG value. A 

representative set of analysis corresponding to the 207-nm CD data is provided in Figure 7, 

and values of DG yielded by all probes of measurement for the six proteins are listed in Table 

1. 
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Figure 7. Linearity of natural logarithms of 

equilibrium constants for unfolding and/or 

denaturation with the natural logarithm of 

SDS activity. The slope of each line 

provides the free energy of the 

corresponding transition (see Table 1). 
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completely unfolded. The corresponding 
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completely unfolded protein. The denaturation DG value of myoglobin is not that substantial 

because myoglobin is only partially unfolded initially. Values of DG for denaturation of a-

lactalbumin, b-lactoglobulin, and trypsin are even lower, which is a reflection of the fact that 

native-state secondary structures of these three proteins are reorganized during denaturation. 

 

3.3.7.  Kinetics of conformational changes during unfolding and refolding at submicellar 

SDS 

 Conformational changes across the equilibrium N  U  D for lysozyme and 

cytochrome c at submicellar SDS were studied by both manual mixing and stopped-flow 

fluorescence methods. According to the three-state equilibrium, unfolding kinetics were 

initiated from both N and N1 states, and refolding and folding were initiated from the U state. 

Manual mixing experiments employed both far-UV CD and fluorescence, analyses of which 

are provided as Supporting Information (Figures 8-11).  
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Figure 8. Fluorescence-monitored manually mixed kinetics of lysozyme conformational 

changes in SDS. (a) Traces fitted to a single-exponential showing unfolding of the native 

protein containing no SDS initially. (b) Denaturation from the initial condition of 0.2 mM 

SDS fits to two-exponentials, and occasionally to one. (c) The bottom of the chevron 

corresponds to ~0.4 mM SDS. (d) The amplitude maximum also occurs at ~0.4 mM SDS. (e) 

The SDS dependence of baseline fluorescence, corresponding to time t¥, shows similarity with 

the equilibrium transition (f), which is reproduced from Figure 6c. 
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Figure 9. Manual-mixing slow kinetics of lysozyme monitored by 222-nm CD. (a) Unfolding 

of the native protein initially held at no SDS to the indicated concentrations of the surfactant. 

Kinetics are described by a single exponential at higher SDS, but a second exponential sets in 

as the concentration falls lower. (b) Denaturation measured by changing the protein at 0.2 mM 

to higher SDS occurs by a single phase. (c) The observed rate with SDS goes through two 

minima appearing near 0.15 and 0.9 mM SDS. (d) Maximum of the amplitude occurs near 

0.15 mM SDS. (e) SDS dependence of t¥ baseline values (outliers not shown) shows the same 

trend observed in CD-monitored equilibrium measurements (f). 
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Figure 10. Cytochrome c slow kinetics monitored by fluorescence. (a) Unfolding of the 

native protein to indicated SDS concentrations occurs by one exponential phase. (b) 

Denaturation initiated by transferring the protein from 0.45 mM to the indicated SDS also 

occurs by a single kinetic phase. (c) The chevron limb at lower SDS is not quite clear due to 

noise in data. SDS dependence of kinetic amplitude and baseline fluorescence (d and e, 

respectively) also appear featureless. 
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Figure 11. Cytochrome c slow kinetics monitored by 222-nm CD. (a) Unfolding of the native 

protein to indicated SDS concentrations occurs in two kinetic phases. (b) Denaturation 

initiated by jumps in solution conditions from the initial 0.45 mM to the indicated SDS occurs 

by a single kinetic phase. (c) Chevron minima occur near 0.2 and 0.7 mM SDS. The solid 

line is drawn to guide the eye, and has no physical meaning. (d) The peak of the kinetic 

amplitude appears near 0.4 mM SDS. (e) SDS dependence of the t¥ baseline CD signal fairly 

reproduces the equilibrium data observed in an independent experiment under identical 

solution conditions. 
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Figure 12. Kinetics of SDS-induced conformational transitions in lysozyme. (a) 

Representative stopped-flow traces for unfolding (N1→U) from the initial denatured protein 

N1 held at 1.5 mM to the indicated final concentrations of SDS. The traces are fitted to two 

exponentials. (b) Chevrons constructed from observed rate constants by stopped-flow 

fluorescence (l1 and l2) and manual mixing (l3 and l4) experiments: refolding from 0.2 mM 

SDS-unfolded protein (●), unfolding from 0 mM SDS (l), unfolding from 1.5 mM SDS (n), 

denaturation from 0.2 mM SDS (n), denaturation from 0.2 mM SDS (t), unfolding from 1.5 

mM SDS monitored by 222-nm CD (t), refolding from 0.2 mM SDS monitored by 222-nm 

CD (�), and unfolding from 0 mM SDS monitored by 222-nm CD (�). Solid lines through 

data have been drawn using empirical functions, and have no physical basis. (c) Amplitudes 

a1 and a2 for the two phases observed in stopped-flow kinetics are plotted with ln asds to 

indicate occurrence of parallel kinetic pathways. Amplitudes related to manual-mixing 

kinetics are sufficiently small compared with the stopped-flow kinetics, and are not shown. 

(d) Baseline or t¥ values read from stopped-flow kinetic traces are plotted with ln asds to show 

the reproducibility of the equilibrium data (see Figure 3). 
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no burst kinetics, and are fitted to two exponentials with occasional inclusion of a third one 

(Figure 12b). The SDS distribution of each of the observed rate constants (l1 and l2) 

corresponding to the two kinetic phases shows features of a sharp chevron at low SDS 

followed by a shallow one at high SDS (Figure 12b). The appearance of chevrons is an 

indication of reversibility of the transitions. Macroscopic rate constants l3 and l4 in the figure, 

reproduced from fluorescence and CD-monitored manual mixing data given in the Supporting 

Information (Figures 8,9), also show the two consecutive chevrons, although the first chevron 

in the CD-monitored kinetics appears a little shifted to higher SDS. The first chevron of CD-

monitored l4 is vertically shifted downward relative to the corresponding fluorescence-

monitored l3, but the second chevron of both l3 and l4 appears comparable. We do not have 

stopped-flow CD data, but on the basis of the comparison of l3 and l4 one can cogitate on the 

existence of two more rate constants, say l5 and l6, corresponding to the two stopped-flow 

fluorescence rate constants l1 and l2 such that l5¹l2 and l6¹l1 all through submicellar SDS. 

This is an expectation the validity of which remains to be seen. The interpretation of these 

results and assumptions are done as follows. Two consecutive chevrons for each l correspond 

to the three-state N  U  D unfolding and folding mechanism seen in equilibrium 

experiments, and the observation of three l’s for tertiary and presumably for secondary 

structures would mean three parallel kinetic pathways, which is in accordance with amplitudes 

of the kinetic phases obtained from stopped-flow experiments (Figure 12c). The comparison 

of l3 and l4 already hints at the existence of a kinetic intermediate I for the N  U half of 

the N  U  D equilibria, so that the N  U transition in kinetic terms becomes N  

I  U, where the intermediate I lacks tertiary structure but is secondary-structured. Whether 

an intermediate populates in the U  D half is not certain because the second chevron for 

l3 and l4 is little different, and hence no temporal intermediate is invoked for this transition. 

By the assumption and the argument above that CD-monitored fast kinetics should yield l5 
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and l6 such that l5<l2 and l6<l1, a kinetic intermediate devoid of tertiary structure needs 

invoked for each parallel pathway. These interpretations, subject to establishing the 

assumptions, allow writing the following parallel-pathway minimal mechanism for unfolding 

and refolding of lysozyme at submicellar SDS. 

 

We also note that the baseline values extracted from end times (t¥) of kinetic traces at 

different SDS concentration (Figure 12d) reproduce the features of the equilibrium transition 

shown in Figure 12c, underlining the successive unfolding and refolding model N  U  

D at submicellar SDS. 

Results for cytochrome c are presented in the same manner. Analyses of manual 

mixing slow kinetics are provided in the Figures 10,11 and stopped-flow fluorescence results 

are shown in Figure 13.  

N

I1

I2

I3

U2

U1

U3

D



64	
	

 

Figure 13.  Kinetics of conformational transitions in cytochrome c. (a) A few traces showing 

unfolding from the native state initially in 0 mM to the indicated final concentrations of SDS. 

All traces fit to two exponentials, but the fit with a third exponential showing reversal of 

fluorescence that appears at higher final SDS is associated with large uncertainty. (b) Observed 

rate constants by stopped-flow fluorescence (l1, l2, and l3) and manual mixing kinetics 

monitored by fluorescence (l4) and 222-nm CD (l5) experiments with ln aSDS : refolding from 

0.45 mM SDS-unfolded protein (●), unfolding from 0 mM SDS (l), unfolding from 3 mM 

SDS (n), denaturation from 0.45 mM SDS (n). Manual mixing kinetics results are 

fluorescence-monitored refolding and denturation from the intial condition of 0.45 mM SDS 

(�) and unfolding from the native protein initially in 0 mM SDS (�), and 222-nm CD-

monitored refolding and denturation from the intial condition of 0.45 mM SDS (�) and 

unfolding from the initial condition of 0 mM SDS (�). (c) Titration of the two stopped-flow 

amplitudes associated with l1 and l2 shows prevalence of a sequential pathway with 

intermediate population. (d) The baseline values of the stopped-flow traces reproduce the 
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equilibrium curve (see Figure 2). Substantially outlying data points have been omitted from 

this graph. 

 

Time traces were generally fitted to three exponentials (Figure 13a), and the SDS 

variation of the macroscopic rate constants l1, l2, and l3 each entails two chevrons, one each 

at low and high SDS (Figure 13b). The lower SDS chevron for l2 is not clearly developed due 

to minor contribution of the second kinetic phase at lower concentration. The amplitudes 

corresponding to l1 and l2 are plotted in Figure 13c, where the amplitude for l3 was excluded 

due to considerable uncertainty. Nevertheless, the two amplitudes titrate out with SDS. This 

result and the appearance of the three stopped-flow kinetic phases in SDS-induced folding-

unfolding of cytochrome c is consistent with an earlier study,12 but that study did not 

particularly focus on submicellar SDS and detected only one chevron. Figure 12b also 

includes l4 and l5 that correspond to manual-mixing kinetics monitored by fluorescence and 

222-nm CD, respectively (Figure 10,11).  The crossovers in the vertical shifts of l4 and l5 at 

high SDS suggest no uniform sequence for dissolution and formation of secondary and tertiary 

structures across the SDS scale. The interpretation of these results is similar to that done for 

lysozyme above - two chevrons for each l is consistent with the equilibrium N  U  D 

mechanism at submicellar SDS which is also evident from the fluorescence values at t¥ of the 

kinetic traces (Figure 13d), but is different with respect to the titration of the amplitudes seen 

for cytochrome c. Growth or suppression of a kinetic amplitude at the expense of another 

(Figure 13c) suggests sequential pathway with intermediate population. We also notice that 

the SDS concentration at which the amplitudes cross over corresponds to the minimum of the 

second chevron, indicated by arrowheads in Figures 13b,c, which suggests that the 

intermediate may be placed in the U  N1 half of the N  U  D equilibrium. However, 
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we do not have complete information about all amplitudes including that of the slowest kinetic 

phase l4. The available information enables writing the following minimal representation of 

a kinetic mechanism 

 

where I1 possibly lacks secondary structure as the manual-mixing slow-kinetics would 

suggest, and I2 may have both secondary and tertiary structures the extent of which is different 

from D. Further studies will be needed to see if additional parallel pathways similar to those 

for lysozyme operate. 

 

3.3.8.  Protein Fibrillation at submicellar SDS 

 To find out the amount of SDS required for fibrillation we measured fibrillation kinetics 

by time-base fluorescence of the dye ThT at 25°C. In a manual mixing procedure, solutions 

of the protein, SDS, and ThT were rapidly mixed in a way that final concentrations were 8 

µM protein and 50 µM ThT constantly, but the concentration of SDS varied from 0.015 to 5 

mM. The time-dependence of the 478-nm ThT fluorescence in the mixed solution is shown in 

Figure 14 for lysozyme and cytochrome c at the indicated SDS. All concentrations of the 

surfactant produce kinetics suggesting protein aggregation, but they are distinguished on the 

basis of whether a lag phase appears. Kinetics with no lag phase, lysozyme in 0.015 mM SDS, 

for example, suggests rapid formation of amorphous aggregates. A lag phase precedes at 

higher SDS concentrations, suggesting the formation of crystal-like amyloid aggregates. 

Cytochrome c kinetics are relatively faster and the lag phase at intermediate SDS 

concentrations, 0.55 and 0.7 mM, is shorter compared to others. Apparently amorphous 

aggregation occurs at very low concentrations of SDS where the interaction with the protein 

N I1 I2U D
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is predominantly electrostatic, but amyloid fibrillation is prevalent at intermediate to higher 

concentrations where SDS-protein interactions are hydrophobic and the protein unfolds and 

reorganizes the secondary structure. The shorter duration at higher SDS concentrations 

presumably arises from the a-helical nature of the reorganized structure. 

 

Figure 14. Fibrillation kinetics 

monitored by fluorescence of the dye 

ThT at the indicated final SDS 

concentrations. The reaction is 

monitored at 25°C, and the final 

protein and dye concentrations are 8 

µM and 50 µM, respectively. The 

lysozyme reaction was set up in water 

at pH 3.8, and the cytochrome c 

reaction was done in 100 mM 

phosphate buffer, pH 5.8. 

 

 

 The same set of samples for each of the six proteins used for equilibrium measurements 

were imaged by microscopy. Sample age varied randomly, from few hours to days. Only those 

samples that contained denaturing amount of SDS, more than ~0.3 mM, showed evidences of 

fibrillation. FESEM images sampled in Figure 15 illustrate different forms and topology of 

fibers at varying magnification.   
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Figure 15. FESEM images of fibrils in samples that were used for equilibrium experiments. 

Hence, the fibers grew in respective buffers at 25°C with no extra condition. The age of the 

samples varied from a few hours to ~2 days, and the magnification in each image is chosen to 

provide clarity. Image labels and corresponding SDS concentrations in mM are (a) lysozyme 

0.9, (b) cytochrome c 1.0, (c) myoglobin 0.4, (d) a-lactalbumin 1.0, (e) b-lactoglobulin 1.0, 

and (f) trypsin 2.0. 
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3.4.  Discussions 

3.4.1.  Protein unfolding and refolding (denaturation) at submicellar SDS.  

 The key result provided here is dramatic changes in both secondary and tertiary structure 

of proteins due to binding of a few SDS monomers which otherwise is taken as a sub-

denaturing load. In Figure 16 that reproduces a SDS-lysozyme binding isotherm from the 

work of Jones35 we have partitioned the SDS scale according to the type and nature of changes 

we note for the six proteins. Although the binding isotherm changes with pH and ionic 

strength, and will also vary a bit from one to another protein under identical conditions, the 

SDS-lysozyme curve is taken here as a prototype. In zone A that corresponds the 0-0.04 mM 

range of free surfactant concentration cooperative binding of SDS monomers that numbers up 

to ~15 perturbs the structure a little but gives rise to detectable changes in spectroscopic 

signals in the baseline region of the titration curve for all six proteins. In the ensuing zone B 

covering about 0.04 to 0.4 mM free surfactant, where the isotherm is nearly flat due to the 

binding of just about 5 additional SDS monomers leading to a tally of ~20, secondary 

structures of lysozyme and cytochrome c are completely unfolded, and myoglobin is partly 

unfolded. Reformation of secondary structure of the unfolded proteins and the other three 

native proteins also begins in this range, although cytochrome c has already undergone 

substantial restructuring of secondary structure. In zone C that drapes ~0.4 to 3 mM free 

surfactant concentration and where cooperative binding of SDS reappears and a total of ~60 

monomers bind, the restructuring of secondary structure nears completion. 

Although we are able to partition the submicellar SDS scale into these three zones with 

respect to protein conformational changes, it must be noted that the consecutive unfolding and 

reformation of secondary structure is established for half of the proteins we scanned (Figure 

3). 
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Figure 16. Protein conformational changes due to SDS binding. Zone demarcation should be 

taken as approximates only. The binding isotherms for lysozyme-SDS interaction at pH 3.2, 

25°C, and ionic strength values of 12 (●) and 212 (n) mM are reconstructed after Jones.35 

 

The first stage of secondary structure unfolding is not detected for the other three proteins. 

Concerning the response of tertiary structure, only two proteins - lysozyme and apo-a-

lactalbumin - undergoes unfolding and refolding in succession. Tertiary structures of 

cytochrome c and myoglobin do not refold after the initial unfolding, and those of b-

lactoglobulin and trypsin do not unfold initially but the former unfolds and the latter folds 

further in zone C (Figure 5). These observations thus do not provide a common pattern of 

protein conformational changes in the submicellar limit of SDS. A generic phenomenon 

however clearly emerge - secondary and tertiary structures are reformed and (or) restructured, 

and the restructuring of the latter may involve unfolding or further folding of the native state. 
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3.4.2. Restructuration, refolding or denaturation?  

 With regard to the transition in zone C (Figure 16) the use of terminology is fumbled. 

Secondary structure is either reformed in zone C from the unfolded state in zone B as for 

lysozyme, cytochrome c, and myoglobin or restructured directly in zone C from the initial 

native state in zone A. In both cases, the structure type in the resultant state is predominantly 

a-helical irrespective of the type in the native state (Figure 5), and that too in excess of the 

content in the initial state. Therefore, the secondary structure transition in zone C is more 

appropriately labeled denaturation rather than refolding. This terminology may not seem 

fitting with respect to the tertiary structure transition, which results in unfolding as for 

cytochrome c, myoglobin, and b-lactoglobulin or folding to more compact states of lysozyme, 

a-lactalbumin, and trypsin. The fact that the final protein state in zone C cannot structurally 

be the same initial native state qualifies the use of ‘denaturation’ to describe the structural 

transition in zone C. 

 

3.4.3 Structural organization in the submicellar vis a vis micellar SDS.  

 A generalized view of the action of SDS on protein structure and conformation is tertiary 

structure unfolding at submicellar and protein chain expansion at micellar levels of SDS.12,13 

The denaturation of secondary structure observed up to micellar concentration of SDS 

produces an expanded chain rich in a-helices.11,13,36,37,38 The submicellar observations here 

are consistent with tertiary structure denaturation and higher a-helical content (Figure 5), but 

we have no information about hydrodynamics of the denatured chain. Since micellization on 

the protein surface is thought to give rise to chain expansion,12 the denatured protein at 

submicellar limit is likely to be compact. 
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3.4.4.  The basis for unfolding and denaturation at submicellar SDS.  

 It occurs to us that submicellar SDS effect on protein unfolding observed here originates 

from favored ionic interaction of DS- with positive charges on amino acid side chains. The 

initial unfolding process largely exposes the apolar surfaces of the protein facilitating their 

hydrophobic interaction with the alkyl chain of DS- leading to denaturation. Although the 

involvement of both ionic and hydrophobic interactions in the SDS perturbation of protein 

structure is widely recognized,35,39,40 it is important to realize that the prevalence of each of 

the two and the stages of their occurrence are decidedly dependent on the net charge the 

protein carries. Even as trivial as it seems, the present dataset reflects the relative importance 

of the two interactions with regard to the net protein charge. As Table 1 shows positive charges 

on lysozyme, cytochrome c, and myoglobin offer ion sites to which DS- monomers bind 

electrostatically. The binding is cooperative and presumably weak with dissociation constant 

approaching as high as 1 mM.8 The consequence of this electrostatic interaction with specific 

binding sites on the protein surface is neutralization of the net positive charge, which may be 

one of the factors causing precipitation of SDS-lysozyme complex.2,41 Lysozyme solubility is 

intricately related to protein concentration and solution conditions. We have also sensed some 

degree of precipitation of the lysozyme-SDS complex (Figure 5) even when the protein 

concentration was lowered to 5.5 µM (Figure 4). The origin of this precipitation is not 

definitely known, but supposedly follows from aggregation of lysozyme which is consistent 

with the fact that precipitation is protein concentration dependent.42 We suggest that the 

precipitation is the result of substantial protein unfolding due to electrostatic binding of DS- 

such that the unfolded protein chains aggregate by hydrophobic interactions, which is 

substantiated by studies on aggregation of partly folded or unfolded lysozyme.43-47 Thus the 

observation of aggregation in a few unfolded samples (Figure 5) provides a clue that saturating 

electrostatic interactions of ~14 DS- ions with one molecule of lysozyme completely unfolds 
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the protein. This must also be the basis of complete unfolding of cytochrome c and partial 

unfolding of myoglobin whose net charge content is +12 and +4.8, respectively. Myoglobin 

does not unfold completely simply because of its less positive net charge content so that DS- 

interacts to a lesser extent. Proteins a-lactalbumin, b-lactoglobulin, and trypsin, whose net 

charge is negative (Table 1) and could offer only a fewer positively charged side chains for 

the initial ionic interactions with DS- do not unfold. 

Next in zone C of Figure 16 the hydrophobic surfaces of unfolded lysozyme, 

cytochrome c, and myoglobin support cooperative binding of the alkyl chain and consequent 

denaturation that involves preferential reformation of a-helices. Evidences exist that 

disordered or unstructured proteins and peptides can adopt a-helical structure in the presence 

of SDS.39,48,49 The hydrophibic binding and restructuring also tips the unfolded aggregate - 

monomer equilibrium to the right. The cooperativity of hydrophobic binding of the surfactant 

alkyl chain with the apolar sites of those proteins including a-lactalbumin, b-lactoglobulin, 

and trypsin that are structurally destabilized but not unfolded due to interaction with a fewer 

DS- monomers is relatively less, and restructuration of their existing secondary structure into 

a-helices occurs at relatively higher SDS concentration (Figure 3). Our conclusion that SDS 

binds in two stages – electrostatic and hydrophobic in order - is consistent with the proposal 

of Burkhard and Stolzenberg,50 and proteins can unfold completely in submillimolar SDS 

concentration if they possess adequate positive charges to establish electrostatic interaction 

with DS-. Unfolding in turn facilitates subsequent denaturation. 
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3.5.  Summary and prospect 

 All generic structural changes of proteins occur completely at submicellar limit of SDS, 

meaning binding with the surfactant monomers suffices. Micelle aggregation along the protein 

chain that occurs at higher concentration of SDS causes chain expansion. Complete unfolding 

at submillimolar SDS can occur when the protein carries sufficient positive charges for 

supporting the initial ionic interactions. The resulting unfolded chains tend to aggregate and 

hence establish a monomer « aggregate equilibrium, which is shifted to the monomer side in 

the ensuing hydrophobic binding of surfactant alkyl chains with the apolar surfaces in the 

unfolded protein. Binding of alkyl chain will occur even if the chains are not completely 

unfolded, but the binding should be less cooperative. This second stage of SDS-protein apolar 

interactions that may extend up to 2-3 mM SDS depending upon the net charge content on 

the protein results in reformation of lost secondary structure or reorganization of existing 

secondary structures to give rise to a-helices. These observations can be used to tune charges 

simply by placing the protein at a different pH so as to study further details of protein-SDS 

interactions, structure modulation, protein fibrillation, electrophoretic migration, and SDS-

resistance phenomena. 
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CHAPTER 4 

 

Mechanical unfolding and amorphous aggregation  
of proteins in very low-strength DC field 

 

 

Abstract 

A common theme for the effect of electric field on the structure and conformation of 

proteins is lacking due to a myriad of conflicting reports emerging from different protein 

systems subjected to different frequency and strength of the field (0.8 -108 V cm-1), which 

may be pulsed for a few nano- to microseconds or steady state extending to several hours. It is 

however necessary to find a common theme because of increasing use of electric field not only 

to understand Stark-like electro-optic effects in large molecules, but also in food processing 

technology, and perhaps in the disruption of amyloid bodies in Alzheimer condition. This study 

finds an optimized condition of 1.3 V cm-1 DC field, in which the electrophoretic mobility is 

~1.2 mm h-1, and systematically shows electrophoretic, electrochemical, and unfolding effects 

at different levels of cytochrome c structure within ~90 minutes of turning the field on. 

Interestingly, the protein undergoes amorphous aggregation concomitant with a high degree of 

denaturation. In support of this suggestion, data for myoglobin and trypsin are also presented. 

Effort has been made to separate out the chemical and physical effects of the electric field.   
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4.1. Introduction 

 Stark effect, the splitting of spectral lines due to energy level perturbation in atoms and 

molecules subjected to electric field (EF), has contributed enormously to develop the 

fundamental principles of molecular spectroscopy.1 The description of EF effect on large 

molecules in aqueous solutions or embedded in gel matrix is, however, fraught with 

hydrodynamic, electrophoretic, and confinement factors compounded by changes in molecular 

conformation and motional mechanics. Analysis of macromolecules subjected to steady-state 

electric field must therefore include the codes of electrochemistry in conjunction with 

additional forces on the molecular structural elements exerted by the field. These complexities 

may appear to overshadow the classical definition of Stark effect, although energy term values 

at rotational, vibrational, and electronic levels are perturbed in the case of macromolecules as 

well. The associated spectral lines can still be probed by appropriately designed spectroscopic 

methods, but the Stark-perturbed band structures are expected to change continuously as the 

steady-state current flow is maintained. To note, spectroscopic observation of Stark effect 

generally requires much higher field, at least hundreds of V cm-1,2 compared to the field used 

to detect EF effect in biological macromolecules. Very high pulsed field of the order of tens of 

kV cm-1 has however been used for electric dichroism measurements in DNA.3,4 Since field 

gradients used to detect EF effect on biological molecules are very small (~1-10 V cm-1), and 

the objective of such experiments is to study motional, conformational, and symmetry 

perturbations, it is more useful to analyze the results by electrochemical principles and 

molecular relaxation in conjunction with classical mechanics rather than considering the Stark-

split band structures or electro-optic effects. The term ‘EF effect’ is used to refer to local and 

global changes in structure, function, conformation, solvation, and thermodynamic and kinetic 

properties of the molecular systems subjected to steady state electric field.     

 Having come across a surging body of reports of EF effect on various proteins and 
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peptides based on both experimental and molecular dynamics (MD) simulation studies, we 

briefly mention the main results of some typical studies.  Electric field brings about helical to 

b-structure transition in the b amyloid peptide,5 but the incidence of b®a structural transition 

in a V3-loop peptide has also been documented immediately after.6 In both of these studies, 

the authors suggest the occurrence of a global rearrangement of peptide dipoles affecting 

hydrogen bonding and hence an altered peptide structure. Oscillating motion of the peptide 

chingolin placed in unusually high oscillating field (107 V cm-1) is observed, but the peptide 

retains native-state structure when the frequency of the field is very high.7 Experiments with 

the archetypal globular lysozyme subjected to pulsed EF show cleavage of disulfide bonds, 

loss of a-helical structure and protein aggregation.8,9 The results of secondary structure 

destabilization concomitant with H-bond breakage as a consequence of alignment of protein 

dipole moments of lysozyme with the field was also observed in earlier MD simulation.10,11 

Simulations of a single myoglobin molecule in water subjected to pulsed or steady field of the 

order ~107-108 V cm-1 has been used to describe protein unfolding thermodynamics with a 

suggestion of similar behavior for other globular proteins.12,13 Low fields (0.8-5 V cm-1) 

oscillating at 10 or 500 Hz are found to destabilize secondary and tertiary structures causing 

unfolding of both bovine serum albumin (BSA) and lysozyme.14 Several other reports have 

mentioned protein destabilization and aggregation in electric field of medium to high strength; 

b-lactoglobulin  in medium field,15,16 and wheat gluten and peanut proteins in very high 

field17,18 are examples. Activity of enzymes pectin methyltransferase and polygalacturonase is 

reduced in the presence of lower field (~0.4 V cm-1) of frequency in the 0-60 Hz range.19 The 

effect on the enzyme activity at higher frequencies appears negligible, which the authors 

explain by invoking lower amplitude of field-induced molecular motion. Structural 

modification, changes in functional properties, and aggregation for other proteins have also 

been documented.20-22 The use of electric field to create thermo-electric effect, i.e., Joule 
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heating, in food processing technology has also led to experiments to understand as to how 

proteins in foodstuffs are affected,23 and the basic observation made in all such studies is that 

electric field somehow disturbs protein conformation. High-frequency radio waves are 

suggested to offer protection and reverse cognitive impairment in Alzheimer’s disease mice,24 

although the mechanism of fiber disintegration remains unexplained.  

 A review of these reports would show the lack of a coherent description of the EF effect 

on functional native proteins. A part of the reason for the host of conflicting reports of EF effect 

on proteins is diverse response of the protein systems to the magnitude of the field and 

frequency and the duration of field application. It may also appear irrational to use fields as 

high as ~107 or 108 V cm-1 unless simulation settings require such large values.11,25 It is 

possible that experiments that employed this order of field were inspired by simulation studies. 

Another significant problem associated with description of results has been the failure to 

account for electrophoretic mobility and clearly separate the chemical and physical effects 

elicited by EF. 

 This work studies cytochrome c in aqueous solution of low ionic strength subjected to 

low DC field (0.8-1.3 V cm-1). Electrochemical reduction of the heme iron, and unfolding of 

tertiary and secondary structures have been systematically probed by using appropriate 

spectroscopic markers. Within ~90 min of application of the steady field, the protein unfolds 

to produce amorphous aggregates as observed in electron micrographs. Unfolding and 

amorphous aggregation as generic EF effects are documented for myoglobin and trypsin as 

well. 

 

4.2.  Experimental section 

 Experiments performed are fairly simple and totally reproducible for different proteins. 

A 7 µM aqueous solution each of commercial preparations of cytochrome c (pH 5.8) 
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myoglobin (pH 7), and trypsin (pH 8) buffered with 20 mM sodium phosphate was placed in a 

1-cm quartz cuvette, two opposite faces of which contained platinum meshes acting as 

electrodes. Homogenous electric field throughout the solution was obtained from a DC supply 

monitored by an oscilloscope. The cuvette was positioned in the sample chamber of 

spectrometers for optical absorption, fluorescence, CD, IR, and light scattering measurements 

at 25 °C. The placement of the electrodes was calibrated so as not to obstruct the light beams 

in spectrometers. Samples for SEM were obtained by re-suspending the protein solution at the 

end of each set of optical measurement. Gold coated samples were imaged in a ZEISS Ultra 55 

FESEM instrument operating at 30 kV. 

 

 

4.3.  Results and discussion 

4.3.1 Protein mobility in low electric field.  

 The instantaneous velocity of the protein molecule of mass 𝑚 in the presence of an 

external electric field E is given by the Langevin equation 

−𝑚𝛾𝑣 + 𝑅 + 𝑓 = 0,          (1) 

in which 𝛾 in the drag-force term is the friction coefficient, 𝑅 is the random force due to protein-

solvent collisions, and 𝑓 is the external force arising from the electric field. The external force 

can be separated into 𝑓� and 𝑓�4�7^8�347, which are the forces arising directly from the electric 

field and the counterion cloud. The inertial force has been neglected in the Langevin equation. 

Using the Stokes formula 

𝑚𝛾 = 6𝜋𝑟,𝜂,           (2) 

where 𝑟, is the radius of gyration of the protein and 𝜂 is the viscosity of the solution, the 

Langevin equation reads 

−6𝜋𝑟,𝜂
+�
+�
+ 𝑅 + 𝑓E + 𝑓counterion = 0.       (3) 



85	
	

 The solution for the velocity of the fluid v(r) at a distance r from the center of the protein 

typically starts with the steady-state Navier-Stokes equation containing the Laplace operator 

−𝜂∇Qv r + ∇𝑝 r = 𝜌 r E r ,        (4) 

where 𝑝 is pressure, 𝜌 is the ion charge density outside the protein, and E r  is the electric field 

on the protein surface. Since the velocity is considered only along the laboratory (space) 𝑥-

axis, the magnitude of the electric field can be taken as 𝐸� (=𝐸𝑥). The Hückel solution26 for 

the mean velocity of the protein is 

6𝜋𝑟,𝜂
+�
+�

= 𝑄𝐸 − ���
(Ph���)

𝑄𝐸,        (5) 

in which 𝑄 is the protein charge and 𝜅 is the screening parameter (inverse Debye length) 

𝜅 = Q�-�A
� Bu

× 𝐼,          (6) 

where 𝑒 is the charge on a proton, 𝑁A is Avogadro’s constant, 𝜀 is the dielectric constant of the 

medium, and 𝐼 is ionic strength. Under our experimental conditions of 20 mM sodium 

phosphate aqueous buffer, pH 5.8, 298 K, the numerical value of 𝜅 is ~0.49 nm-1. 

 In Hückel’s derivation of the ion velocity,26 the first and second terms on the right-hand 

side of Eq. 5 arise from 𝑓� and 𝑓�4�7^8�347, respectively. The quantity 𝑄𝐸 is the familiar Stark 

Hamiltonian used to describe steady-state electric field perturbation of atomic and molecular 

energy levels. In the present case, however, the effect of protein-counterion dynamics that 

produces a net electric field needs a mention. This is realized when the two terms are combined 

to obtain 

+�
+�

= §
¨©��ª

«
(Ph���)

,          (7) 

where 𝑄/(1 + 𝜅𝑟,) is often called 𝑄eff,27,28 whose smallness with respect to the actual 𝑄 will 

depend on both the size of the protein and the Debye length. This expression formally predicts 

the electrophoretic mobility of a globular (spherical) protein in the presence of an equilibrium 

electric potential, even though a slight improvement on the Hückel result is made by including 
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in the numerator a factor called Henry correction function 𝑋P(𝜅𝑟,) tabulated in literature.29  

 The electrophoretic velocity of cytochrome c under conditions employed in this study is 

~1.2 mm h-1 when 𝐸=1.3 V cm-1, which is expected to be lowered substantially by the much 

faster relaxation of the counterion cloud. Hence, electrode deposition of the protein migrating 

from the bulk solution in a few hours should not be large. Moreover, apart from the presence 

of the electric potential gradient, the interaction of ion atmospheres with protein charges should 

lower the chemical potential of the latter, thus lowering its free energy relative to its uncharged 

state. These considerations suggest that low potential gradient of the order applied here is not 

detrimental to structure and conformation of the protein in solution. 

 

4.3.2. Reduction of cytochrome c in electric field.  

In addition to the normal electrophoretic mobility, reactions innate to electrochemistry will be 

observed; the most obvious one for cytochrome c is the reduction of the heme iron. The redox 

reaction 

cytochrome c FeSh + e- ⇌ cytochrome c FeQh 

 

is characterized by the standard redox potential 𝐸o~ + 263	mV with respect to the standard 

hydrogen electrode,30 implying moderately high affinity of the oxidized iron for electron. 

Reduction of the heme iron in the applied field of 1.3 V cm*P is shown in Figure 1. The 409-

to-412 nm red-shift of the heme Soret band (p®p*), and the appearance of much weaker Q 

bands (p®p*) at 549 nm due to configurational interaction between a1u®eg and a2u®eg and at 

521 nm which is vibronic,31 indicates reduction of cytochrome c (Figure 1a). The single-

exponential rise of the 412-nm absorbance with time provides a reduction time tred ~ 27 min 

(Figure 1b), which is expected to be smaller with higher magnitude of the electric field (current 

density). 
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Figure 1. (a) Time-base absorption spectrum of cytochrome c depicting reduction of the heme 

iron (Fe3+ ® Fe2+) by red-shift of the Soret band from the initial 409 nm, and the appearance 

of the Q band at 549 nm. (b) The absorption at 412 nm increases apparently exponentially with 

a time constant of ~ 27 min.    

 

The heme reduction increases the energetic stability of the native protein,32 arising from Gibbs 

free energy of electrochemical reduction (∆𝐺 = −𝑛𝐹𝐸o~ − 5.9	kcal	mol*P) and the relief of 

losing a +ve charge (Fe3+®Fe2+) from the low dielectric protein interior. This result also 

suggests that the protein in the electric field gradient should migrate electrophoretically without 

any perturbation to its structure and conformation. Interestingly and to the contrary of these 

indications, the protein undergoes slow denaturation losing both tertiary and secondary 

structures, the time taken for which varies with the magnitude of the applied electric field. In 

this following, we produce some basic experimental results that establish a high degree of 
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protein denaturation by the same field of 1.3 V cm-1. 

 

4.3.3. Unfolding of tertiary structure.  

  Figure 2 shows real-time unfolding of tertiary structure monitored by fluorescence 

signals of tyrosine (Tyr) and tryptophan (Trp), the former undergoing a 310®299 nm shift of 

the emission maximum and the latter merely increasing at 386 nm from a quenched state. These 

spectral features have simple interpretations. The higher emission intensity of Tyr compared 

with that of Trp approximates the relative occurrence of the former and the latter (4:1) in the 

amino acid sequence. The 9-nm blue-shift of the Tyr emission maximum should imply 

relocation of the phenolic side chains in a nonpolar (rigid) environment of the denaturing 

protein. The Trp fluorescence at 386 nm is initially quenched when the protein is native, but 

increases with time because of tertiary structure unfolding that widens the center-to-center 

distance between the indole ring and the heme ring so that quenching of the former’s 

fluorescence due to resonance energy transfer between the two rings decreases. In fact, the 

increase of fluorescence of the lone Trp of cytochrome c is known as a distinguished marker 

of chain expansion and unfolding of tertiary structure.33 Thus we have the results for kinetic 

unfolding of tertiary structure in 1.3 V cm-1 electric field (Figure 2c,d). The rate constant for 

unfolding obtained from Tyr fluorescence (k = 0.068 min-1) is nearly two-fold higher than that 

yielded by Trp fluorescence (k = 0.037 min-1). 
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Figure 2. Changes in the 

fluorescence spectrum of 

cytochrome c with the time of 

application of the electric field. (a) 

Blue-shift (310®299 nm) of Tyr 

emission, (b) increase in the 

emission of Trp fluorescence at 386 

nm due to a lift of quenching, (c) 

time-base Tyr emission at 299-nm, 

and (d) time-base lift of quenching of 

Trp emission at 386 nm. 

 

 

 The tertiary structure unfolding monitored by steady-state IR bands under identical 

conditions provides similar result; the bands centered at 1213 and 1365 cm-1, both assigned to 

indole n (CC), and 1740 cm-1 assigned to Asp/Glu n (C=O)34 give an apparent unfolding rate 

constants in the range 0.043 to 0.062 min-1 (Figure 3). Protein folding literature considers such 

probe-dependent rate constant as a hallmark of multistate kinetics involving multiple transition 

states, generally observed in slow folding and unfolding processes often limited by proline 

isomerization and chain misconfiguration that act as kinetic traps.35,36 Proline isomerization 

and heme-misligation implicated in the folding of cytochrome c37 are not expected to occur 

here because of accompanying reduction of the heme iron by the electric field. We thought it 

could be a change in the distribution of side chain charges in response to the external electric 
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field that produces a variation in the rate of unfolding of different parts of the tertiary structure. 

The applied potential can be thought to polarize the intra-protein charges akin to charging a 

capacitor, even though large separation of charges in the protein will be hindered by limited 

flexibility of covalently bonded side chains. Substantial charge separation is possible only 

when the stiffness of the covalent bond is reduced to an extent that the protein mechanically 

unfolds. The charge distribution at best is perturbed by the potential gradient, leading to a 

variation in the unfolding speed of different regions of tertiary structure. 

 

 

Figure 3. Changes with time in the IR 

absorption of indole n (CC), and Asp/Glu n 

(C=O) of cytochrome c. (a) Relevant region 

of the convoluted spectrum, and (b) time-

base absorption intensity at 1213 (red), 

1365 (black), and 1740 (green) cm-1. 

 

 

 

 

 

 

4.3.4.  Unfolding of secondary structure.  

  Figure 4a shows the changes in the far-UV CD spectrum of cytochrome c at the indicated 

time intervals after placing the protein solution in the electric field, suggesting plainly the 

melting of secondary structure with time. Single wavelength absorbance at 207 and 222 nm 
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were taken without averaging the individual points up to ~110 minutes of subjecting the protein 

solution to potential gradient (Figure 4b). For simplicity, the CD signals are assumed to 

disappear by a single exponential; the possibility of occurrence of stretched or multi 

exponential kinetics is not verified because of low resolution of data. The estimated rate 

constant (10% error) for secondary structure unfolding is 0.009 cm-1, which is at least four-

fold smaller than the range of rate constants measured for tertiary structure unfolding. Clearly, 

the results present a sequential unfolding process with multiple intermediates, eventually losing 

the secondary structure entirely (Figure 4c). 

 

Figure 4. (a) Changes in the far-UV CD 

spectrum at the indicated times after the field 

(1.3 V cm-1) application; (b) Ellipticity at 

222- and 207 nm with time; (c) The helix 

content decreases to zero in ~100 min.  

 

 

The preceded loss of tertiary structure is not 

the reason for unfolding of secondary 

structure; there is no theory that relates the 

occurrence of the latter at the expense of the 

former, although the interplay between the two determines the cooperativity of folding.38 To 

interpret the present results obtained without the use of chemical denaturants, one can invoke 

the mechanics of motion of secondary structure elements under the influence of the external 

field. If the field is flat over the charge distribution in an element, a helix for example, the 

magnitude of the helix dipole moment 𝜇 is obtained as the integral of the charge distribution. 

Wavelength (nm)
200 220 240 260

q 
(m

de
g)

-20

-15

-10

-5

0

5

a

t (min)
0 60 120

q 2
22

, 2
07

 n
m

 

-20

-15

-10

-5

0

0 60 120

%
 H

el
ix

0

20

40

60

80

100
cb

95 min
71
62
32
0



92	
	

The electrical potential energy of the helix is the work done to rotate the helix dipole by an 

angle 𝜃 with reference to an initial value. The energy is first order with respect to 𝜇 and 𝐸, i.e, 

to the first power of (𝜇𝐸). If the field direction is taken along the space 𝑥-axis the potential 

energy will be  

 

𝑈 = −𝜇�𝐸�cos	𝜃,          (8) 

 

and because the field gradient 𝜕𝐸/𝜕𝑥 exists, the force experienced by the helix dipole along 𝑥 

is 𝐹� = 𝜕𝑈/𝜕𝑥. The helices thus tend to align with the electric field. A 15-residue 𝛼-helical 

segment having a dipole of ~70 D when placed in a field of 1.3 V cm-1 experiences a force of 

~3´10-23 N to rotate the helix mass of ~0.2´10-23 kg. The reoriented alignment of the dipoles 

is adverse to structure folding, because the electrostatic energy of the protein is highly sensitive 

to the relative orientation of peptide dipoles in 𝛼-helix and 𝛽-sheet,39 causing the loss of 

secondary structure. This proposition also states that electric field induced mechanical 

unfolding can be qualitatively understood with classical mechanics, unlike chemical 

denaturation in which denaturants bind to multifunctional protein groups to disrupt hydrogen 

bonding and hydrophobic interactions. 

 

4.3.5.  Double perturbation by electric field and chemical denaturants.  

  To further qualify the electric field gradient as an effective physical denaturant, a double 

perturbation experiment was performed in which cytochrome c already denatured variably by 

the use of different levels of the non-ionic chemical denaturant urea was subjected to electric 

field. Double perturbation experiments are widely used to study thermodynamics and kinetics 

of protein unfolding,40 but the objective here is only to check if the two unfolding agents 

produce a cumulative effect so as to project the electric field as a physical denaturant. The field 
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is expected to reduce the effective level of a chemical denaturant required to perturb the 

structure. 

 

Figure 5. The pre-transition baseline 

region (large symbols) in the urea-induced 

unfolding of cytochrome c at 25°C, 20 mM 

sodium phosphate, pH 5.8. The solid line 

through data is drawn according to a two-

state (N « U) transition.  

 

 To look into the double perturbation effect, we first develop the denaturation isotherm of 

cytochrome c with the non-ionic chemical denaturant urea. The pre-transition baseline of the 

isotherm extends up to ~5 M urea (Figure 5), and the changes in the properties of native and 

unfolded ensembles in this baseline region generally remain silent to common spectroscopic 

probes, including fluorescence and CD. Cytochrome c samples prepared in variable urea (0.5, 

1.0, 2.0, 3.0, and 4.0 M) that correspond to the pre-transition baseline were probed for their 

response to a fixed field of 1.3 V cm-1 by monitoring fluorescence spectra with time (Figure 

6a).  
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Figure 6. (a) Effect of 1.3 V cm-1 field on the 

emission spectra of cytochrome c predenatuerd 

with the indicated levels of urea. The dotted line 

at 430 nm indicates Trp fluorescence that 

marginally increases with urea, but decrease 

with time of field application. The dotted line at 

309 nm indicates Tyr fluorescence that blue-

shifts under the influence of the field. (b) Time 

dependence of Tyr fluorescence at 299 nm for 

the protein predenatured in 0.5 (black), 1.0 (red), 

2.0 (yellow), 3.0 (cyan), and 4.0 (gray) M urea.  

 

 

As discussed already, the spectrum is dominated 

by Tyr fluorescence characterized by a shift of 

the native-state emission peak at 309 nm to the 

unfolded-state peak at 299 nm, the former tending to disappear with increasing urea-induced 

destabilization. The broad tryptophan emission peak centered at ~340 nm is absent or strongly 

quenched at low urea (0.5 and 1.0 M) because of resonance energy transfer with the heme, but 

turns fluorescent as the indole-heme distance increases due to denaturation by higher urea 

(Figure 6a). 

 
 The time course of the 299-nm fluorescence intensity in the presence of the electric field 

shows tertiary structure unfolding (Figure 6b). The traces should be exponential in general; the 

field-induced rate of unfolding is faster with urea that has already perturbed the structure. The 
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amplitude however rolls over at higher levels of urea, the turning point being shorter in time. 

This brings us to another interesting property of electric field-unfolded protein. We have 

consistently observed in all experiments, even in those where no urea was used, that the protein 

begins to aggregate and precipitate as soon as electric field unfolding was complete. In the 

present double perturbation results (Figure 6b), the rollover amplitude arise from fluorescence 

of the aggregating unfolded species. Clearly, the side-chain fluorophores in the aggregating 

protein are relocated so as to quench their fluorescence. To summarize this section, electric 

field is a physical denaturant, the rate of unfolding by which increases with decreasing stability 

of the protein. The aggregation must be a characteristic of electric field unfolding, because 

chemically unfolded cytochrome c is not known to aggregate.33,41-44 

 

4.3.6.  Kinetics of unfolded-state aggregation.  

  Aggregation of the unfolded protein was probed by including the aggregate-staining dye 

ThT commonly used to study kinetics of protein fibrillation.45,46 The protein solution 

containing ~25 µM ThT was subjected to electric field, and time-base emission of the dye was 

taken at 478 nm (Figure 7a). The fluorescence remains unchanged up to ~ 2 h with a potential 

gradient of 0.28 V cm-1, suggesting that the protein has not unfolded yet. The unfolding at 

higher electric field is accompanied by aggregation without a lag phase; the apparent lag phase 

is expected to disappear as the field strength is made higher. The formation of aggregates was 

also studied by 350-nm light scattering in the presence of electric field (Figure 7b). Here again, 

fluorescence changes little up to ~ 2 h with 0.28 V cm-1, but the emission increases and reaches 

the steady-state in ~80 min after passing 0.8 or 1.3 V cm-1. Clearly, the apparent lag phase will 

shorten increasingly with higher field strength. 
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Figure 7. (a) Time-base fluorescence of ThT 

included in the cytochrome c solution and 

subjected to indicated electric fields. (b) Time 

dependence of 350-nm static light scattering of 

cytochrome c subjected to the fields indicated. 

 

 

The lack of a lag time in the kinetics of ThT 

fluorescence and light scattering suggests 

amorphous aggregation of the unfolded 

proteins, the kinetics of which is field dependent. The absence of the lag phase is taken as a 

hallmark of the formation of nucleation-independent glass-like amorphous assemblies that are 

different from nucleation-dependent ordered crystalline amyloid that are ordered and highly 

structured. The possibility that a part of the population of amorphous fibrils is reconfigured at 

later times to produce rigid amyloid fibers also exists,47 in which case the total fibril population 

will be represented by both amorphous and crystalline aggregates. To check if such is the case, 

the unfolded protein solution containing the precipitated aggregates was stirred and the re-

suspended aggregates were viewed by SEM. The morphology in the micrograph (Figure 8a) 

shows variable-size smaller aggregates held on to larger ones. Most of the former that could be 

as small as ~100 nm appear as protruded overhangs, which produce more secondary electrons 

so as to appear brighter than the latter in the SEM image. Several smaller aggregates coming 

together for attachment are also visible, possibly leading to the formation of larger mass of 

aggregates. The zoom out of the micrograph shows an irregular mesh formed of the aggregates 

with varying dimensions of interstitial voids (Figure 8b), the origin of which - whether intrinsic 
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or an effect due to the electron beam of the microscope, remains uncertain. The mode(s) of 

interaction in the aggregate network has not been studied in this work, but the asymmetry in 

the attachment of the smaller proto-aggregates suggests that they interact by hydrophobic or 

dispersion forces rather than electrostatic interactions. 

 

Figure 8. (a) Morphology of cytochrome c aggregates formed due to unfolding by 1.3 V cm-1  

electric field. (b and c) Zoom outs showing irregular mesh-like morphology of the aggregates 

with interstitial voids of varying dimension. 

 

 

4.3.7.  All proteins should unfold in electric field.  

  If the results produced for cytochrome c are considered prototypical, similar effects of 

electric field on the structure and conformation of other proteins should also be established. 

We examined half a dozen globular proteins to find that all follow the same suit. Briefly 

presented in Figure 9 are results for two of these proteins. The tertiary structure perturbation 

of myoglobin and trypsin were monitored by fluorescence up to ~90 min after the application 

of the same potential of 1.3 V cm-1 (Figure 9). For myoglobin at pH 7 (charge +4.8) Trp 

fluorescence quenches and Tyr fluorescence increases. Similarly, the Trp fluorescence of 

trypsin (pH 8, charge -2.0) starts out with an initial steady-state baseline extending to ~20 min 

and then quenches by apparently exponential courses to reach the final steady state in ~ 1 h. 

100 nm 200 nm 2 µm

a b c
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The apparent exponential nature of signal changes for both proteins is a sign of tertiary structure 

unfolding. Note that the observed changes in fluorescence, whether quenched or increased, 

with electric field need not be consistent with protein specific canonical changes for chemical 

or thermal unfolding. The SEM images of the unfolded proteins (Figure 9) show aggregates 

similar to those observed for cytochrome c above (Figure 8b). 

 

 

Figure 8. Unfolding and amorphous aggregation of myoglobin (top row), and trypsin (bottom 

row). The middle panel of the myoglobin row shows emission intensity at 337 (gray) and 300 

(black) nm.  

At this stage, we believe that unfolding and amorphous aggregation is a generic EF 

effect expected for other protein systems as well. We simply mention that this pathway leading 

to amorphous aggregation is likely to be in competition with another process of nucleation-

dependent crystalline aggregation arising from the concentration gradient across the electrodes 

established by electrophoresis.  In such a case, one expects to find both amorphous and 

crystalline aggregates, a full-fledged description of which along with experimental proof is 

being worked out.    
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CHAPTER 5 

 

Protein Crystallization in Very Weak DC Electric Field 

 

Abstract 

How electric field (EF) assists in crystal growth has been difficult to describe uniformly. Many 

factors concerning the amplitude, frequency, and waveform of the field, gating and duration of 

field application, the requirement of auxiliary physical agents such as high magnetic field and 

pulsed radiation, and geometric confinement of the protein solution have made the process 

seemingly complex. This report describes EF-aided crystallization of a batch of five commercially 

available globular proteins from their respective 7 µM solutions uniformly applying a 1.3 V cm-1 

DC field for ~90 min. The crystals have been imaged and shown to diffract. The field mechanically 

unfolds the protein facilitating amorphous aggregation, which is a ‘dense’ state of unfolded 

molecules. Upon withdrawal of EF, some molecules undergo slow refolding to the native (N) or 

quasi-native (QN) ‘dense’ states still attached to the amorphous substratum. The reduced surface 

tension of the dense refolded states lowers the Gibbs free energy barrier for nucleation. Nucleation 

from heterogeneous patches of refolded dense states on the substratum produces size distribution 

in the crystal population. It is shown that EF-assisted crystallization is an exceedingly easy and 

enjoyable experiment, requiring nothing special about apparatus and accessories, solution 

conditions, protein concentration, and experimental methods. Crystals can be grown in very weak 

DC field. The use of strong field, oscillating field in particular, in conjunction with auxiliary 

physical agents is redundant. 
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5.1. Introduction 

 Stark effect, in which the external electric field E exerts torques on a molecular electric 

dipole µ to change its rotational motion, is energy perturbation that has played enormous role in 

the understanding of diatomic and small-molecule spectra.1-3 The dipole rotation effect is however 

adverse to the conformation, structure, and functions of proteins and enzymes. Since proteins are 

investigated in aqueous solutions, the description of continuous EF perturbation must also account 

for electrochemical effects, including electrophoresis, charge separation and reduction, and 

entropic and polarization effects on the surrounding water molecules. While persistent efforts are 

underway to coherently describe the EF effect on structure and activity of proteins and enzymes,2 

the assistance of an external EF in the nucleation and tuned growth of better quality protein crystals 

has also been increasingly recognized for two decades now.4-9 

 In EF-assisted crystallization, the protein solution is subjected to an electrical potential with 

the electrodes immersed in the solution (internal EF) or without electrode-solution contact 

(external EF), and the molecular-level surface changes and crystal growth are visualized by atomic 

force microscopy or contrast-enhanced laser confocal microscopy.10 Both static current (DC) 

ranging from ~0.5 to 6 𝜇A or field strength in the 4.0´106 - 2.0´107 V m-1 range11 and AC fields 

as high as 104 V cm-1 oscillating at ~2-9 MHz have been employed to promote 

crystallization.8,12,13. In advanced methods, hen egg white lysozyme (HEWL) crystal growth was 

facilitated by employing DC current in conjunction with high magnetic fields of the order of 16.5 

T.14 The approach was made even more sophisticated by combining a low frequency AC field with 

an external magnetic field and sub-microsecond radiofrequency pulses.15 The duration of 

subjecting the protein solution to the EF, from a few to ~10 or more hours or even days, appears 

to depend on the applied current strength and the protein system studied; for example, cytochrome 

c crystals have been grown by passing 0.8 𝜇A current through the solution for 15 days.16 
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 The brief survey above seems to indicate that the extent of EF assistance reachable is 

dependent on a myriad of factors, including the amplitude and frequency of the field, the time 

duration of imposing the field, spatial and geometric constraints on the protein solution subjected 

to the field, temperature and ionic strength of the solution, and the presence of other external agents 

like magnetic field and radiation pulses. The experimenter still looks for an optimum solution 

condition, an optimized apparatus, and appropriate field parameters that would deliver most in 

crystal growth. It appears as though the performance of a ‘black magic’ trick of crystallization is 

not dispensed with even if the assistance of EF is sought. This is probably the reason for the lack 

of a sizable set of proteins crystalized with EF assistance. Most of the EF-promoted crystallization 

has been described using HEWL, with fewer sporadic reports on insulin, BPTI, thaumatin,17 

cytochrome c, and estradiol 17 b-dehydrogenase.8 Furthermore, because protein concentration 

used in all of these reported EF-aided crystallization is typically in the 1-4 mM range, which is the 

standard usage in classical protein crystallization methods, the EF assistance so far has not 

mitigated the concentration requirement either. 

 One can then ask questions. Is there a demonstrable principle of EF-assisted crystallization? 

Is it necessary to subject the protein solution to EF for hours or even days to induce nucleation? If 

there is a principle, then a prescribed set of EF parameters and solution conditions can be applied 

uniformly to different proteins for inducing crystal growth. Contemplating on these, we developed 

a set of common minimal conditions, 1.3 V cm-1 DC applied for ~90 min through a 7 µM protein 

solution, to crystalize five commercially available globular proteins.  
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5.2.  Experimental section 

 Platinum wire mesh electrodes were attached to the inside surfaces across a 1-cm path length 

quartz cuvette containing the protein solution. This mode of subjecting the solution to the electric 

field in which the electrodes are in contact with the solution is called internal EF application. The 

positioning of the electrodes did not block the light beam in and out of the cuvette. The electrodes 

were connected to a DC supply regulated at 1.3 V and monitored with an oscilloscope. An online 

Jasco FP-8300 fluorometer, whose cuvette chamber was slightly modified to accommodate the EF 

supply accessories and time-gated data acquisition, was used to take fluorescence spectra 

(excitation 280 nm). 

 Infrared spectra in the 400-4000 cm-1 spectral width were recorded using a Nicolet iS5 

attenuated total reflection infrared (ATR-IR) instrument. The protein solution already subjected to 

offline EF (1.3 V cm-1) was periodically removed in aliquot of ~75 µL to be deposited on the ATR 

plate for spectral measurement with the assumption that no major structural change occurs during 

the time (~2 min) of the spectrum measurement. Each sample measurement accompanied the 

measurement of a background spectrum of the buffer on the ATR plate. The background spectrum 

was subtracted from the corresponding sample spectrum, and the resultant spectrum was subjected 

to a running average or median smoother. The number of overlapping (degenerate) frequencies of 

secondary structure elements were located and assigned by deconvolution of the amide I band by 

curve fitting and second derivative methods.18,19  

 Gold coated samples were used for FESEM images taken in a ZEISS Ultra 55 instrument 

with a 3 kV electron beam. For TEM, samples were deposited on copper grids, treated with 2 mM 

uranyl acetate for ~30 s, washed and dried, and imaged in a JEOL JEM-F200 instrument using a 

200 kV electron beam. The same samples were used to develop electron diffractograms by selected 

area electron diffraction in TEM. 
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 The proteins hen egg white lysozyme (HEWL), a-lactalbumin (a-LA), b-lactoglobulin (b-

LG), horse heart myoglobin (Mb), and trypsin were purchased from Sigma and used without 

further purification. The proteins and rather uniform experimental conditions are conveniently 

listed in Table 1. 

Table 1. Proteins and experimental conditions for EF-assisted crystallization 
 

 
Protein Charge Buffer Protein Buffer ionic DC Field T
   concentration strength  
HEWL +16.4 water, pH 3.8 7 µM 0 1.3 V cm-1 25°C 
 
a-LA -6.8 20 mM phosphate, 7 µM 21.9 mM 1.3 V cm-1 25°C
  pH 7 
b-LG -7.7 20 mM phosphate, 7 µM 21.9 mM 1.3 V cm-1 25°C
  pH 7 
Mb +4.8 20 mM phosphate, 7 µM 21.9 mM 1.3 V cm-1 25°C
  pH 7 
Trypsin -2.0 20 mM phosphate, 7 µM 21.9 mM 1.3 V cm-1 25°C
  pH 8 

 

 

5.3.  Results and discussion 

5.3.1. IR-probed mechanical unfolding and a-helix ® b-sheet transition in electric field.  

 The requisite for a general crystallization protocol is supersaturation of the protein, which 

when precipitated by an agent can support nucleation of protein crystals.20 Although our choice of 

7 µM protein concentration is absurdly low in the face of supersaturation, one can work with the 

idea that a dense molecular precipitate can be obtained if the protein is mechanically unfolded to 

allow for aggregation. To show that even a weak non-oscillating electric field can act as a physical 

unfolding agent, the secondary structures of all five proteins were monitored for ~90 min in the 

presence of 1.3 V cm-1  DC field. We focus in particular on amide I and II bands (Figure 1) which 
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originate from the normal modes of vibration of a-helix, b-sheet, and random coil structures.21 The 

melting of secondary structures can be assessed to a first approximation by plotting the amide I 

absorption at 1646 cm-1, characteristic of a-helix and/or parallel b-sheet. The time dependence of 

the 1646 cm-1 absorption (column 2, Figure 1) clearly indicates a fair amount of loss of secondary 

structure in ~90 min of applying the electric field. 

 To quantify the total loss of different secondary structure elements over the bin of ~ 90 min, 

we deconvoluted the amide I band at t=0 when there was no electric field and t ~ 90 min after 

switching the field on. The deconvoluted components assigned to a-helix, b-sheet, and turn are 

displayed in Figure 1, and the % change of individual structure elements are listed in Table 2, and 

graphed in Figure 2. For all five proteins, the electric field consistently reduces the amount of a-

helix and turns, the increase of the latter for trypsin is exceptional or outlying. The content of b-

sheets on the other hand increases for all proteins (Figure 2). The overwhelming increase of b-

sheet content for myoglobin, whose native state has ~80% residues in a-helical conformation, is 

an indication that the electric field generally induces a a-helix ® b-sheet deformation transition 

akin to a mechanical denaturation (unfolding) process. Since a-helix ® b-sheet transitions are 

widely known to lead to protein aggregation,22,23 the fate of our proteins under EF influence could 

also be aggregation. The observation that the protein solution becomes progressively turbid after 

~30 min of field application and precipitates at times longer suggests that electric field induces 

aggregation propensity. 
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Figure 1. Electric field effect on the IR spectra of proteins. Column 1 (a,e,i,m,q) Amide I and II 

regions of IR spectra of the indicated proteins at different times of electric field application. 

Column 2 (b,f,j,n,r) Time dependence of absorption of the corresponding proteins at 1646 cm-1. 

Column 3 (c,g,k,o,s) Deconvolution of amide I bands of corresponding proteins (connected circles) 

in the absence of electric field (t=0) to quantify absorptions due to a-helix (black), b-sheets (red), 

and turns (cyan). Column 4 (d,h,l,p,t) Deconvolution of amide I bands of the corresponding 

proteins (connected circles) after ~90 minutes of application of 1.3 V cm-1 DC field. Color codes 

of absorption bands of structural elements are identical in columns 3 and 4.       
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Table 2. Changes in band positions, absorbance, and secondary structure content induced by 

EF (1.3 V cm-1) applied for ~ 90 min. 

 
Protein Structure types Band positions in amide I (cm-1)* % change** 
  t=0 t~90 min 
HEWL a-helix 1649 (2.46´10-3) 1650 (1.62´10-3) 34 (-) 
 b-sheets 1622 (5.73´10-4) 1623 (1.10´10-3) 91 (+) 
 turn 1681 (1.52´10-3) 1682 (3.91´10-4) 74 (-) 
 
a-LA a-helix 1642 (1.45´10-3) 1650 (8.62´10-4) 40 (-) 
 b-sheets 1621 (4.32´10-4) 1621 (4.95´10-4) 41 (+) 
   1709 (1.18´10-4)  
 turn 1672 (3.99´10-4) 1670 (2.89´10-4) 27 (-) 
 
b-LG a-helix 1641 (1.44´10-3) 1647 (1.10´10-3) 24 (-) 
 b-sheets 1615 (7.20´10-4) 1614 (4.53´10-4) 14 (+) 
   1704 (3.71´10-4)  
 turn 1663 (7.32´10-4) 1665 (2.72´10-4) 62 (-) 
 
Mb a-helix 1647 (1.58´10-3) 1645 (6.34´10-4) 60 (-) 
 b-sheets 1622 (0.52´10-4) 1619 (4.72´10-4) 404 (+) 
  1709 (1.10´10-4) 1701 (3.45´10-4)  
 turn 1669 (4.51´10-4) 1660 (2.83´10-4) 37 (-)  
 
Trypsin a-helix 1657 (1.23´10-3) 1654 (6.70´10-4) 45 (-) 
 b-sheets 1634 (3.43´10-4) 1608 (4.54´10-4) 32 (+) 
 turn 1685 (0.17´10-4) 1678 (0.42´10-4) 148 (+)  
 
* Numbers within small brackets are IR absorbance values  
** (-) indicates a decrease [{Abs (0) - Abs (90 min)}/ Abs (0)]´100 
 (+) indicates an increase [{Abs (90 min) - Abs (0)}/ Abs (0)]´100 
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Figure 2. Changes in the content of a-helix (black), b-sheets (red), and turns (green) for the 

proteins indicated after ~90 minutes of applying 1.3 V cm-1 DC field. 

 

5.3.2. Loss of tertiary structure, amorphous aggregation, and crystal nucleation.  

 The loss of a-helical structure and the formation of non-native b-sheets must also be 

accompanied by disruption of tertiary structure, which is easily checked by monitoring time-base 

fluorescence emission after switching the electric field on. The two columns from left in Figure 3 

show real-time fluorescence-monitored structure unfolding induced by 1.3 V cm-1 DC supplied 

online. But for HEWL whose disulfides are less prone to electrochemical reduction because of 

lower pH, the fluorescence signals of a-LA, b-LG, Mb, and trypsin start out with an initial baseline 

extending up to ~ 25 minutes and quench abruptly thereafter, indicated by the vertical dashed line 

(Column 2, Figure 3). The onset of quenching is presaged by the appearance of solution turbidity. 

The quenching of fluorescence, which may have complex exponential or power law dependence 

on time, is the indicator of structure unfolding that leads to amorphous aggregation. Quenching 

presumably arises from increased rate of resonance energy transfer between the fluorophores and 

intramolecular quenchers due to their increasing proximity in the aggregated state. The Tyr 
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fluorescence of myoglobin however increases due to departure of the residues from the heme 

proximity. At the end of ~90 min, a dense region of insoluble aggregates appears in the bottom of 

the cuvette.  

 

Figure 3. (Column 1) Online tryptophan fluorescence spectra of the indicated proteins (7 µM) 

gated to uniform time interval after switching on 1.3 V cm-1 DC field. (Column 2)  Protein- 

respective unfolding kinetics plotted from the time-dependent fluorescence spectra. The dashed 

vertical line appearing at ~25 min indicates the onset of aggregation. Black symbols in the kinetics 

of Mb unfolding represent tyrosine fluorescence. (Column 3) SEM images of respective protein 
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aggregates developed after ~24 h of the fluorescence experiments. Hexagonal crystals of a-LA are 

shown by zooming in. (Column 4) Corresponding TEM images developed by uranyl acetate 

staining. (Column 5) Gaussian distribution of crystal size; the distribution for HEWL crystals is 

skewed. 

 

We conclude that the force on the protein dipoles by the electric field vector and the intramolecular 

charge separation lead to mechanical unfolding, leading to a-helix ® b-sheet conversion and 

assembly of the latter to form aggregates. 

 A day after, the aggregates were imaged by field emission scanning electron microscopy 

(FESEM) and transmission electron microscopy (TEM). The FESEM and TEM micrographs of all 

five proteins clearly show crystal growth from the respective amorphous forms (Figure 3). With 

residual amorphous forms still visible, one can assume that crystals have grown according to the 

scheme Native protein ® Amorphous aggregate ® Crystalline form (N®A®C). Although the 

images do not resolve the crystal forms to a very high degree, the respective forms visually 

approximated for HEWL, a-LA, b-LG, Mb, and trypsin are rhombohedral, hexagonal, 

trigonal/rhombohedral, monoclinic, and orthorhombic. The images also show crystals of different 

sizes for each protein, the continuous distribution of which plotted in the rightmost column of 

Figure 3 indicates protein specific distribution characterized by the mean size and standard 

deviation. 

 

5.3.3. Electron diffraction by the crystals. 

 Crystal growth is confirmed by selected area electron diffraction (SAED) in TEM. While 

polycrystalline diffraction pattern consisting of spots and rings is obtained for all 5 proteins (Figure 
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4a-e), the area selection was particularly better for the a-LA sample that provides the example of 

a monocrystalline diffractogram containing regular hexagonal diffraction spots (Figure 4f). In 

addition to the crystals each sample also contains a population of amorphous aggregates, an 

example of which is provided by the TEM image (Figure 4g) and the corresponding electron 

diffractogram (Figure 4h). This result suggests that the A®C transition representing nucleation 

and crystallization is a slow heterogeneous process, and complete conversion of A to C probably 

takes longer time. 

 

 

Figure 4. (a-e) ‘Spot-and-ring’ polycrystalline diffractions obtained by SAED in TEM. (f) a-LA 

single crystal hexagonal diffraction spots. (g) Amorphous aggregates in the HEWL sample 

detected by non-diffracting mode TEM. (h) Amorphous diffraction from an area of the HEWL 

grid, suggesting that complete transformation of the amorphous aggregate to crystals has not yet 

taken place. 
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5.3.6.  Gel test of protein crystals.  

 To investigate whether the crystals obtained on EF exposure of protein corresponds to the 

same protein or not, we performed a SDS PAGE test. For this we made two sets of samples 

containing all the proteins under investigation, viz. lysozyme, α −lactalbumin, β −lactoglobulin, 

myoglobin and trypsin. First set contains 7 µM protein, freshly prepared under same experimental 

conditions as mentioned in Table 1. The second set contain solutions obtained after exposing the 

protein samples (~90 min) to EF. Sample labeling was done using the first letter of the protein 

followed by set number, such that L1, A1, B1, M1, T1 and L2, A2, B2, M2, T2 corresponds to 

lysozyme, α −lactalbumin, β −lactoglobulin, myoglobin and trypsin of set 1 and 2 respectively. 

A pair of sample containing same protein from set 1 and set 2 were placed adjacent 

each other in the polyacrylamide gel as shown in Figure 5, against 10-200 kDa marker M. The 

gel was stained using Coomassie Blue R-250 to obtain the required bands. 

 

 
Figure 5. Protein spots obtained from polyacrylamide gel test of both sets of protein. M 

represents a 10-200 kDa marker. 
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It was observed that the protein bands are properly visible in the standard samples and the one 

exposed to EF. The band intensity of samples exposed to EF is slightly less than the standard 

samples, suggesting loss of some protein in formation of amorphous aggregates. Thus we can 

clearly say that the crystals obtained are protein crystals. 

 

5.3.4.  Model for EF-assisted protein crystallization.  

 The N®A®C mechanism narrated above by interpretation of the present results can be 

projected onto Vekilov’s two-state nucleation (TSN) mechanism.24 Accordingly, the less dense or 

dilute native form (N) attains a highly dense aggregated form (A), whose reduced surface tension 

should lower the Gibbs free energy barrier for transition to the crystalline phase (C). The TSN may 

be extended to multistep nucleation (MSN) to account for incomplete transformation of the 

mesophase aggregates to the crystalline phase at times longer. 

 The apparent difficulty here is to identify the structure of molecules in the mesoscopic phase 

A after the electric field is withdrawn, whether native (N), quasi-native (QN) or native-like 

conformations, or highly disordered (D) structure, or fibrillar cross-b structures. Formation of all 

these types of structures in protein aggregates is possible,25,26 but the option of fibrillar structures 

can be eliminated right away because protein crystals will not nucleate from cross-b forms, nor did 

we observe them in electron micrographs. To account for the presence of crystals and amorphous 

forms in the electron microscopic images (Figures 3,4), we state that the confined molecules in the 

aggregated form are thermodynamically unstable and remain unfolded during the whole time that 

the EF is on. The molecules however tend to refold within the mesoscopic phase when the field is 

withdrawn. The refolded N or QN population still hangs onto the amorphous solid, maintaining 

the high population density (‘dense liquid’) required to serve as nucleation precursors. In this 

model, the amorphous solid is the substratum onto which crystals of N or QN molecules nucleate, 
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initially as spherical crystallites that gradually transform into larger crystals. The amorphous 

population which is slow to nucleate or fails to do so still appears in the mesophase. This 

mechanism narrated by interpretation of the present results to account for incomplete 

transformation of the mesophase aggregates to the crystalline phase at longer times is consistent 

with the MSN model. 

 

 5.3.5.  Strong electric field is redundant for crystallization.  

 The central idea we convey here is the requirement to mechanically unfold the protein in 

order to generate the obligate amorphous aggregates, which will at least partly refold to N or QN 

states after the removal of the EF. The ‘dense N/QN state’ undergoes nucleation over a period of 

time. We also underscore that the task of mechanical unfolding in order to create the amorphous 

aggregates can be achieved using a static field as weak as ~1 V cm-1 where the first-order 

interaction energy of the dipole of a protein molecule the size of Mb (𝜇~240 D) is 𝜇𝐸~8×10-26 J, 

which is sufficient to unfold the molecule. The unfolded molecules and the resultant aggregates 

largely stay in the solution because the mean electrophoretic velocity calculated by the Hückel 

solution of the Navier-Stokes equation is ~1 mm h-1, allowing nucleation to occur in the solution. 

Very strong field, oscillating field in particular, introduces anomalous symmetry and 

electrophoretic effects because of a large increase in Wien conductance, in which case crystals 

may occasionally be observed attached to the electrode.15 High-frequency AC field may actually 

decrease the crystal growth rate.7 We find redundancy of strong field for protein crystallization, 

even though theoretical and experimental evidences suggest that large-magnitude DC field can 

induce nucleation of small molecules.27,28  
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CHAPTER 6 

 

Conclusion and Future Prospects 

6.1. Overview of the present work and future prospects 

Here, the findings of the thesis study along with future prospects are summarized. The thesis is 

mainly divided in two parts that discusses about the effects of surfactants, particularly SDS and 

the effect of weak electric field on protein structure, conformation and function. These 

conformational and structural changes occur via transitions through mesophases, which is the 

central idea of the thesis.  

 It was crucial to look at the process by which SDS self-associates to form a micelle in order 

to better comprehend protein-SDS interaction. Interestingly we found the existence of small 

premicellar aggregates of SDS below CMC. The step-wise self-association process of micellization 

consistently showed linear variation of weight average molecular weights of micelles having 

aggregation number in the limit of ~60. As a result, we looked at how SDS affected protein 

structure and conformation below CMC. The study found that all generic structural changes of 

proteins occur completely within submicellar limit of SDS. Additionally, a connection between 

protein charge and protein fibrillation has been found. 

 The second part discusses how weak EF affects the structure, conformation, and function of 

proteins. EF can mechanically unfold the protein, causing a partial loss of secondary and tertiary 

structures. Charge separation upon unfolding produces electrostatic interaction within the protein 

molecules, leading to their aggregation. The majority of these aggregates stay suspended in the 

solutions where they gradually crystallize. This electric field-induced crystallization was observed 

for half a dozen proteins and is expected to be a generic property. The weak EF-induced 



123	
	

crystallization of micromolar concentrations of substances in the absence of any auxiliary chemical 

or physical agents holds great promise in the crystallization of a variety of molecules spanning the 

sizes of CdS to proteins through amino acids. 
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