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Chapterl

Introduction



1.1 History of surfactants

Soaps and detergents have been used for centuries. PartjdhkaHistory of soaps
traces back to the Babylonians, who created soap by combining fat or cassia oil with alkali
substances such as ash. The ancient Greeks and Romans around the early centuries AD usec
soap for personal cleanliness and bathing. In 1878, two German chereistsciHZoellner
and Otto Roelen, developed the first successful synthetic detergent calledNlekell916,
Procter & Gamble introduced the first commercial synthetic detergent, Dreft. In the following
decades, there was a significant increase in the use of surfactants. Further, to thgprove
detergentScleaning ability, the companies focused on enzpased detergeni®]. Otto Rohm
conducted the first enzyrmntaining detergent experiment in Germany in 1913 by adding
trypsin extracted from a pig pancreas. However, trypsin had poor stability and activity in the
presence of the detergdBi. This led to the foundation and exploration of protsimfactant
interactions and strategies to increase enzyme activity and stability. Novo Nordisk, a Danish
pharmaceutical company, developed and launched an alcalatsening detergent in 1953.

The main purpose of alcalase was to clean blepthttered laundry in hospitals and
slaughterhouses. This enzyme had sufficient activity in the presence of detergents. The
resistance of alcalase to sodium dodecyl sulphate (SDoS) provided insight into tbesielati
between unfolding and activity in the presence of surfactants, highlighting the significance of
studying proteirsurfactant interaction§4].

Surfactants are widely used in laboratory applications for various purposes. They assist
in cell lysis, extraction of nucleic materials, and in enabling downstream molecular biology
processef5]. They also play a role in facilitating protein refolding from inclusion bodies and
are essential for the extraction of membrane prof@hsSurfactants are utilized in sodium
dodecyl sulfatgolyacrylamide gel electrophoresis (SPBGE) for protein size determination
[7]. In enzymeinked immunosorbent assays (ELISA), surfactants help to reduecspamific
binding and improve assay specifici8}. Additionally, they are employed to solubilize water
insoluble dyesenabling their use in various applicatid@$. Surfactants are key components
in household and industrial producssich as surface disinfectants and personal care products
[10]. In pharmaceutical industries, surfactants are used to enhance drug sphérifitgability
[11], absorption, and delivery. They also stabilize drug formulations by reducing aggregation.

Surfactants act as emulsifiers and stabilizerdhim food industry improving the
consistency and texture of products while enhancing aromaflamdur. For example,
polysorbates, also known as tweens, along with glycerides and sucrose esters, are commonly

used to stabilize oilvater mixtures in food products. In nanotechnology, surfactants are critical
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for synthesizing, stabilizing, and characterizing nanomaterials, nanoemulsions, biosensors, and
bioimaging tools. Surfactants prevent aggregation, control particle size and shape, enhance
dispersion and solubility, and assist in sseEembly processes. &wrples of surfactants used

in nanoscience include sodium dodecyl sulphate (SDoS), hexadecyl trimethylammonium
bromide (HTAB), polyethylene glycol (PEG), and Tritor1R0[12][13][14][15] .Surfactants

are employed in wastewater treatment to reduce water surface tension, facilitating the
separation of water and oil. They enhance flocculation and coagulation, remove suspended solid
particles, and emulsify hydrophobic pollutants for easig¢raetion. Additionally, they can
remove heavy metals through adsorptjp6][17][18]. Surfactants are also used as flotation
agents, and in electronic printing, magnetic recording, microelectronics, and viral research,

highlighting their versatility across industrig®].
1.2 Types of surfactants

Surfactants are surfa@etive agents that reduce the interfacial tension between two
phases by acting at the interfa¢2@]. Surfactants are amphiphilic molecules with a lyophilic
head and a lyophobic tail. The head part can be either positively or negatively charged, and it
is mostly an alkyl chain that makes up the tail. Surfactants can be categorized according to their
ionic charge ag21], (i) anionic surfactants: have a negatively charged head group, e.g., sodium
dodecyl sulphate (i) cationic surfactants: have a positively charged head group, e.g.,
cetyltrimethylammonium bromide, (iii) neienic surfactants: have a polar head group, e.g.,
lauryl alcohol ethoxylate, and (iv) amphoteric surfactants: have both negative and positive
functional groups, e.g., cocamidopropy! betaiferther, based on the hydrophilipophilic
balance, surfactants can be categorized as (i) hydrophilic smtidtave a high hydrophitic
lipophilic balance, e.g., oleyl cetyl alcohol, (ii) hydrophobic surfactants: have a low
hydrophiliclipophilic balance, e.g., palmitic acid, and (iii) amphiphilic surfactants: have an

intermediate hydrophilidipophilic balancee.g., sorbitan monooledi22,23].
1.3 The two forms of surfactants

Surfactants can exist in two distinct forms, monomer and micellar, depending on their
concentration. At low concentratigngn aqueous media, surfactant molecules exist as
monomers. However, at higher concentrations, the surfactant molecules undeagsesalbly
to form micelles, wherein the hydrophobic tail is oriented inward and the polar head outward
[21][24]. The minimum concentration at which this sedsembly occurs is calleéde critical
micelle concentration (CMC). The number of surfactant molecules in a micelle is influenced

by the experimental conditionsuch as pH, temperature, and ionic strength. The interaction of
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surfactants with proteins differs significantly between these two fi26js Additionally, the
presence of protein affectse micelle formation, which depends on the surface charge and

interacting residues on the prot¢?6].
1.4 Protein-surfactant interaction

Proteinsurfactant interactions can be broadly categorized into two types. At monomeric
concentrations, the charged head groups of surfactants interact with charged and polar amino
acids of proteins such as glutamic acid, aspartic acid, arginine, lysihestidine, through
electrostatic interactions. These are the strongest interactions observed between proteins and
surfactants and are reported to be exothef@id. Consequently, proteins undergo mild
denaturation. At micellar concentrations, hydrophobic interactions predonjiz@teThis
occurs between the hydrophobic tail group of surfactants and thpatemamino acids such
as valine, leucine, and phenylalanine. Compared to electrostatic interactions, it is generally
weaker. The formation of micelles around the protein surfagelly results in the unfolding
of proteins. Different models have been propogedxplainthe interaction of surfactant

micelles around a protein.
1.5. Proteinsurfactant interaction models
1.5.1Binding isotherm model

The binding isotherm model elucidates the interaction between surfactants and proteins,
demonstrating how the number of surfactants bound to a protein varies as the concentration of
free surfactants ithe solution increases. The isotherms frequently exhibit distinct phases that
reflect different binding mechanisms and structural changes in proteins. Typically, the binding
isotherm is represented as a plot of the average number of surfactant moleculepdyound
protein molecule against the logarithm of freerfactant concentration. These plots can
generally be divided intéour regions (Fig. 1.1).i) Initial binding at very low concentrations
of surfactants, where a few surfactant molecules bind to spéctfependeniand highaffinity
binding sites on the proteinii) Non-cooperative binding: as the surfactant concentration
increases, a larger number of surfactant molecules bind to the protein incaapanative
manner. These regions appear as a plateau or slow rise in the isoihg¢r@odperative
binding: at the CMC of the surfactants, there is a steep increase in surfactant binding due to
cooperative interactions. This phase is associatedthathnfolding of the protein, exposing

more binding sitesi\) In this phase, the isotherm reaches a plaiadicating that the protein



is saturated witlthe micelles of theurfactants. No further binding occurs on the protein, and
theexcess surfactant fornomly freemicelles[28][29][30][31][32][24][33].
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Fig. 1.1 An illustration ofthe binding isotherm of proteisurfactant interaction®roteinis in
black, the micelle head groups in blue, and the alkyl tails in black. This model depicts the
mechanism and organization of surfactant aggregates along the protein chain with ir
concentratiorof surfactant The Sshape curve shows the binding of surfactant molecu
protein with increasing concentration

1.5.2 Necklace and beads model

The model elucidates the structural organization of pregeifactant complexes,
wherein the unfolded polypeptide chain of a protein functions as a scaffold for surfactant
molecules, resulting in the formation of micelilee clusters along the chain (Fig.2). The
polypeptide backbone provides a framework that facilitates the aggregation of surfactants, with
its inherent flexibility enabling it to adopt an extended conformation capable of accommodating
multiple micellelike structures. The micelles areranged along the protein chain in a
configuration analogous to beads on a necklace. The interaction between surfactants and the
protein is predominantly driven by hydrophobic forces, with hydrophobic regions on the
polypeptide chain serving as nucleatsites for the surfactant aggregati@d][32][31][29].



Fig. 1.2. A cartoon representation dhe beadson-a-necklacemodel. Protein is
depictedn black, andhe micellesin blue.

1.5.3 Proteindecorated micelle model

The proteindecorated micelle model, alternatively referteds the coreshell model,
elucidates the structural organization of protinfactant complexes. In this model, surfactant
molecules selbssemble into micellkke aggregates, which are subsequently enveloped by an
unfolded protein chain. The micelle conges a hydrophobic core encapsulated by a shell
consisting of surfactant head groups, the protein, and associated water molecules (Fig. 1.3).
Surfactants interact with the polypeptide chaia kydrogen bonding and ionic interactions,
while hydrophobic interactions occur between the-polar amino acid side chains and the
micelle core. The unfolded protein exhibits sufficient conformational flexibility to adapt around
the micelle, with largeproteins capable of interacting with multiple micelles simultaneously
[24][35][36].

Fig 1.3.A cartoon representatiaf theproteindecorated micelle moddProtein isdepicec
in black andthe micelles in blue. The water molecules are represented by red anc
spheres.



1.5.4 Flexiblehelix micelle model

The flexiblehelix model of proteirsurfactant complexes postulates that all bound
surfactant molecules aggregate into a single, flexible, capped cylindrical micelle, around which
the hydrophilic segments of the polypeptide chain are helically arranggd1(®). In this
model, the surfactant molecules associated with a single protein coalesce to form a unified
cylindrical micelle. The micelle's flexibility enables it to bend and twist, thereby
accommodating the protein chain. The helical arrangementeopalypeptide around the
micelle is stabilized through interactions between the protein and surfactant molecules,
specifically between the polar head groups of the surfactants and the amide backbones of the
protein[24][35][37].

Fig. 1.4. The cartoon representation thie flexible-helix micelle model Protein isdepicedin
black andthe micellesin blue.

1.6 Protein denaturation

Protein denaturation is commonly induced by various perturbations such as temperature,
chemical denaturants, pH, specific ions, genetic mutations, and pressure. These approaches are
employed to evaluate protein stability and folding pathways under cewtrothnditions
[15][16]. Thermal denaturation can occur through either an increase (heat denaturation) or a
decrease (cold denaturation) i n Gesnpley at ur
thermodynamic parameter that determines the stability ob&iprand its susceptibility to
denatur at i o@Gas aAnctoh of temperaturegprovides critical insights into the
thermal stability of proteins under various experimental conditions (Fig. 1.5). This approach
offers a comprehensive representation of protein stability across different temperatures. A
posi i VGevalupindicates that the folded state of a protein is more stable, whereas a negative
s value suggests that the unfolded statéaioured T K& @alugpbecomes increasingly
negative as theemperature either decreases or increases beyond the optimal stability range.
The points where the fréel eBe)aglylowcandhigle i nt

temperatures correspond to the midpoints of-cadl heainduced denaturatiod{ and



IDN respectivel y. Th@reaglesits maximunt valee, reptesentethe wh
temperature of maximunT (ax) stability (Figure 1.4). In additiorprotein stability is assessed

byot her thermodynamic par aHle,t eagrst, r cepyt 19afl pyn f
and heat capacity «c},aswgl¢38]B840]4n]d2][48ipMa]d3].di ng (
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Fig. 1.5 Temperaturalependent change in the free energy of a protein during cooling or hi
the protein from its temperature of maximum stabilifty.f). T and T, represent the transition
midpoint temperatures of heat and cold transitions, respectively

1.7 Hydrophobic hydration and cold denaturation

The hydrophobic effect, along with other roovalent interactions, is essential to
maintain a macromolecule's[3 structure[46]. The hydrophobic effect results from the
tendency ohonpolarresidues to interact with one another to minimize their contact with water.
The Gi bb G)dtraestergng a riopmlar molecule from its bulk liquid state ink@ter

can be defined as,

9

Yo o "0 (1.1)

| fGisgpositive, the solute exhibits a preference to remain separate from water. The larger the
value, the higher the tendency of sCoaluet es t
indicates that the solute is soluble in water. The magnitude of the hydrophobic effect decreases
as the temperature decreases. This is a key factor in cold denaturation of proteins. This implies
that the tendency of ngoolar solutes to cluster toper, driven by the hydrophobic effect,
weakens at lower temperatures. Fyelrophobic core is not typically the catalytic region of

the protein molecule; however, it is often crucial for protein function. Thus, destabilization of
the hydrophobic effect almost invariably results in protein destabilization as weliszgation

in protein functiorn43][47].



Hydration shells are water layers that form near the surface of proteins. Water molecules
near hydrophobic regions exhibit a different arrangement compared to water molecules in the
bulk. These water molecules aggregate around the hydrophobic regiomsrarchfes. Their
interactions are stronger than those in bulk wgt8t. These cages form watsurrounded
hydrophobic zones, known as clathrate cajg€3. Generally, disturbances in these water
structures induce structural changes in proteins. Hydrophobic hydration, with its large positive
heat capacity, is a major driving factor in the cold denaturation of proteins during dé6ling
When a protein denatures or unfolds, the hydrogen bonding network is disrupted and
hydrophobic residues are exposed to solvent, resulting in a significant increase in heat capacity.

Cold denaturation is not a novel phenomenon; ancient Egyptians utilized icy water for
healing purposes. Around the msdventeenth century, James Arnott employed cold
temperatures to remove malignant tumors. In the contemporary scientific landscape, a
significant contribution to the discovery of cold denaturation of proteins can be attributed to
Hopkins, who primarily investigated urea denaturation of proteins during the I9BPs
Recently, pressurassisted cold denaturation of proteins has gained prominence. Pressure as
low as 200 MPa can reduce the freezing point of wate220°C. Various researchers have
achieved cold denaturation of proteins such as ubiquitin, ribonuckeaged lysozyme by
determining a protection factor. The protection factor represents the resistance of a protein
against pressurassisted destabilization and is directly related to the secondary structure
content of the protein. Pressure can be utilizeothbto prevent freezing and to induce
destabilization.The seamless functionalitpf marine life underextreme circumstancesf

pressure and temperatigerves asanexemplarof these natural phenomef2][53].

1.8.Methods to study the proteinsurfactant interactions
1.8.1. Opticalspectroscopicmethods

Proteinrsurfactant interactions can be investigated by various analytical techniques, with a
multi-probe approach strongly recommended due to the dynamic nature of surfactants. Intrinsic
protein fluorescence provides insight intbe conformational changes as surfactant
concentration increase$he seondary and tertiary structural changes can be monitored using
far- and neaultraviolet (UV) circular dichroism, respectively. Isothermal titration calorimetry
(ITC) and differential scanning calorimetry (DS@)antify energy changes durisgrfactant

binding andprotein unfolding respectivelyby measuring heat absorbed or reled26§25].



External fluorophore dyes, such agpetoluidino)-2-naphthalene sulfonate (TNS), bind
selectively to hydrophobic residues of proteins and function as probes to monitor protein
unfolding [54]. Fluorescence anisotropy is another efficacious tool for studying surfactant
induced protein unfoldingb5]. This method measures the degree of polarization of emitted
light, which reflects the average angular displacement of the fluorophore between absorption
and photon emission. The extent of polarization depends on the rotational motion of molecules;
rapid otation results in depolarized emission, while minimal rotation preserves polarization.
Fluorescence anisotropy is particularly effective for tracking tryptophan (Trp) and tyrosine
(Tyr) residues within a protein's tertiary structure. Under ptaolarizedexcitation, the Trp or
Tyr residues in native proteins rotate slowly relative to the excited state lifetime, maintaining
polarization and yielding higher anisotropy. Conversely, unfolded proteins exhibit greater
rotational diffusion and internal flexibiyi, causing the polarization of excitation light to
disperse during the excited state lifetime, which reduces anisotropy. This decrease in anisotropy
serves as an indicator of protein unfoldjBg][57].

1.8.2 Surface plasmon resonance (SPR)

SPR is an optical technique and lafreke detection method for studying reiahe
interactions between biomoleculé3PR offers an easy way to measure the kinetics of the
reversible binding of analyte molecules. The analysis of kireeticnventionally treated as 1:1
interaction modehich is the Langmuir isotherm model based on certain assumfijné
also assumes thdhe binding is specific, all sites are equivalent, ligands are uniformly
distributed, and binding is not affected by neighbouring sites. For such binding reactions, the

equilibrium can be:
0 6f060 (1.2)

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

described by the association and dissociation rate consfarasdQ, respectively. Once the

equilibrium is reached, the equilibrium dissociation constén) ¢an be expressed as follows:
M6 6 MQO6 (1.3)

b — — (1.4)

[59]. In a typical SPR methodology, thigand (protein) is immobilized onta sensor chip
surface through covalent bonding to carboxymethylated dextran matrix. This matrix is attached
covalently to the metal surface, and the analyte dissolved in the buffer is passed over this surface
to detecthechanges in refractive index. Biomolecular interactions are quantified in resonance

units (RU) as a senggram and are recorded as responses. RU is directly proportional to the
10



mass on the surface. SPR can be used for pretefactant interaction studies where proteins
are immobilized as ligands and surfactant is used as an analyte.

1.8.3 Molecular dynamics simulation
Molecular dynamics (MD) simulation is a computational technique used to study the
molecular behaviours of matter like gases, liquids, and g@@]sThe position and velocities

of a particle in a system follow Newtonds |

on forces acting between the atoms and particles. The following equation expresses the simplest
form of Newt on 0 partielggiuaasysiera.n f or every

0o — 01 O (1.5)
WhereF; is the force acting on atoms and is derived from the potential energy of atomic
coordinates participating in the interactifgil]. The functional form of potential energy
calculation in molecular simulations is typically described by a force field. In 1949,
Metropolisbés work was a milestone moment
development of the Monte Carlo simudat [62]. Before the advancement of electronic
computing power, machines such as those used in the Manhattan Project and in deciphering the
Enigma code were highly beneficif3][64]. Metropolis provided a statistical method for
simulating the characteristics of a group of particles using a probabilistic approach. This method
was specifically designed tanalysedifferential equations using simulation. Alder and
Wainwright (1959) advanced the field of simulation by performing molecular simulations of
liquid systems, which was a significant step forward in MD simulaj6ff They used the
squarewell potential to studyhe classical particle interactions, elucidate particle forces, and
solve the equation of motion. In 1964, Rahman and colleagues successfully simulated liquid
argon, calculating diffusion coefficient values that matched the experimental [G&ulin
1971, Rahman an8tillinger proposed a model of liquid water that included molecules, not
only atomg67]. They investigated the structural and kinetic properties of liquid water, bringing

them closer to experimental data and proposing a more refined and precise model.
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Fig. 1.6 A few major milestones in the early development of molecular dynamics simulation.
Warsheland Levitt (1976) conducted a study on lysozyme catalysis by combining

guantum mechanics and molecular mechd®8k Anderson introduced volume as a dynamic
variable into a constant temperatpressure ensemble in 19889]. His research laid the
foundation for simulating processes like nucleation, phase separation, and chemical reactions
at constant pressure and temperature. Traditional MD methods fix the volume and energy of
particles, limiting important fluctuations. Peello and Rahman (1981) used Lagrangian
mechanics to study solidg0][71]. Parrinello and Car (1985) combined MD with density
functional theory (DFT) called CafParrinello molecular dynamics (CPMDio simulate
covalently bonded and metallic systems of crystalline siliégh The use of multiple computer
processors running in parallel, as wellgaaphicsprocessingunits (GPUs), has significantly
increased the computing power for studying lasgale biochemical processes using
simulations. These examples are just a few of the many important contributions that have helped
to develop the sophisticated system of MD datian, including forcebiased Monte Carlo

[73], Brownian dynamic§74], general Langevin dynami§g5], dissipative particle dynamics

[76], collisional dynamic$77], and reduced variable molecular dynankgj.

MD simulation results are useful for understanding protein stability and folding.
However, conventional MD simulations may not provide complete information about a
protein's folding free energy, because the protein can be trapped in local energy minimum
conformations. To address this issue, enhanced sampling methods have been destgtbped,
as replica exchange molecular dynamics (REMD), metadynamics, umbrella sampling, and
simulated annealing79]. In 1999, Okamoto introduced the replica exchange molecular
dynamics (REMD) method, which combines molecular dynamics (MD) and the Monte Carlo
algorithm[80]. REMD is used taccelerate theampling when the conformations are separated
by high energy barriers, particularly at low temperatures with large numbers of local minima
energy states. In REMD, several replicas of the same system are simulated at different
temperatures in parallel ugindifferent Hamiltonians. The methodology involves running
parallel simulations with multiple replicas at different thermodynamic states (temperatures) to
provide more efficient conformational space and replica exchangedBesthe Metropolis

12



criterion, neighbouring replicas exchange their thermodynamic states at regular time intervals,
allowing the system to overcome energy barriers and sample a wider range of configurations.
Metropolis criterion81] is the probability of accepting the exchange between two repiicas,
andj.

~ ~

0'® Q | ElpA@D— — 7Y 7Y (1.6)

Where™ and"Y are the potential energies of the two replic@ss the Boltzmann constant,
and”Yand"Y are the respective temperatures. There are other forms of REMD, or extensions
of REMD, available for specific conditions. For example, NFEMD modifies the exchange
probability and considetbereference pressure and voluf82]. HamiltoniarRREMD involves

each replica having a different Hamiltoni@3].

1.9 About the present study

This thesis investigates the protaimrfactant interactions with various conformational
states of globular proteins. The surfactants used in this study are, anionic surfactants (sodium
octyl sulfate, sodium decyl sulfate, and sodium dodecyl sulfate), cationic surfactants
(myristyltrimethyl ammonium  bromide, hexatrimethyl ammonium bromide, and
octadecyltimethyl ammonium bromide), and rionic surfactants (polyoxyethylene sorbitan
monolaurate, polyoxyethylene sorbitan monopalmitate, and polyoxyethylene sorbitan
monooleate). The proteins examined were riborasgdeA (RNase A) and apoyoglobin
(apoMb), along with their conformational variants (discussed in Chapter 2). The investigation
employed spectroscopy, surface plasmon resonance (SPR), and molecular dynamics (MD)
simulations at various temperatures to elate proteirsurfactant interactiong.he stabilities
of proteinswere analysed in the presence of surfactants at different concentrations, ranging
from monomeric to micellar and across sadvo to high temperatures. The micellization of
surfactants in the presence of globular proteinsalsamssessed at different temperatures-sub
zero to high). Partially unfolded protein conformations were utilized to explore the role of

hydrophobic interactions in surfactant binding.

The central focus of chapters 3 and 4 is the exploration of the significance of
hydrophobic interactions of surfactants in the denaturation of proteins under extreme
temperature conditions. Specifically, these chapters examine the mechanisms undedying col
induced and heahduced protein denaturation, emphasizing how surfactants influence protein
stability at low and high temperatures. The study also elucidates how the surfactants could

reduce the uremduced protein denaturation effect. The influenceunfactant hydrophobicity,
13



particularly alkyl chain length, on protein binding and stabilitanglysed In addition, MD
simulationswere performed to evaluate tlsaerfactant aggregation, micelle formation, and
binding to different protein conformations at the atomic level to provide insight into the

molecular mechanism of protegurfactant interactions.
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Chapter 2

Interaction of Anionic Surfactants with Native and
Partially-Unfolded RNase A: Binding Kinetics,
Structural Changes, and Stability
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2.1 Abstract

In proteinsurfactant interactions, the alkyl chain length of the surfactantswafate
exposedesidues of the proteins play essential roles in binding and unfolding. To investigate
this, the interactions of sodium octyl (SOS), decyl (SDeS), and dodecyl (SDpBjteslwere
studied with native and partially unfolded ribonuclease ARblase A & rdRNase A) using
SPR, optical spectroscopyand molecular dynamics (MD) simulations.-RiNase A was
obtained bypartial reductiorof the disulfide bonds of RNasA. MD simulations of RNase A
in its native and unfolded states were carried out in the presence of all three surfactants in their
monomeric and micellar concentrations, respectively. The binding atbistyrfactantsliffers
between odRNase A and r&RNase A. Monomeric forms of surfactants do not affect the
structure and stabilitypon micelle formation of the surfactants;RNase A loses its tertiary
i nteract i onsheetsHowewer, itvform$ nom a t i -lvekices that gradually
destabilize®-RNas e A. Further increases i n-skeets f act
and induce the formation of nena t i-heliees. WD simulation results suggest thaRMase
A induces micelle formation with higher aggregation numbers thd®Nase A. At monomeric
concentrations, the interactions of surfactants could be predominantly ionic, whereas at micellar
concentrations, hydrophobic interactions contribute signifigaithe exposed hydrophobic
surfaces of partially unfolded#@Nase A facilitate biding of the surfactant to the protein. This

results in differences in the unfolding pathways eRidase A and oRNase A
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2.2 Introduction

The studies on proteisurfactant interactions have implications in various fields such
as food industries, personal care, cosmetic formulations, pharmaceuticals, abdnzaterial
synthesig84][85][86]. At the laboratory levelsurfactants are regularly used in refolding of
proteins from inclusion bodies, solubilization, extraction of membrane prd&ihsand in
electrophoresis to estimate the size and p{8®}. Surfactants, based on their concentration,
exist in two forms in aqueous solutions, monomeric and micellar. The critical micelle
concentration (CMC) is the minimum concentration of a surfactant required to form micelles.
Below CMC, the surfactants alsorin premicellar aggregates (or primary micelleghich
can be detected by spectroscopic and tensiometric mg¢88jdSurfactants unfold the proteins
more effectively than conventional denaturants like urea and guanidium hydrochloride
[90][91]. Conventional denaturants unfold the protei@2] by either direct nortovalent
interactionsg[93] or by disturbing the spatial arrangement of water around the pr¢®ihs
However, the surfactant interactions are predominantly ionic at their monomeric concentrations

and hydrophobic at micellar concentrati¢®8][95].

At monomeric concentrations, the charged head group of surfactants binds to the polar
surfaces of proteingand the alkyl chains of surfactant tails bind to the hydrophobic ref#6hs
[24]. The studies on the interaction of alkaéinatured cytochrome with sodium dodecyl
sulfate (SDoS) show that the interactions could be predominantly hydrophobitngwesn
CMC region [96]. In many proteins, the pmaicellar aggregation and micellization of
surfactants occur at loweoncentrations than in watexhich is generally attributed to the
exposed hydrophobic regions of the protein upon mild denaturg®6}j29][97]. The
calorimetric experiments suggest that the binding of SDoS and dodecyltrimethylammonium
bromide (DTAB) on RNase A and trypsin is primarily an exothermic process at monomeric
concentration and endothermic at micellar concentraf#8j[99]. However, SDoS and
cetyltrimethylammonium bromide (CTAB) show only exothermic changes while interacting

with myoglobin[100].

Computational analyses of protesorfactant interactions using molecular dynamics
(MD) simulations suggest that the addition of anionic surfactants at their monomeric
concentrations does not disrupt the native structure of prdted§102]. When a protein is
partially unfoldedt he mi cel | es of t he -lsallrifxastandsdintte de s

case of short peptides (O 20 amino acids),
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peptide w h e r estamds Bhow resistance to denaturation. However, above CMC, both the
secondary structures are intdatitthe tertiary structures are destabiliZ&@3).

Most of the reported studies focus on the unfolding rates of proteins upon surfactant
binding[96][104][105][106]. The structural reorganization at each stage of their interactions is
evaluated by different methadsuch as stoppeftow, FRET, and smalangle Xray light
scattering[97]. Refolding of the protein unfolded by ionic surfactants has also been studied
[105]. Nevertheless, to the best of our knowledge, there is no study on the rate of association of
surfactants with a protein and how the monomers bound to the protein surface alter the rate and
affinity of further binding of micelles. Moreover, assessing timelihg ability of surfactants
with the change in the hydrophobicity of a protein with the same sequence is a challenging task,
since the protein needs to be partially unfolded. The commonly used denaturants would alter
the micellization property of the dactants as we[lL07]. This could be overcome by selecting
a model protein that is stabilized by disulfide bqrasl mild disruption of the disulfide bond(s)
could expose the buried hydrophobic residues. The binding of surfactants with this partially
unfolded protein can be compared with the native protein to evaluate the role of exposed

hydrophobic residues in peib-surfactant interactions and micellization.

In the present study, ribonuclease A (RNase A) was chosen as a model protein which
has 124 amino acid residues. In its native state, the protein is stabilized by four disulfide bonds
(ox-RNase A)and a partial reduction of the disulfide bonds denatures the protdRiN@deA).

The association and dissociation rates of three anionic surfactants, sodium octyl sulfate (SOS),
sodium decyl sulfate (SDeS), sodium dodecyl sulfate (SDoS) at their mon@ndrmicellar
concentrations with both eRNase A and rdRNase A (Fig. 2.1) were studied using surface
plasmon resonance (SPR). Also, the structure and stability changes of both forms of RNase A
were analged by spectroscopy. MD simulations of -®Nase A and rdRNase A in the
presence of monomeric and micellar concentrations of the surfactants were carried out. The
results suggest that the binding rate and unfolding pathway vary between these two protein
forms. Furtherthe number of micelles formed and their aggregation number are higher in rd

RNase A due to thexposed hydrophobic surfaces and partially unfolded state of the protein.
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ox-RNase A

Fig. 2.1. (A) Surfactant molecules, SOS, SQeshd SDoSused in this study. Thredgimensione
structure of different forms of RNase A: (B) native RNase A from PDB id: 7TRSR({dase A) witl
all four disulfide bonds intact, (C) partiallyeduced RNase A from PDB id: 1A5P {RNase A) il
which the C46C95 disufide bond is reduced, (D and E) unfolded forms of native and pantediyce:
RNase A obtained from REMD simulations,-Biase A" and rdRNasé™ A, respectively (refe
section 2.3.5.1). The triple t r a nsteetdstremds Al to A3) and fesirt r a nsteetdstramds [
to B4) are shown in light brown and cyan, respectively. The helices are marked as H1, H2 an
bl oops arelmamdetnddsatthpi hs aWl en2 faa3k@sdésidues ¢
colouredyellow sticks.

2.3. Materials and methods

2.3.1 Materials

Bovine pancreatic ribonuclease A (RNase A)p#é oluidino)2-naphthalenesulfonic
acid (TNS), sodium octyl sulfate (SOS), sodium decyl sulfate (SDeS), and sodium dodecyl
sulfate (SDoy were obtained from Sigmaldrich. Urea, guanidium chloride, sodium
phosphate monobasic, sodium phosphate dibasic, and sodium chloride, were purchased from
SRL India. Dithiothreitol (DTT) was procured from Himedia. Series S sensor chip CM5, N
ethyFN &3-dimethylaminopropyl) carbodiimide (EDC), -Nydroxysuccinimide (NHS),
ethanolamine, sodium iodoacetamide, 10 mM glycine HCI pH 2.0, sodium chloride, and 10

mM sodium acetate buffer pH 4.0 were purchased from Cytiva.
2.3.2 Protein samples and CMC o$urfactants

RNase A was dissolved in 20 mM phosphate buffer at pH 7.5, with all four disulfide
bonds intact (00RNase A). The native RNase A was dissolved in 8 M urea in 20 mM phosphate
buffer at pH 7.5 and was incubated wib0-fold excess concentration of DTT for 15 min.
Thena20-fold excessoncentratiorof iodoacetamide was added and incubated for 1 hour in a

dark condition. The sample was then dialyzed against 20 mM phosphate buffer at pH 7.5 for
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three times at 4 °C to remove urea and unreacted iodoacetamiddisTitfisle-reducedorm

was named as fBNase A for further discussion. Samples with varying concentrations of
surfactants, SOS, SDeS and SDoS were prepared in 20 mM of phosphate buffer at pH 7.5 and
50 €M of TNS. The fluorescence tejemtaftea o f
exciting the samples at 320 rjY]. The spectra were also obtained by adding eithétdase

A or rdRNase A. The change in intensity of TNS was used to evaluate t@Msteand CMC

of the surfactants in the absence and the presence of the py2&¢ih88].
2.3.3 Surface plasmon resonance (SPR) measurements

Generally, a kinetic measurement using SPR involves an association phase,-a steady
state, and a dissociation phase followed by a regeneration step to repeat the cycle. This routine
process has been name @A) ans was penfarnset with mononesrich o d
premicellar, micellar, and highesrder micellar (HGmicellar) concentrations of the
surfactants. In addition, two modified SPR runs were also performed. (i) Initially, the
monomeric concentration of surfactant was spds over odRNase A orrd-RNase A
immobilized on an SPRensor chip, and the sensorgram for binding kinetics was measured.
After this, a single washing step was performed with the wash buffer to remove the unbound
surfactant molecules. Then, the micellar concentration of thiactamt was passed over the
chip, and the sensorgram was measured. Finally, a regeneration buffer was passed to remove
all the bound surfactants from the protein surface. The experiment was repeated 5 times. This
was hnhamed as fbi st eip &irstlyahe mombmericFcongentratidn & B ) .
surfactant was passed over-Rikase A or reRNase A immobilized on the chip, and then a
single washing step was done. After this, themreellar concentration of the surfactant was
passed over the chip followdy a wash step, then the miceltancentration of the surfactant
followed by a wash step, and finally the H@cellar concentration of the surfactant followed
by a wash step was performed. The protein surface was then regenerated with the regeneration
buffer. The sensorgram for the entire process was measured. The experiment was repeated 5

times. This was named as fAimultistepo met hod
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Fig. 2.2.The steps involved in different SPR methods followed in this study. (A) Uni€tepvention:
method of association followed by dissociation and regeneration. (B) Bistep: Association of mc
surfactants followed bgwashing step. This is followed by another phase of association with rr
concentration of surfactants and then regeneration. (C) Multistep: This has four phases of a:
such that the surfactant concentration is sequentially increased from erintorpreCMC to CMC
to higherorder micelles and finally a regeneration step.

All the SPR experiments were performed using Biace2®0 system (Cytiva). Sensor
chip surface was activated by exposing it to 200 MMthyFNG(3-dimethylaminopropy!l)
carbodiimide (EDC) and 50 mM-hydroxysuccinimide (NHS) for 7 minutes. 25 pg/ml of ox
RNase A or reRNase A was immobilized covalently to the hydrophilic carboxymethylated
dextran matrix of the sensor chip by primary amine coupling reaction according to the
manuf act ur er OnsThe referencefi@vrcallaveie prepared by deactiyatith
1 M ethanolamine pH 8,%or 7 minutes. The surfactants were dissolved in 20 mM phosphate
buffer at pH 7.5. The contact time, flow rate, and dissociation time used for the different
methods are listed in Table 2.1. All solutions were purified through a 0.22 puM syringe filter
(Merck Millipore) before the experiments. All the experiments were performed at 25 °C. The
analysis of sensorgrams was done using Biacore Insight software. Each phase of bistep and
multistep kinetics waanalysedndependently t@alculate the associatiok.) and dissociation
(kq) rates.
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Table 2.1:Flow rate, association time, and dissociation time used in SPR experiments
Method

Parameter Unistep _ _
, _ Bistep Multistep
monomeric micellar

FIl ow rate 15 20 20 20
Contact time (s) 60 180 120 120
Dissociation time (s; 300 600 420 420

2.3.4 Spectroscopic analysis

RNase A has no tryptophan residues but has six Tyr residues. The intrinsic fluorescence
changes of the protein in both forms;Rkase A and rcRNase A, were recorded between 300
and340 nm after exciting the proteins at 280 nm in JasceBBBO. The fluorescence anisotropy

of the proteins was calculated using the following equdfiof],

J— (2.1)

Wherelyy is the intensity of the detected light when both the excitation and emission polarizers
are in the vertical position and is the intensity of the detected light when the excitation and
emission polarizers are in the vertical and horizontal positions, respectively -fHoeoGwas

calculated as
0 — (2.2)

Wherelny is the intensity of the detected light when the excitation and emissions polarizers are
in the horizontal and vertical positions, respectivélyis the intensity of the detected light
when both excitation and emission polarizers are in the horizontal position.

The absorbance changes ofRXase A and rdRNase A were measured in a Cary100
UV-Vis spectrophotometer. The thermal denaturation of the proteins in the presence of varying
concentrations of the surfactants was measured by following the absorbance ah2ii§esn
from 20 to 90 °C at the heating rate of 1 °C/min. The thermal denaturation curves were

normalized an@nalysedising the following equatiofi10].

N (2.3)

Yis the normalized absorbance value representing the fraction of unfgt@ingdy., correspond
to the absorbance values in the-pmad post transitions,ms and my are the corresponding

slopes.Tmi s the transiti onHmisieudthalpyi change tteaha mepomtt u r ¢
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transition t@&mmhehea tapacity changemassocigted with the unfol@iisg.
temperature anR s the gas constant.

Far and neaUV circular dichroism (CD) spectra of the proteins in varying
concentrations of the surfactants were measured using JAS00 3pectropolarimeter attached
to an external circulating water bath. The spectra were recorded from 190 to 2&0dn250
to 300 nm, respectively, at a scan rate of 20 nm/min. The percentage of secondary structural
content of the proteins was calculated from thewlfar CD spectra collected at 20 °C using
Reedos [big]t Allahe spectroscopic measurements were done with the protein
concentration of 20 uM in 20 mM phosphate buffer at pH 7.5. The size and zeta potential of
micelles, proteins, and protemicelle complexes were measured by dynamic and
electrophoretic lighscattering (DLS and ELS), respectively, using Litesizer500, Anton Paar.
The concentrations of proteins were 30 uM, and SOS, SDeS and SDoS were 200 mM, 50 mM,
and 20 mM, respectively.

2.3.5. Molecular dynamis (MD) simulation studies
2.3.5.1 Initial structures of oxRNase A and rdRNase A

The crystal structure of native ribonuclease A-RiXase A) was obtained from the
protein data bank having PDB ID 7RSA (Fig. 2.1B). The extensive studies by Scheraga and his
co-workers[112][113][114] suggest that DT-Feduced RNase A might form two types of three
disulfide bond intermediates, one without G295 disulfide bond (de€40-C95) and another
without C65C72 disulfide bond (de€65C72). They reduce the thermal stability of the
pr ot &hy?21(8dand 17.8 K at pH 4.6, respectively. The@é46-C95 results in a larger
perturbation of the tripls t r a nsdheede tb structure consisting ¢
whereas the structural change in-@85C72 is mostly limited to the shdts t r and s , b2
b3. Al s-€65C7%2maintaihg reost of the tertiary interactions of the native protein. The
far-UV and neaiUV CD data of rdRNase A showed thatthe DI Te duc e d {sleetm | o
content and tertiary interactions, respectively (reterséction 2.4.4.). Also, the thermal
denaturation studies showed that the thermodynamic stabilityRNeke A was reduced by
16.7 K (refer to section 2.4.5.). These experimental observations revealed that thedDddd
protein is predominantly d&s40C95 f or m. T h e Tm @dulfl beeduee to ¢the i n
variations in the pH and buffer in the present study. Thus, the crystal structure of RNase A
mutant variant C40AC95A (PDB ID: 1A5P) was used as a representative structure to simulate

the conformational changes ofRNase A (Fig. 2.1¥ Scheragat al., also used this structure
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as an analog for the threisulfide bond intermediate smalysethe folding pathway of RNase
A [113].

2.3.5.2 Unfolded structures of o)RNase A and rdRNase A

Since the binding of micellar concentration of the surfactants significantly denatures the
protein, the interactions of surfactant micelles were studied usisiico unfolded structures
of both forms of RNase A. Classical molecular dynamics simulation (CMD) requires a very
long computational time to generate unfolded conformations under ambient conditions
therefore, replica exchange molecular dynamics method (REMD) was adopted. The selected
structures of ®RNase A and rdRNase A from PDB were placed at ttentreof cubic boxes
and filled with SPCE water. The systems were neutralized with 4 chloride ions, then were
energy minimized using the steepest descent algorithm. The systems were equilibrated with
NVT and NPT ensemble conditions for 2 ns each at 1 atmyseeasing Parrinelldikahman
barostaf115], and at their respective replica temperature using moelfezdndsen thermostat
[116]. REMD simulations of oRNase A and rdRNase A systems in water were performed
for the temperature ranges of 3382 K and 31899 K with 46 and 60 replicas, respectively.
The exchange probability was kept at 0.20 with every 2 ps of exchange betweeplitzes.r
Eachreplicawasrunfor20)emount i ng to the total simul at
ox-RNase A and rdRNase A, respectively.

The conformations of the proteins were collected at every 10 ps from each replica. This
provided nearly 92,000 conformations ofBkase A and 120,000 conformations ciRNase
A. The secondary structural contents of all these conformationsanatgsedising BeStSel
serve{117]. The conformations having the secondary structural contents comparable to that of
ox-RNase A and rdRNase A in micellar concentration, as obtained frorlferCD studies,
were chosen as unfolded conformationsRi¥ase A" and rdRNase A™, respectively(Fig.
2.1 DE).

2.3.5.3 MD simulations of RNase A with surfactants

The geometrical parameters and atomic charges of SOS, SDeS, and SDoS were obtained
from the automated topology builder (ATB servidd8]. All the simulations were performed
in GROMACS 2019.4119] using GROMOS9654a7 force figii20] and SPCE water model
[121]. The control simulations of surfactants in water were performed for 100 ns to assess the
formation of micelles in the absence of protein. The numbers of surfactants forming micelles
in water at pH 7 and ambient conditions were optimized (Table 2.2).a8Bioahditions were
extended for the simulations of surfactants in the presence of the proteins. An earlier study
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[122] [123] has suggested that placing individual surfactant molecules around the protein and
allowing them to form micelles during the simulation could provide desirable conformational
changes than placing pfermed micelles around the protein. Therefore, a sirpilatocol was

followed in our simulations as well.

For the native protein simulation, -¢X\Nase A was kept at tleentreof a virtual cubic
box and filled with water. The system was neutralized with counteracting ions and energy
minimization was performed using the steepest descent minimization algorithm. Equilibration
of the system with NVT and NPdhsemblesvas performed for 2 ns each with 1 atm pressure
and 300 K temperature. Following this, a production simulation was run for 1@hadshe
trajectories were collected every 10 ps. Also, simulations 8vitiolecules of SOS, SDeS or
SDoS, were performed to represent the monomeric concentrations of the surfactants with the
same parameters. Simulations ofRXaseA" were performed with 128, 96 or 64 molecules
of SOS, SDeS or SDoS representing the micellar concentrations of the surfactants to assess the
unfolded proteirmicelle interactions. Similarly, simulations of-RNase A with monomeric,
and rdRNase A" with micellar concentrations of the surfactants were also performed. The list

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

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

Surfactants in water (without protein)

sog 8 32664 100
SDe% 8 32659 100
SDo% 8 32636 100
sos 128 88448 100
SDeS 96 88704 100
SDoS 64 88956 100
Surfactants in oxRNase A
ox-RNase A -- 15344 100
ox-RNase A + SO5 8 32152 100
ox-RNase A + SDeS 8 32152 100
ox-RNase A + SDo’S 8 32152 100
ox-RNase A" -- 49486 100
ox-RNase A" + SOS 128 88893 100
ox-RNase A" + SDe$ 96 87100 100
ox-RNase A" + SDoS 64 89000 100
Surfactants in rd-RNase A
rd-RNase A - 15121 100
rd-RNase A + SOS 8 32152 100
rd-RNase A + SDe’S 8 32152 100
rd-RNase A + SDoS 8 32152 100
rd-RNase A™ - 45310 100
rd-RNase A" + SOS 128 88893 100
rd-RNase A" + SDeS 96 87100 100
rd-RNase A" + SDoS 64 89000 100

A- monomeric concentration of surfactant;rBicellar concentration of surfactant.

2.3.5.4 Preliminary analysis

Root mean square deviation (RMSD) and root mean square fluctuations (RMSF) were
cal cul at e datdmy as teterericen olvedihccessible surface area (SASA), and radius
of gyration (Rg) of the proteins were calculated by considering all the heamy sithe protein
using the modules available with GROMACS package. Radial distribution functions (RDFs)
for the heavy atoms of proteins against the oxygen of water, heavy atoms of the surfactant
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mol ecul es, only the surfactanto6s heaaallysedr oup
using gmx_rdf module of GROMACS.

2.3.5.5 Residuevise interaction of surfactants and aggregation number

The average numbers of water and surfactant molecules around each amino acid of the
proteins within the distance eaff of 0.30 nm, 0.42 nm, and 0.70 nm were calculated for the
last 60 ns of the simulation trajectories. The amino acids were orderediagdorthe Kyte
and Dolittle hydrophobicity index to plot the graphs. Further, a heat mtye pfotein was
generated based on the frequency of presence of each surfactant within 0.70 nm distance from
each residue during the last 60 ns of their respesitivelations. The value of 1 would represent
the presence of the surfactant throughout 60Mhereas zero would indicate no interaction
between thaparticularamino acid and the surfactant. Each amino acid was given a color based

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

At the micellar concentrations, surfactants formed clusters around the unfolded protein
surfaces (0sRNase A" and rdRNase A™). The number of surfactant molecules in each such
cluster was calculated using anhiause Python script by applying a condition thatdietre
of mass (COM) of the surfactant molecules within 1 nm of each other should be considered as

one cluster.
2.3.5.6 Structural changes in the proteins

The conformational changes in the protein upon binding of the anionic surfactants were
analysedby principal component analysis (PCHR4]. Covariance matrices were generated
using CU atoms of the residues for the | as
eigenvalues were evaluated from the matrix using GROMACS tools. The secondary structural

changes weranalysedising DSSP todl125].

2.4. Results

2.4.1 CMC of surfactants and stages of unfolding

The preCMC and CMC values of SOS, SDeS and SDoS were measured using the
fluorescence change of TNS (Fig. 2.3CA. While increasing the surfactant concentration
above a certain minimum concentration, TNl8orescence was steeply increased. This
transition point was noted as pgC of the surfactants. Upon further increase in the surfactant
concentration, the TNS fluorescence reached a plateau \sthraslope. The concentration

corresponding to this transitiprepresenting the formation of mature mieglwas noted as
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the CMC of the surfactant®9][108]. Further, the fluorescence changes vwaralysedn the
presence of the native (d¥Nase A) and partially unfolded (RINase A) forms of the protein.

In the presence of proteins, the TNS fluorescence showed -atéme transition in all three
surfactants (for instance, the transitions are represested to R4 for rERNase A in SDeS in

Fig. 2.3B). The fousstage unfolding of proteins by SDoS has been reported earlier for bovine
serum albumin (BSA)29] [126], -ladtalbumin[104], lysozyme[127], and S6 proteiff97]

using different optical and calorimetric methods. Comparing these transitions with the earlier
studies suggested that in the concentration region R1, the proteins did not expose their
hydrophobic residueand the surfactants might bind to the protein surface by ionic interactions.
With an increase in the concentration of surfactants, the hydrophobic interior of the protein
might be exposednd the binding of TN® these sites increased its fluorescence (region R2).
These initial bindings could bkbelled as preCMC transitions of the surfactants in the
presence of proteins (Fig. 2.3D and &here surfactants might form small aggregates on the
protein surface. Further increase in the concentration of surfactants (region R3) displaced the
bound TNS from the surface of the proteins and formed mature micelles. This reduced the
fluorescence of TH. This transition point was referramlasthe CMC of the surfactants in the
presence of proteins. Increasing the concentration of the surfactants above theig&8NC a
increased the fluorescence of TNS (region R4). This could be due to the binding of TNS to free

micelles in the solution that were not bound to the prd29ij108].

These experiments showed that both@MC and CMC of the surfactants decreased
with the addition of either form of RNase A (Fig. 2.3D and E). The unfolded conformations
with exposed hydrophobic surfaces could act as nucleation sites for micelle forrttaisn,

inducing early
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micellization of surfactantgl05][127][128]. Further, the interaction of protein and surfactant
could be energetically morfavourablethan surfactarsurfactant interactions. As the chain

length of the surfactant increased, the CMC was reduced both in the absence and the presence
of the proteins. This indicated that the longer alkyl chain surfactant might have more affinity to
the exposed hydrophobic residues of RNase A. A similar effect has been observed in the
presence of acydoenzyme A binding protein (ACBIP)29]a n dlactbglobulin[130] as well.

The extent of reduction was more withRiNase A indicating that the exposed hydrophobic

residues might facilitate the early aggregation of the surfactants on the protein surface.
2.4.2. Binding and dissociation rates of surfactants

Based on the unfoldingransitions obtained from TNS fluorescence studies, four
different concentrations of the surfactants were chosen for kinetic measurements such that the
surfactant was in its monomeric, precellar, micellar, and H@nicellar forms. The direct and
sequentib(for instance, binding of monomer followed by micelle without regeneration step)
binding of surfactants were evaluated by SPR (Fig. 2.2). For an easier interpretation, the
equilibrium dissociation constant&r) obtained from the measurements were plottedogs

Kb which directly depicts the binding affinity of the surfactant with the protein (Fig. 2.4).
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2.4.2.1 Unistep process

In this process, the different forms of surfactants were directly added to the proteins as
done in conventional SPR experiments. Tlbg Kp values showed that the binding affinity of
monomeric and micellar concentrations of SOS was less compared to thaceitar
aggregation and Hanicelles of SOS (Fig. 2.4A3). However, in the case of SDeS and SDoS,
the binding affinities of the surfactardas all four concentrations were similar except that the
monomeric form of SDeS and pnaicellar aggregates of SDa®owed a marginal increase.
With rd-RNase A (Fig. 2.4A4), all three surfactants showed higher binding affinity at their
monomeric and prenicellar aggregate concentrations (except for SDeBgreas the binding
affinity was less for the micelles. Notably, the binding affinities of micelles andriit@lles

of SDeS and SDoS to éXNase A and riRNase were comparable.

The partitioning oKp values into association and dissociation rates (Fig. 2:3481
indicated that the rate of association was lower fompieellar aggregation and H@icelles
of SOS; however, the low dissociation rate increased their binding affinity wviRNase A.
At the same time, monomeric and micellar concentrations of SOS had higher association and
dissociation rates that reduced the overall binding affinity. A similar trend was observed for the
monomeric form of SDeS and pmaicellar aggregais of SDoS, though the extent of decrease
in the dissociation rate was less compared to SOS. The increased binding affinity of monomeric
and premicellaraggregatesf the surfactants with fBNase A was also mostly due to slower
dissociation rates of the surfactants. Further, the dissociation rates of SDeS and SDoS were
lower than SOS. Exceptionally, the pm@icellar concentration of SDoS had a low association
rate with the reRNase A.
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Fig. 2.2.

2.4.2.2 Bistep process

Initially, the monomeric form of the surfactants was allowed to bind which was followed
by the binding of micelles without regeneration (Fig. 2.2B). The binding affinity of monomeric
surfactants was higher than micellar forms withRixase A whereas an iekse trend was
observed with reRNase A (Fig. 2.4B3 and B4). Further, the increased binding affinity of
monomers could be attributed to the decrease in the rate of dissociatiorRbiase A. In re
RNase A, the increased binding affinity of micelles was tb the decrease in dissociation rate
for SOS and SDeS, whereas SDoS showed a higher association rate at micellar concentrations
(Fig. 2.5B1B4). Among the three surfactants, SDeS had higher binding affinity wiRiNase
A and rdRNase A in its monomariand micellar forms, respectively.
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2.4.2.3 Multistep process

The concentration of the surfactant binding to the immobilized protein was sequentially
increased from monomer, p@VIC, CMC to HOmicelles without any regeneration step (Fig.
2.2.C). SOS, from its monomeric to H@icelle form, showed a gradual increas&s$ binding
affinity with ox-RNase A. In the case of SDeS or SDoS, the binding affinity from monomeric
to preCMC of the surfactants increased but reduced at the micellar concentrations (Fig.
2.4.C3). With rdRNase A, the monomeric and precellar concatrations of SOS and SDeS
showed higher binding affinities which decreased with micellar concentrations of the
surfactants. However, increasing the concentration of SDoS from monomeric to micelle showed
an increase in its binding affinity with #8Nase A Fig. 2.4.C4). In the multistep process as
well, the slower dissociation rates contributed to the increased binding affinities except for the
interaction of SDoS with KiRNase A (Fig. 2.5.GC4).

The SPR analysis indicated that the binding affinity depended on the alkyl chain length
of the surfactant and the initial conformation of RNase A. Also, the bound monomeric
surfactants would alter the binding of the micellar and-mHiCellar forms of surfetants
compared to their direct binding to free proteins. Moreover, the binding ehid€lles to ox
RNase A in all three methods had different binding affinities, whereas the values were similar
for rd-RNase A indicating that the éRNase A might undergstructural reorganization from

micelle to HOmicelles binding.
2.4.3 Size distribution and intrinsic fluorescence changes upon surfactant binding

The oligomeric state of RNase A wasalysedusing DLS measurements. Both-ox
RNase A and rdcRNase A showed similar size distribution in the buffer. With the addition of
micellar concentrations of the surfactants, the hydrodynamic diameters were slightly increased
due to the formation of proteimicdle complexes (Fig. 2.6 AC1). The increase in size was
more for rdRNase A indicating the formation of larger micelles around the protein (Fig. 2.6
Al1-C1). RNase A is reported to undergo oligomerization byd8Bain swapping at higher
concentrations (> 200 & M) and[13i]b32]tHovwevep r e s e
under the conditions used in this studweither formof RNase Ashowedany aggregate
formation.Furthermore, the zeta potential values (Fig-Q16inset) indicated that both forms
of RNase A exhibited weak negative valumsd the free micelles showed increasing negative

values with a decrease in their chain length. These values were comparable with earlier reports
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[133] [134]. The formation of proteimicelle complexes increased the zeta potential of the
proteins and theeffect was more pronounced with SDeS followed by SOS and SDoS.
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Fig. 2.6.(A1-C1) The hydrodynamic diameter of -®Nase A (cyan) and fBNase A (red) in tt
absence (dashed lines) and the presence of micellar concentrations of surfactants (solid line
Al: Size distribution of the micelles in the absence of protegetlin C1: Zeta potentials of -®Nas:
A and rdRNase in the absence and the presence of micelles (filled bars), and zeta potential o
without protein (grey crossed bars). (82) Intrinsic fluorescence intensity and (&3) fluorescenc
anisotropy changes of éxNase A (cyan circles) and-RINase A (red circles) measured at 307
after exciting the protein at 280 nm in the presence of increasing concentrations of SOS, SDeS
The squares represent the fluorescence values ofdtedrzin the absence of surfactants. The d
vertical lines and- represent p£MC and CMC of the surfactants, respectively, in the presence
RNase A (cyan) and fBNase A (red).

The intrinsic fluorescence of both-&\ase A and rd&RNase A, monitored at 308 nm,
showed a sigmoidal transition with increasing concentration of the surfactants (Fig.-2.6 A2
C2). At the concentrations below pgMC, the fluorescence intensity of the piogewas not
altered. Above prEMC, the intensity gradually increased and reached the maximum at
concentrations well above CMC. This suggested that the protein unfolding was initiated when

the surfactants reached the minimum concentrations to form mioetlest he pr ot ei n¢
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There were significant conformational changes around Tyr residues of the proteins due to
unfolding that reached a maximum when mature micelles were formed. Thepliase
transition of fluorescence changes, the interaction of monomers, unfolding byes)ieeitl
saturation of conformational changes, has been reported for other proteins[as){i9]. It

may be noted that in other proteiasvavelength shift has also been observed for Trp residues.
However, the f 1| uor e smegesnles® sensiivi to he solvemtf polafity r
compared to Trpl08][135]. T h e rme tlicb noteshow any significant change during the
unfolding of proteins. The unfolding was observed at lower concentrations-RiNade A
compared to oRNase A in all three surfactants. Also, the surfactant with a longer alkyl chain
initiated the unfoldingt a lower concentration as observed in earlier stytikH[136].

Further,thefluorescence anisotropy of the proteins was also measured. The anisotropy
of Tyr residues was higher for @XNase A compared to #idNase A (Fig. 2.6 AZL3). This
indicated that Tyr residues were exposed to the solventiNake A. The anisotropy of ox
RNase A was reduced when the concentrations of the surfactants were increased above pre
CMC and reached a minimum value at the concentrations above, €\Gesting solvent
exposure of Tyr residues due to unfolding. In the case-BNdse A, tle anisotropy increased
when the surfactant concentration was above&dW& and decreased again. The initial increase
indicated that the sites nearer to the aromatic amino acids might facilitate the initial micelle
formation on the protein, thus making @rapact. However, a further increase in the surfactant

concentration fully unfolded the protein, and the anisotropy was reduced.
2.4.4. Circular dichroism (CD) studies

In nearUV CD spectra (Fig. 2.7 AC2), oxRNase A showed a minimum at 278 nm

corresponding to the packing of Tyr residues.
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Fig. 2.7.Representative ne&tV CD spectra of (AIC1) oxRNase A and (AZX2) rdRNase A in th
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As the concentrations of the surfactants were increased above th€¥@rethe ellipticity at

278 nm was reduced and reached ziwicating the disruption of the tertiary structure of ox
RNase A (Fig. 2.8 ALC1). The ellipticity value of rdRNase A was close to zero at 278 nm due

to the loss of tertiary interactions. This corroborated with the lower fluorescence anisotropy
values 6érd-RNase A in buffer (Fig. 2.6 A2). The addition of surfactants above thelC|pi@
increased the ellipticitywhich againreduced to zerosimilar to the trend observed in
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fluorescence anisotropy. The analysis of secondary structures fragVf@D spectra of the
proteins (Fig. 27AX4) suggested that t-helcalcanterta lbothant s
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Fig. 2.8.(A1-C1) The ellipticity changes of eé®Nase A (cyan circles) and-RINase A (red circles)
278 nm obtained from their nellV CD spectra (Fig. 2.7) in the presence of increasing concenti
of the surfactants. The squares represent the ellipticliyesaof the proteins in the absence
surfactants. Secondary structure content of(@®2 oxRNase A and (AX3) rdRNase A in varyin
concentrations of SOS (cyan), SDeS (dark yellow), and SDoS (red) calculated from their respe
UVCDspetra (Fig. 2.7) using Reed?©os +nmemesdntpeEMC
and CMC of the surfactants, respectively, in the presence of protein.

proteins when the concentration was abtheepreCMC of the respective surfactants (Fig.
2.8A2-A3). Though SDeS and SDoS increased the helicity-6fMdse A similar to that of ex

RNase A, the extent of increase in helical content was less in the presence of SOS. The
surfactants showed varying effect o n -sheét eontént of the proteins (Fig. 2.8-B2).
Increasing the concentrations of surfactants abovethe CMC d e s t-shéeis bfioz e d t
RNase A. The surfactants, at their yralceato mer
content of rdRNase A; however, between pteMC and CMC, t h esheets. ncr e
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Above the CMC concentrations, SOS did not show any further changes; however, SDeS and
SDoS r e d usheetdcontert agaivhich waslessthan their initial conformation in
buffer. The turrcoil structures of oRNase were increased with the addition of surfactants
above their preCMC, whereas they showed an initial decrease followed by an increase in rd
RNase A.

These results indicated that the formation of primary and mature micelles on the surface of the
compactglobular protein and the partialyjenatured proteivasd i f f er ent . -An i n
helix occurred si mu lsheatniregobutal psoteivduting the fdrneation o s s
of micelles on its surface. The anionic surfactants are known to induce helicity in many globular
proteins[97][105][127][128][130]. Also, surfactants with longer alkyl chains could induce
helicity at | ower concentr at i othedncr¢adetl helicall n t
structurewaslsoa c compani ed -bhget§106]@30] lbosvever,ddlowbhe CMC,

t he surfact ant ssheetsinthalpariiallydenatizedriNase A thdi were lost

in the presence of H@icelles. Further, in some of the proteiffle)4][137][138] the initial

binding of SDS disrupted the tertiary interactions without altering the secondary structure, thus
inducing a molten globuleke (MG) intermediate state. In eéRNase A, the unfolding of

tertiary structure, as noticed from fluorescence anipgtand neatJV CD, occurred along
with the f or mathiedni xo fa nabtedtsotBneceiomflthe Hitermediate
structures of ®RNase A did not have the characteristics of conventionalikESstates. Also,

we could not define any conventiohaG-state in rdRNase A, since the initial structure of the

protein itself was partially unfolded.
2.4.5. Thermal stability of the proteins

The thermal stabilities of eBRNase A and rcRNase A were followed by the change in
their absorbance. The addition of surfactants showed cooperativ@ateotransitions, up to
their CMC in oxRNase A and even higher than CMC inRNase A (Fig. 2.9).
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Fig. 2.9.Representative thermal denaturation transitions éRNase A (ALA3) and rdRNase A (B?
B3) in the presence of varying concentrations of the surfactants, SOS, SDeS and SDoS follov
change in absorbance of the proteins at 278 nm. Different coloutise panels represent
concentrations of the surfactants as given in their legends. The solid lines representfinesiat
equation 3L. The extrapolation of solid lines in the padstnsition regions of the highest concentrat
(blue) is only for visual perception of the unfolded states.

The monomeric concentrations of the surfactants did not show any significant change
in the thermal denaturation profiles of both proteins. The thermal transitionsanayesed
using equation 2.3 and transition midpoint temperafisg ( and ent hal Hy) of u
were evaluated (Fig. 2.10). THe values showed a biphasic trend in both proteins. The
addition of SOS or SDeS did not alter the stability oRiase A up to their pr€MC. Above
the preCMC, they induced a drastic destabilization (Fig. 2.10A). However, SOS and SDeS
increased the stalijiof rcRNase A by 6 K and 9 K, respectively, up to their CMC, and showed
a destabilizing effect above their CMC (Fig. 2.10Bhough SDoS also showealsimilar
biphasic trend, it destabilized -#¥Nase A even at i €MC and stabilized riRNase A even
above its CMC. This reiterated the differences in the effect of micelles on the proteins when the
hydrophobic chain was Hmnnrauesecarrelatel withThe ehangesc r e
observed iy, values and showed similar biphasic trends (Fig. 2.10 C and D). As expected, the

gHm values were lesser for4#@Nase A compared to eéRNase A.
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vertical lines and- represent prCMC and CMC of the surfactants, respectively, in the pre:
of protein.

Though the additi on ehtlicabstructlire, the shabilitysof ek n c r €
RNase A was significantly decreased. IlRiNase A, i n additi eshheett o t
was also increased with the addition of surfactants up to their GMKRisiconcentration range,
the stability of rdRNase A was notably increased. This indicated that the surfactard u€ e d b
sheet formation in the protein could provide more stabilization, but the formation of helices
might have more nenative interactios that destabilized the protein. The amative helical
formation induced by SDoS thdéstabilizeshe protein has been reported earlier as well. This

isreferredoas fAreconstructi vel97l®Aat urati ono of pi
2.4.6. Molecular dynamis (MD) simulations

Four different protein models were chosen for computational studidgNase A, re
RNase A, oxRNase A" and rdRNase A™. The interactions of monomeric concentrations of
surfactants were studied with -8®Nase A and r&RNase A and the micellar concentrations
were studied with RNase A" and rdRNase A™. In total, 16 simulations amounting to 1.6

ps of computational time were performed (Table 2.2).
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2.4.6.1 Basic analysis of the trajectories

The root mean square deviation of protein from its initial conformation (RMSD) was
calculated (Fig. 2.11 ATC2). RMSD values of the unfolded conformations were higher than
native conformations. The addition of monomeric surfactants to native proteinetdidaw
significant changes in the RMSD values. This could be due to the interaction of a smaller
number of surfactants at monomeric concentrations as discussed in section 2.4.6.3. However,
the presence of micelles reduced the RMSD of the unfolded protéieseduction of RMSD

was more in SOS for eRNasé" whereas it was more reduced in SDoS feRMbas&".

Further, the residuwise fluctuations were measured as RMSF changes (Fig. 2-11 A3
C4). RMSF values of the residues were higher in the unfolded conformations compared to the
native conformations. e(RNase A showed | ar ge+l ofolR)tifabis at i o
between heliX2 and strandA 1 , and -abal r mihmZefe (). dhe addition of
monomeric concentration of the s2r éaegddbnts
RNase A had | ar gen2refidniolbotvad &b 2 o a dldThdaduition df b
monomeric surfactants r £duwughdieab enlambrginalt uat i
reduction wals. ohbs emawe dei moft ed t2h aasRdegyss4d 0 an
respectively, and thdisulfide bond between these residues is broken iRIKé&se A. TheN-
terminal region exhibited more fluctuation in-BNasé&" along with straneAl1, helix-3 and
bL4. This may be attributed to the loss of structure in stfsihdnd helix3 in oxRNasé" (Fig.
2.1D). Notable fluctuations wer o b s e r v @2das well. @he mtellab formation on the
protein surface reduced2t &Bdlodn wareaclode tothe-Q ct u e

terminal.

In rd-RNasé", the RMSF values dfi-t e r mi n @ lwerahigher. Bhe micelles of
surfactants decr eased2 tamregione stid IsHowedR lsk§eF | b
fluctuations. These observations indicated that the binding of monomeric surfactants on both
ox-RNase A and rdiRNase Awasar ou B8 d | bop -aaidr plihma. 0fbugh the
micellar concentrations of the surfactants reduced the RMSF akéuartt C-termini of both

the unfolded prot eiLB s aiRtebidns werediffetest.r act i ons W
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Fig. 2.11.RMSD and RMSF values obtained from MD simulations:-@&Land A3C3) oxRNase /
and oxRNase A" in the absence (black & gray, respectively) and the presence of monomeri
and micellar (cyan) concentrations of the surfactants, respectiveyC2A@hd A4C4) rdRNase /
and rdRNase A" in the absence (dark green & light green, respectively) and the prest
monomeric (red) and micellar (magenta) concentrations of the surfactants, respectively.

Furthermore, the solvesiccessible surface area (SASA) of the proteins was plotted
against radius of gyration (Rg) in the absence and presence of the surfactants to understand the
global conformational changes (Fig. 2.12). From the plots, it was eviugnthe SASA and
Rg values of osRNase A" and rdRNase A" were larger than their corresponding native
conformations. The monomeric concentrations of the surfactants slightly increased the Rg and
SASA values. The extent of increase was more farRiNaseA in SDeS and SDoS, and for-rd
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RNase A in SDoS. Though the micellar concentrations of SOS did not show any significant
change in the distribution of Rg and SASA ofRNase A", the micelles of SDeS and SDoS
increased the values. In the case eRiase A", SOS increased the SASA of the protein at
the micellar concentrations, whereas SDeS and SDoS decreased the Rgnditiag an

increase in compactness of the protein in the presence of these micelles.

SOS SDeS SDoS
T T T T T T T T T T T
90 - A1 ox-RNase A ]| 190 ¢4  ox-RNase A + monomeric]
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Fig. 2.12.The distribution of solvent accessible surface area (SASA) against the radius of gyrai
of the proteins obtained from MD simulations: (€1) oxRNase A & oxRNase A" in the presenc
of monomeric (blue) and micellar (cyan) concentrations of the surfactants, respectivelgZ2)(Af
RNase A and rdRNase A" (A2-C2) in the presence of monomeric (red) and micellar (mag
concentrations of the surfactants, respectively. The distribution of Rg and SASA of the protei
absence ofigfactants (oxRNase A (black), oRNase A" (gray), réRNase A (dark green) and-
RNase A" (light green) are presented for comparison.

2.4.6.2 Radial distribution functions

The radial distribution functions (RDF) of water around the proteins showed first and
second peaks at 0.28 and 0.38 nm, respectively (Fig. 2. 42Mas reported in earlier studies
[139][140]. The peak value of RDFs, corresponding to the fraction of water molecules at a
given distance, was reduced upon the addition of surfactants. At the micellar concentrations,
the reduction of water was higher. Though the micelles of all three surfactentsdskimilar
water distribution around the proteins, the monomeric concentration of SDeS and SDoS had
lower RDF values of water for eRNase A and rd&RNase A, respectively. The RDFs of
surfactants around the protein (Fig. 2.13B) showed peak valuesatound 0.55 nm for all

43



protein-water
T T

lproteln-surfactant rotein-surfactant’s ionic mok:g L urlfachnt's al|lkyl
e T e

40 - D1

— = e

o
»

b

no surfactant |
SOS
SDeS +
—— monomeric SDoS
—— micellar

°
8
¥ @SENY-XO

—— monomeric
—— micellar
1 1 1

0.4 0.6 08

o
=

0.4

Radial distrubution function

el T

V 9SENY-p4

—— monomeric SDoS
0.0 —— micellar < —— micellar
= 1

1 1 1 [ L 1 1
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 0.2 0.4 0.6 08

< Distance, nm
water around protein surfactant around protein  surfactant's ionic moiety surfactant's alkyl moiety

[B3 [c3 D3

30

20

10

V 9SENY-XO

| A4 mmonomeric
Emicelle

number of molecules

20

200 19

4
o
3
3
>

100

0.30 nm

0.70 nm 0.42nm 0.70 nm 0.42nm 0.70 nm 0.42nm 0.70 nm
Dist: (nm)

0.42 nm

Fig. 2.13.Radial distribution functions (RDF) of water around the heavy atoms of (ARNase A &
ox-RNase A", and (A2) rdRNase A and rdiRNase A" in the absence and the presence of mono
(solid lines) and micellar (dashed lines) concentrations of the surfactants, respectively. (B1
RDF of surfactants around the heavy atoms of the proteins in their monomeric and
concentrations. BF plots were evaluated by separately considering the ionic moiety (C1 and ¢
alkyl chain moiety (0 and D2) of the surfactants. The colors represent the absence (black
presence of SOS (blue), SDeS (green) or SDoS (red) in the simulation. The number of v
surfactant molecules around (A&3) oxRNase A and (A9B4) rd-RNase A in the absenégray) an
the presence of surfactants, SOS (cyan), SDeS (dark yellow), and SDoS (red), in their monom
bars) and micellar (crosseexture bars) concentrations calculated at three different distances fi
surface of the protein. Each swfant was split into ionic moiety (C3 and C4) and alkyl chain m
(C4 and D4), and their presence within theaffitistance was calculated. As the number of surfac
in the first hydration shell (within 0.30 nm) is meager, it is not included ipdhels (B3D4).

the surfactants. It is similar to the value presented in an earlier study on[$DHSAt the
monomeric concentrations, SDeS showed the highest RDF yallesed by SOS and SDoS.
However, at the micellar concentrations, the RDF values increased with the increase in chain
length. Moreover, the surfactant molecules were separated into two groups, ionic head group
and alkyl sidechain. Their RDFs were evahahtio understand the role of ionic and hydrophobic
interactions, respectively. At the micellar concentrations, the peak values of these RDFs

increased with the increase in the chain tergf the surfactants (Fig. 2.13. @©PR), similar to
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the RDFs calculated for the whole surfactant molecule (Fig. 2.1B231At monomeric
concentration, the ionic moiety of SOS had the highest peak value followed by SDoS and SDeS
for ox-RNase A (Fig. 2.13 C1). This suggested that at monomeric concergratienionic
interactions could be more predominant for the surfactant with a shorter alkyl chain, whereas

hydrophobic interactions also have a significant role for surfactants with longer alkyl chains.

The first two troughs observed at 0.30 nm and 0.42 nm from the pwot¢en RDF
plots (Fig. 2.13 AJA2), and the single trough observed at 0.70 nm from the prstefactant
RDF plots (Fig. 2.13 BB2) were considered as three distanceofigt to calcuhte the numbers
of water and surfactants around the proteins. Theseffsutvould be named as first, second,
and third hydration shells, respectively, for further discussion.

2.4.6.3. Water and surfactants around the proteins

The number of water molecules in the first hydration shell was marginally reduced with
the addition of surfactants (Fig. 2.13 A3 and A4). In the second and third hydration shells, the
reduction was significant and was found to be more at the micellarrdosioens. Though the
number of water molecules in the presence of all three surfactants was similar arGUxasax
A, the number gradually reduced with an increase in the alkyl chain length of the surfactants
for rd-RNase A. The number of surfactants wadculated for only the second and third
hydration shells (Fig. 2.13. BB4), since their presence in the first hydration shell was less. At
the monomeric concentrations, the number of SDoS molecules was slightly higher than the
other two surfactants arnd oxRNase A, whereas SDeS molecules were higher around rd
RNase A. The same trend was observed when the interactions were separately calculated for
the ionic and alkyl moieties (Fig. 2.13. CB&l). At the micellar concentrations, the number of
SOS molecwds was higher than the other surfactants in the second hydration shell. In the third
hydration shell, the number of SDeS was marginally higher. When the interactions were
categorized into ionic and alkyl moieties, there was a gradual decrease in the wimber
interactions with the increase in alkyl chain length. These observations emphasized that the
smaller alkyl chain surfactant had more interactions on the surface of the protein through both
ionic and hydrophobic interactions, particularly withR8laseA. This could be correlated with
the structural changes observed irRidase A even below the p@MC of SOS (Figs. 2.6A3
and 2.8A1), while SDeS and SDoS induced structural changes occurred only at concentrations
above preCMC.
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2.4.6.4. Residuavise interactions of water and surfactants

The addition of monomeric concentrations of surfactants showed only a marginal
reduction of water molecules around-BNase A (Figs. 2.14 AC4 and 2.15 AXC4). The
presence of surfactants was less around the proteins (Fig. 2-C3 Afhd Fig. 2.17 AT3),
and a few were found around Leu, Tyr, Pro, and GIn, and negatively charged residues. At the
micellar concentrations, the water molecules around positively charged, polar and hydrophobic
residues were reduced in the first and second hydration shellsZRigsD1F4 and 2.15 D1
F4). In the first hydration shell, a few surfactant molecules were found around polar and
negatively charged residues. In the second and third hydration shells, more surfactant molecules
were observed around hydrophobic residuestiqularly Leu and Val (Figs. 2.16 EA3 and
2.17 DXF3). The interaction of monomeric surfactants around negatively charged residues
suggested that the ionic interaction could drive the initial binding of surfactants. At the micellar
concentrations, theurfactants showed significant interactions with ionic and hydrophobic
residues, and formed clusters around the protein surfaces (Fig. 2.18). These clusters were

furtheranalysed
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Fig. 2.16.The number of surfactant molecules around each residueRNage A in their monome|
(A1-C3) and micellar (DF3) concentrations calculated at three different distances, 0.30, 0.42 ¢

nm from the surface of the protein.
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Fig. 2.18.Representative frames from the MD simulations oRidase A" (A1-A3) and rdRNast
AU (B1-B3) in the presence of micellar concentrations of the surfactants. The proteins are rej
by their surface contour with their secondary structural contents as ribbons (pale brov
surfactants Dbound on t he spoluedpleien &m vissal clafity,
unbound surfactant molecules are not shown.

2.4.6.5. Aggregation numbers

The surfactant clusters were categorized into four groups: (i) small clusters (consisting
of 1-4 molecules), (i) medium clusters (consisting @8 Snolecules), (iii) large clusters
(consisting of 915 molecules), and (iv) macro clusters (>15 moleculds}. Mumbers of each
type of cluster during the MD simulation were calculated for the last 60 ns of the trajectories
(Fig. 2.19). In the absence of protein, SOS mostly formed small clusters with a few fractions of
medium clusters, SDeS formed all four tymésclusters where the fraction of macro cluster
was less, and SDoS formed mostly small and large clusters along with a small fraction of
medium clusters. In the presence ofRMase A" SOS formed a greater number of smaller
clusters than medium and large clusters. As the alkyl chain length increased, the number of
small clusters was reduceshereas medium and large clusters increased. In the presence of
rd-RNasé" also the same trend was observed. lfRddase A™, SDeS transiently formed
macro clustes during the simulation. In fBNase A" all three surfactants showed the
formation of macro clusters, though SOS was very transient. The population of medium clusters
was reduced where macro clusters were forreadgesting that the spatially closer medium
clusters might lead to the formation of macro clusters. Merging of small clusters to form larger
clusters on the protein surface has been observed during the MD simulation of SDoS with 127
domai n eaimyageiarid AGBRP12H[123]. In ACBP, the longer alkyl chain surfactant,

hexadecyl sulfateforms highetorder clusters compared to dodecyl sulfd2?] as observed
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