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Abstract

The interaction of a synthesised amino acid surfactant, sodium-N-dodecanoylphenylalaninate
(AAS) with a transport protein, bovine serum albumin (BSA) has been uncovered employing
various physicochemical and spectroscopic techniques like tensiometry, electro kinetic
potential measurements, steady-state fluorometry, time-resolved measurements and circular
dichroism (CD) at physiological pH and 298 K. The difference in tensiometric responses of
AAS in absence and presence of BSA indicates a significant interaction operative between
them. The zeta (&) potential measurements have been taken into account in assigning the type
of binding interaction between them. The steady-state fluorescence study reveals the
sequential unfolding of BSA with stepwise adding of AAS. Stern-Volmer and modified
Stern-Volmer plots, Scatchard plots and thermodynamic parameters have been employed to
find the type of binding of AAS to BSA. The life-time measurements have been carried out to
light on the relative amplitude of binding of AAS to the two Trp residues of BSA namely
Trp-134 and Trp-213. The changes in protein secondary structure induced by AAS are
unveiled by CD measurements. The quantum mechanical calculations involving density
functional theory (DFT) and molecular docking analysis have been undertaken in
highlighting the interactive phenomenon between the two. Thus this work shows a total

inspection on an amino acid surfactant-BSA interaction.

Keywords: surfactant, serum albumin, tensiometry, &-potential, fluorescence, circular
dichroism.
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1. Introduction

Proteins are the most important chemical substance in living organisms and take part in
almost all biological processes [1]. Serum albumins are the most abundant proteins in blood
plasma and the circulatory system, and are responsible for binding of a wide variety of fatty
acids, drugs, metal ions and surfactants [2-5]. Interactions of proteins with surfactants have
been studied extensively for the past few years due to its numerous applications in biological,
industrial, cosmetic and pharmaceutical systems [6-8]. The immense importance of this type
of interactive phenomenon lies by virtue of its resemblance with the lipid-protein interaction
in the living cell-membrane [9].

Bovine serum albumin (BSA) is a widely known transport protein comprising of 583 amino
acid residues in its single polypeptide chain with a molecular mass of 66463 Da [10]. The
crystal structure of BSA reveals a heart shaped architecture composed of 17 disulfide bridges
and three major domains (I, II and III) each consisting of two sub-domains (A and B). It bears
approximately 76% sequence homology with another transport protein, human serum
albumin (HSA), and they exhibit a conserved repeating pattern of disulfide linkages [2]. Two
Tryptophan (Trp) residues are housed at positions 134 and 213 in the amino acid sequence of
BSA among which Trp-134 is somewhat bare [11]. At physiological pH, BSA is negatively

charged [10].

Proteins are very much prone to get unfolding upon the action of drug molecules, denaturant
and surfactants [12-15]. It has been established that the presence of surfactant not only
changes the functional properties of the native protein, but the conformational parameters
may also get modified notably [16]. It is well documented that surfactants after binding with
proteins may induce either stabilization or denaturation to the protein structure. Protein-

surfactant interactions are conspicuously dependent on the features of the surfactants
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investigated. Both single-chain cationic [17] and anionic [13] surfactants put forth escalating
interests to the recent researchers in this regard. Considerable attentions have also been
placed on Gemini surfactants resulting denaturation of BSA structure [18]. Not only single
chain surfactants, but twin-chain surfactants may also interact with BSA causing amendment
in protein conformation [19]. However, among these surfactants, the interaction between
anionic surfactant and protein is of the utmost interest. This is because; the anionic
surfactants interact strongly with protein molecules and denature them even at very low
concentrations. Thus the anionic surfactants often behave as an efficient denaturant than the
common chemical denaturants such as urea, guanidine hydrochloride etc [20]. Surfactants are
also known to influence protein aggregation which in many cases leads to perturbation of
various biological functions of proteins. These aggregation processes are associated with the
formation of cataracts in the lens of the eye, Alzheimer’s disease due to aggregation of
amyloidogenic proteins and other neurological diseases [21, 22]. Therefore, understanding of
the nature of protein-surfactant interaction is seemed to be essential with respect to the
advancement of the fields of pharmaceutical and cosmetic research [23]. In this context, one
of the most extensively investigated systems is BSA—SDS system [24]. Mukherjee et a/ have
recently proposed the sequential unfolding after initial stabilisation of BSA structure upon the
addition of sodium dodecyl sulphate (SDS) surfactant [25]. Although a more recent study on
the interaction of a twin-chain surfactant, sodium bis-2-ethylhexyl sulfosuccinate (AOT) with
BSA suggests that AOT binds to BSA in a different manner from that we observed for
SDS—BSA interaction [26]. However, to the best of our knowledge, there is no such
investigation reported on the interaction of BSA with anionic biocompatible amino acid
surfactant (AAS) bearing carboxylate (—COQO") head group and amide linkage in its alkyl

chain. Amino acid surfactants are now widely used in pharmaceuticals, food, cosmetic
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products and industrial detergency for their low toxicity and quick biodegradability [27].

Thus there is a pressing need in deciphering the mode of binding of AAS with serum protein.

H -+
N COO Na
10

(0]

Scheme 1: Structure of amino acid surfactant (AAS)

In our present work, we have used a synthesised amino acid surfactant containing
phenylalanine as the amino acid residue. By virtue of its structure, AAS has an amide linkage
in between the phenylalanine moiety and hydrophobic alkyl chain (Scheme 1) which may act
as both, donor and acceptor of H-bonds. Therefore, it can be anticipated that AAS may
interact with BSA through hydrophobic and/or H-bonding and van der Waals forces of
interaction. The interactive phenomenon between AAS and BSA has been exploited by
surface tension, &-potential, fluorescence and circular dichroism measurements. Theoretical
support from molecular modelling study has been given for better understanding of the role
of molecular structure of AAS in BSA—AAS interaction in stabilising and/or denaturing the

BSA structure.

2. Materials and methods

2.1. Materials

Lauric acid, thionyl chloride and phenylalanine have been used as received from SRL, India.
All the solvents have been procured from Merck, India and distilled prior to use. Bovine
serum albumin, BSA (essentially fatty acid and globulin free) has been procured from Sigma-
Aldrich and used as received. All other reagents from Merck, India have been used without

further purification. The solutions of BSA and surfactant have been prepared in 10 mM
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Britton-Robinson buffer of pH 7.4. The concentration of buffered solution of BSA has been
kept at 3.0 uM during the experiments except for circular dichroism study where 0.15 pM
BSA solutions have been used as per instrumental requirement. The concentration of BSA
solution has been determined each time when required from UV-Vis spectra using &g9 =
43,824 M cm™ [28]. Highly pure water from Millipore synergy (India) has been used

throughout the experiments.
2.1.1. Synthesis of anionic amino acid surfactant (AAS)

Sodium-N-dodecanoylphenylalaninate (AAS) has been synthesised, purified and
recrystallised following the reported procedure [29]. The scheme of synthesis of the
surfactant is given in supporting information (Scheme S1). Firstly, dodecanoylchloride has
been prepared upon reacting of lauric acid (1.0 g equivalent) with thionyl chloride (1.5 g
equivalent) in chloroform. Another precursor i.e., phenylalanine methyl ester hydrochloride
has been then prepared from L-phenylalanine, where an amount of 4.5 g (27.0 mmol) of L-
phenylalanine is added to an ice cold methanol (50 mL) followed by the addition of 1.4 mmol
thionyl chloride (SOCI,). The solution of phenylalanine methyl ester hydrochloride in
chloroform has been treated with triethylamine (NEt;) under ice cold condition. To this
mixture, chloroform solution of dodecanoyl chloride has been added drop wise with
continuous stirring at room temperature. The so obtained white powdered product N-
dodecanoyl-L-phenylalanine methyl ester has been dissolved in THF: MeOH (1: 1) mixture
which has been then treated with 1 M NaOH solution and subsequent addition of 1 M HCI
solution has been carried out. The mixture has been then extracted with ethyl acetate. The

solid mass has been then dried and recrystallised from methanol.
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2.1.2. Characterisation of N-dodecanoyl-L-phenylalanine
NMR data

The synthesised amino acid surfactant has been characterised by '"H NMR analysis and the
representative spectrum is given in Fig. S (supporting information). "H NMR (300 MHz,
CDCls); 6 (ppm): 0.86—0.90 (3H, t, terminal CH3), 1.24 (16H, bs, (CH,)s), 1.55 (2H, s, CH, B
to CO), 2.15-2.20 (2H, t, CH; a to CO), 3.09 — 3.28 (2H, m, CH,Ph), 4.83 — 4.89 (1H, q, CH

a to NH), 5.94 — 5.96 (1H, d, NH), 7.15 — 7.30 (5H, m, C¢Hs).

Surface tension measurement

The critical micelle concentration (CMC) of the synthesised surfactant has been determined
using du Nouy tensiometer (experimental procedure has been explained in method section).
The tensiometric profile of AAS in aqueous medium is given in Fig. S2. The CMC of AAS is

found as 0.93 mM which is in good agreement to the reported data [29, 30].

Absorption and emission spectra

The UV-Vis absorption spectrum of AAS in aqueous buffer medium is shown in Fig. S3. The
maximum absorption is observed to be positioned at wavelength of 258 nm which resembles
to the characteristic peak of phenylalanine (Am.x = 257 nm) due to aromatic component in the
structure [31]. The surfactant exhibits weak emission upon exciting at wavelength of 258 nm
(Fig. S4), and the emission maximum located at wavelength of 282 nm is also the

characteristic emission of phenylalanine [31].

Methods

2.2.1. Experimental

Surface tension measurements have been carried out using a calibrated du Nouy tensiometer

(Jencon, India) employing ring detachment technique [32]. The measurements have been
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performed upon stepwise addition of AAS in absence and presence of buffered BSA (3.0
uM). Each measurement has been repeated at least three times and the reproducibility of the

data has been estimated within + 0.2 mN m™..

Surface charge of BSA in absence and presence of AAS has been measured by Malvern
(UK), Zetasizer Nano ZS90. The average values of triplicate measurements are reported.
Solutions have been twice filtered through 0.45 um membrane filters in order to remove dust

and suspended particles from the system.

Steady-state  absorption measurements have been carried out wusing UV-Vis
Spectrophotometer (Shimadzu, UV-1800) equipped with a Peltier temperature controller,
TCC-240A in order to maintain a constant temperature of 298 K (+ 0.1 K). Quartz cells from
Hellma (1 cm path length) have been used in this study. The buffer solution has been used as
reference. During the optical titration of BSA, an equal amount of AAS has been added to
both the sample and reference cells in order to cancel out the contribution of the added
surfactant to the absorbance of BSA spectra. The change in absorption at A, of BSA upon

stepwise addition of AAS has been noted until saturation point.

Steady-state fluorescence measurements have been performed on a Shimadzu RF-5000
spectrofluorometer thermostated at 298 K (+ 0.1 K). The intrinsic fluorescence of BSA has
been examined upon exciting at 295 nm using excitation and emission band slits at 3 nm and
5 nm respectively. The emission of BSA has been monitored in the wavelength range of 305
nm to 450 nm with maximum at 342 nm of the native BSA. However, it is now widely
established that while investigating the binding process between protein and a small molecule
employing fluorometric technique, ‘inner-filter effect’ should be eliminated [33]. The ‘inner-
filter effect’ commonly arises if there is any absorption of the molecule added during

fluorescence titration at the wavelength of excitation or at the wavelength used to note the
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emission, and the results of which is spurious decrease in the observed fluorescence intensity
[31]. To eliminate this artifact, we have made a critical look on the UV-Vis spectrum of AAS
at the maximum added concentration during fluorescence titration, and shown in Fig. S3.
From the Fig. S3, it can be seen that the change in absorbance due to AAS at both the
excitation (295 nm) and emission (342 nm) wavelength of BSA is indeed very small.
Nevertheless, we have made an effort to measure the impact of inner-filter effect on the
observed fluorescence intensity of BSA. Since the geometry of the spectrofluorometer that
we have used in our present case is such that the collected intensity comes exactly from the

centre of the cuvette. Thus the inner-filter effect has been estimated from the relation [31]

(Eq. 1):
A,d, A, d

ex ex em em

]obs :] Xlo ? ? (1)

corr

where, I, is the measured fluorescence, I, 1S the corrected fluorescence that is in the
absence of inner-filter effect, dex and den are the path length of the cuvette (in cm) in the
direction of excitation and emission light respectively, and A and A, are the change in
absorbance at the excitation and emission wavelength of BSA respectively resulted by the

addition of AAS.

Time-resolved measurements have been performed employing time-correlated single-photon-
counting (TCSPC) technique at room temperature (298 K). A nanosecond diode laser at 300
nm (IBH UK) has been used as an excitation source with a TBX photon detector and the
signals have been collected at the magic angle of 54.7°. The luminescence decays have been
analysed using IBH DAS-6 software. The goodness of fit of decay data has been evaluated
from y* data. The average fluorescence life-times (<t>) for bi-exponential iterative fittings
have been estimated from the decay times (7; and 7;) and the normalised pre-exponential

factors (@jand @) from the following relation [31] (Eq. 2):
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DMD=aqT1+tTonn 2)

Circular dichroism (CD) spectra have been recorded on a JASCO J-815 spectropolarimeter
using a rectangular quartz cuvette of 1 cm path length. The reported CD spectra have been
obtained employing a scan speed of 50 nm /min and the baseline has been corrected
appropriately. All the CD measurements have been carried out at room temperature (298 K).
The CD data have been expressed as mean residue ellipticity (MRE) in deg cm’ dmol™ using

the following equation (Eq. 3)
MRE = Ogs M/ nlC 3)

where, 6, is CD in mdeg, M is the molecular weight of BSA in g dmol'l, n is the number of
amino acid residue in the protein (here it is 583), / is the path length of the cell (1 cm) and C

is the concentration of BSAin g L.
2.2.2.Theoretical

The crystal structure of BSA used in the docking study has been extracted from the structure
(pdb id: 4F5S) available in Protein Data Bank (PDB) [34]. Polar hydrogen atoms and
Gasteiger charges have been then added to prepare BSA molecule for docking analysis. For
docking of AAS with BSA, the ground state geometry of AAS has been optimised employing
density functional theory (DFT) using B3LYP functional with the standard basis set, 6-31G*
in Gaussian 09 program suit [35]. The required pdb structure of AAS has been then derived
from the optimised structure. AAS has been considered as ligand and BSA as a receptor for
the docking study. The molecular docking analysis has been performed applying the
Lamarckian Genetic Algorithm (LGA) implemented in AutoDock 4.2 [36]. The BSA has

been laid over a three dimensional grid box, the size of which has been set to (126 x 126 x
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126) A’ along x-, y-, and z-axis with 0.675 A spacing. The output from AutoDock has been

further analysed using PyMOL software [37].

3. Results and discussion

3.1. Surface tension measurements

Tensiometry proves itself a useful technique that could provide indication of interaction
between protein and surfactants [24-c]. In our present study, the surface tension (y) of the
buffered surfactant (AAS) solution have been measured in the absence and presence of BSA
(3.0 uM), and the representative plots of y versus log{[AAS]/M} are shown in Fig. 1. In the
absence of BSA, y decreases linearly with increasing AAS concentration up to a certain
value, above which it remains constant, thereby producing a well-defined break point,
corresponding to the cmc of AAS under buffered condition (Table 1). However, the surface
tension of buffered BSA solution (58.5 mN m™) is somewhat lower than that of pure buffer
(69.36 mN m™), indicating feeble surface activity of BSA. The tensiometric profile of AAS
containing BSA (Fig. 1) shows an initial slow diminution of y up to point C; (0.085 mM
AAS), followed by a steep decrease to reach the final plateau at 0.54 mM AAS (Cn)

corresponding to cmc of AAS (Table 1).

60
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Fig. 1: Variation of surface tension of AAS in the absence and presence of BSA at 298 K,

[BSA] = 3.0 uM

The slow diminution of y up to C; is attributed to the monomeric adsorption of AAS onto
specific sites of BSA leading to the formation of AAS-BSA (monomer) complex. This
complex exhibits less surface activity than pure AAS as evident from the higher y values of
the complex (Fig. 1). Santos et a/ have shown in a classy manner that the complex formed by
the monomeric adsorption of SDS onto BSA surface is more surface active than the SDS
monomers [38]. While a more recent studies by Mahajan et a/ on the interaction of AOT to
BSA, it is found that the resulting AOT-BSA (monomer) complex is less surface active than
pure AOT [26]. Hence, the tensiometric profile of AAS, particularly in the low concentration
region, is seemed to be quite similar to that for AOT and not like SDS, although both are
anionic surfactants. In this region, AAS monomer is seemed to bind with BSA through
hydrophobic and/or H-bonding and van der Waals forces of interaction, causing initial
unfolding of protein secondary structure. The thermodynamic parameters determined from
fluorescence data (discussed later) suggests that the H-bonding interaction via the amide
group of AAS and van der Waals forces play an important role in this respect. After Cy, y
decreases more steeply with the addition of AAS up to C, indicating stronger interaction
between BSA and AAS which in turn implies the formation of highly surface active AAS-
BSA complexes. The AAS-BSA complex being negatively charged, repels the BSA (since
BSA is negatively charged under the experimental condition) causing it to expand. This in
turn exposes more binding sites buried in the core of tertiary structure of BSA [26], thereby
allowing AAS to bind to BSA in the form of both monomers and small aggregates. The
plateau as observed after C, indicates the saturation of binding of AAS to BSA and the added

AAS results in the formation of free micelles in the bulk. The cmc of AAS in the presence of
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BSA is shifted to higher value than that of pure AAS (Table 1). This can be ascribed to the
fact that the micellization process is hindered considerably by the monomeric binding of
AAS to BSA.

The Gibbs adsorption isotherm is being widely useful to ascertain the interfacial adsorption
efficacy of surfactant, which is quantified in terms of maximum surface excess (I'm.) and
minimum surface area per surfactant molecule (Anyin) [39]. These two parameters are
indicative of the surface arrangement of surfactant at air/water interface and can be calculated

using the following equations (Eq. 4 & 5):

L = =2 @
n'RT\oln C ),

Amin = 1 (5)
NAFmax

where, (0y/dlnC)is the maximum slope of the plot of y versus log{[surfactant]/M} near the
cmc. R, T, C and N, are the universal gas constant, Kelvin temperature, molar concentration
of surfactant (here, AAS) and Avogadro number respectively, and »’ is a constant, the value
of which is taken as 1 [40]. Here, the contributions of the counterion and the buffer ions have
been neglected, since they have no preference toward the interfacial adsorption. The values of
IMnax and Api, for interfacial adsorption of AAS in the presence and absence of BSA are given
in Table 1. The calculated value of T, in BSA-AAS systems is lower than that in pure AAS.
Conversely, Anin, in the presence of BSA, is higher than in the BSA free system. Hence, it
can be inferred that the reduced efficacy of AAS to populate the air/water interfacial
monolayer in the presence of BSA is indicative of the presence of solubilised BSA-AAS

complex at the monolayer [41].
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Table 1: Transition concentrations (C; & C,) and interfacial parameters of AAS in the

absence and presence of BSA at 298 K, [BSA]=3.0 uM

System C;, mM Cm (cmc), mM  10°Tp,y, mol m™ Amin, A
AAS — 0.31+0.02 3.75 4427
AAS-BSA 0.085 + 0.01 0.54 +0.01 3.38 49.01

3.2. E-potential measurements

The nature of binding interactions between protein and surfactant are frequently assigned by
monitoring the variation of net surface charge of protein at different contents of surfactant
[42]. Fig. 2 shows the change of &-potential of buffered solution of BSA (pH 7.4) upon
successive addition of AAS. The net surface charge of native BSA, at pH 7.4, is found as -
16.9 mV which is in agreement to the literature reports [43]. From Fig. 2, it is observed that
at lower concentration of AAS, the change in &-potential of the protein is only minute. This is
certainly due to the similar charge sign of BSA and AAS. As we increase the surfactant
concentration, the effective net charge on BSA increases, suggesting the formation of BSA-
AAS complex at an expense of conformational change of the protein. This negative &-
potential value on adsorption of AAS onto protein indicates that the dominant interaction is
non-columbic that may be either hydrophobic, hydrogen bonding or van der Waals forces,
and whatever be, all of the modes of interaction are seemed to be logical since we are dealing
with an anionic surfactant and a negatively charged protein molecule. Prieto et al have also
reached to a similar conclusion for complexation between HSA and sodium
perfluorooctanoate [42]. However, at higher AAS concentration, the system reaches to
plateau (Fig. 2). This is ascribed to the fact that at this stage the surfactant start to form

micelles and these micelles of AAS do not interact with BSA.
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Fig. 2: Influence of AAS concentration on the &-potential of buffered BSA solution (pH 7.4)

at 298 K, [BSA] = 3.0 uM.

3.3. Intrinsic fluorescence studies

Fluorescence spectroscopy is a widely applied technique in investigating protein
conformation, dynamics and intermolecular interactions between surfactants and BSA [44].
The intrinsic fluorescence of BSA depends on three aromatic amino acids viz. tryptophan
(Trp), tyrosine (Tyr) and phenylalanine (Phe), acting as intrinsic fluorescence probes in this
regard. However, Phe is not excited in most of the cases as its quantum yield is quite low, and
therefore its emission can be ignored [45]. Hence, the intrinsic fluorescence of BSA is
primarily dependent on Trp and Tyr residues [46]. BSA has 18 Tyr residues in its different
domains with high abundances in sub domain IC (domain I) and sub domain IIC (domain II).
It also possesses two Trp residues, namely Trp-134 and Trp-213. The Trp-134 located in
domain I (sub domain IB) lies near the surface of the protein molecule, whereas Trp-213
resides in a hydrophobic cavity of the protein in domain II (sub domain ITA). In this work, the
interaction between BSA and AAS has been monitored upon exciting the BSA at 295 nm i.e.,

Trp excitation (Aex = 295 nm) has been used to minimise the excitation of Tyr residues and
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subsequent hetero-transfer to Trp [47]. Trp emission has been noted in the absence and
presence of surfactant throughout the wavelength range of 305 — 450 nm where the emission
maximum is found to be centered at 342 nm. The contributions of AAS in the fluorescence
spectra of BSA, albeit very small, have been corrected and mentioned in the method section
as well (see Fig. S3). A meticulous calculation using Eq. 1 shows that the change in
absorbance corresponds to 0.92% (less than 1%) reduction in fluorescence intensity which we
have taken into consideration in investigating the binding process between BSA and AAS.
Any regular change in the emission intensity (/) as well as maximum emission wavelength
(Aem) of BSA from its native state upon the increment of AAS concentration would indicate
the micro environmental alteration around the Trp residues The variations of emission spectra
of BSA (3.0 uM) at different concentrations of AAS are given in Fig. 3. The inset of Fig. 3
shows the variation of emission maximum (Aey) With concentration of AAS and two distinct
breakpoints are observed at 0.058 mM and 0.53 mM which are very close to C; and Cp,
respectively in the tensiometric profile (Fig. 1). The changes in the emission intensity of BSA
take place through several distinct phases when subjected to different AAS concentrations

(Fig. 3). The emission intensity (/) of BSA initially decreases from its native
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Fig. 3: Intrinsic fluorescence spectra of BSA in the presence of AAS, where (i) — (xi)

correspond to 0, 0.0025, 0.005, 0.02, 0.05, 0.2, 0.45, 0.9, 1.05, 1.5 and 2.0 mM AAS at

[BSA] = 3.0 uM, 298 K and pH 7.4 Inset: variation of emission maximum (A.n,) at various

AAS concentration, Aex = 295 nm.

state up to 0.015 mM AAS (indicated as C;j), beyond which intensity remains almost
unchanged over an appreciable range of concentration of AAS, followed by a drastic decrease
at higher AAS concentration. It has been shown by Mahajan et a/ that the emission intensity
(in terms of normalised area of emission spectra) of BSA increases at low concentration of
AOT [26], which indicates that the tendency of AOT to bind to BSA is quite different to that
for AAS although both have almost similar tensiometric profile (Fig. 1). It is worth to note
here that the perturbation of the absorption spectrum of fluorophore in the presence of ligand
suggests the formation of ground state complex between them [48]. Fig. S3 shows that the
UV-Vis absorption spectra of BSA and the difference absorption spectra between BSA-AAS
and AAS at the same concentration cannot be superimposed within experimental error. The
result indicates that the quenching of BSA fluorescence induced by AAS occurs via static

quenching mechanism.
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3.3.1. Studies on binding and thermodynamic parameters

The binding efficacy of AAS to BSA has been critically analysed employing Stern-Volmer

and modified version of Stern-Volmer equations as follows [31, 49]

1
- =1+ K10 (©)
1og{@} = log{%} +n log{%} @)

where, /) and / are emission peak intensities of BSA in the absence and presence of quencher,
[O] is the concentration of the quencher (AAS in our present work). Ksv (= kq7o) is Stern-
Volmer quenching constant (kg is the bimolecular quenching constant and 7 is the life time
of fluorescence in the absence of quencher). The K, and n are modified Stern-Volmer

association constant and the number of binding sites respectively.
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Fig. 4: Plot of log [(Io-I)/I] versus log{[AAS]/M} representing various stage of binding of

AAS to BSA at [BSA] =3.0 uM, 298 K and pH = 7.4.

A plot of log[(/o-1)/I] versus log{[AAS]/M} is shown in Fig. 4 which indicates that the

binding of AAS to BSA takes place in four distinct stages, namely regions I — I'V. It is evident
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from Fig. 4 that the binding of AAS to BSA is completed at the end of region III i.e. the
region IV is a saturation phase. Thus the magnitudes of quenching (Ksy) and K, have been
estimated from Stern-Volmer and modified Stern-Volmer plots for the first three regions
(Fig. S5 for region I and III) using Eq. 6 & 7 and tabulated in Table S1.
The Fig. 4 suggests that the binding of the surfactant to BSA follows separate mechanisms in
various concentration regimes. It is well known that the analyses of Scatchard plots reveal the
type of binding of a small ligand molecule to a macromolecular structure, particularly when
multi-site ligand binding is suspected [50]. The average number of surfactant molecules
bound per BSA molecule (v) can be estimated from fluorescence measurements using the
following relation

v=aqa % Cg/Cp (8)
where a is the fraction of BSA bound to surfactant, Cs and Cp are the total concentration of
the surfactant (AAS) and BSA respectively. The values of a have been evaluated from the
relation recently used by Mahajan et a/ [26] as

o= (Ao —A) (Ao — Amin) )

where A denotes the normalised area of emission spectra
The concentration (Cy) of surfactant that remained unbound (i.e., free surfactant) has been
calculated from the relation

Ci=Cs(1-a) (10)
Scatchard plot of v/Cy versus v as we have obtained is shown in Fig. 5. The concave upward
nature of the Scatchard plot is indicative of the existence of negative cooperativity, and non-
identical and dependent set of binding sites [51]. Each linear portion of the Scatchard plot has
been given a linear fit and from the fitting parameters i.e., slope and intercept, the values of

equilibrium binding constant (K) and number of binding sites (n) for that particular region
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(concentration range) have been evaluated [26]. The obtained values of K and n are

represented in Table 2.

@ BSA + AAS
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Fig. 5. Scatchard plot of BSA with AAS at 298 K, [BSA] = 3.0 uM. Inset: Scatchard plot for

region |

In order to highlight the type of interaction between BSA and AAS in different regions, Van’t

Hoff equation has been employed at three different temperatures

AH® AS°
+— (11)
RT R

In the present case, K' is analogous to modified Stern-Volmer association constant at the

InK'=-

corresponding temperature, AH° and AS° are the standard enthalpy and entropy changes
respectively, R is the universal gas constant.

The standard free energy of binding (AG,) in different regions has been calculated using the

following equation (Eq.12)

AG; = AH® —TAS® =—RTInK' (12)
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A good linear relationship between In K’ versus 1/T is observed at the different regions (Fig.
S6 corresponding to region I) assuming that AH° does not undergo considerable change
within the investigated temperature range. The values of thermodynamic parameters so
obtained are given in Table S2.

In region I, it is observed that Ay, shifts from 342 to 329 nm accompanied by a decrease in
the emission intensity of BSA upon continuous addition of AAS. The observed blue shift of
emission spectra clearly indicates that the fluorophore moves to a less polar environment.
From the van’t Hoff plot (Fig. S6), the values of AH® and AS° are found as — 36.21(+ 4.19) kJ
mol™ and — 37.69 (+ 1.41) J mol” respectively signifying that the formation of BSA-AAS
complex is primarily an exothermic and enthalpy driven reaction. According to Subramanian
et al [52], the negative values of AH® and AS° is attributed to the fact that hydrogen bond and
van der Waals force play exigent role during the interaction between BSA and AAS. From
the Scatchard plot, the values of K and n are found to be very small in this low concentration
range (Table 2). In this region, the negative cooperative binding occurs due to the monomeric
binding of AAS to a site on the protein with no allosteric effect present to facilitate the
additional ligand binding [53]. Thus in the region I, AAS binding is specific in nature, and
probably bind near Trp-134 which is somewhat solvent exposed. However, the possibility of
binding of AAS to BSA in the vicinity of Trp-213 cannot be ruled out, as the surfactant may
insert its hydrophobic tail inside the hydrophobic pocket in sub domain IIA, where Trp-213 is
located. The theoretical analysis employing molecular docking study (discussed later)
enlightens this binding behaviour of AAS. The amide linkage present in AAS is capable of
forming H-bond with the nearby amino acid residues which help in forming the BSA-AAS
complex. In this region, the value of quenching constant (Ksv) calculated from Stern-Volmer
plot (Fig. S5a) is found as 14.8 (+ 0.5) x10° M at 298 K (Table S1). The average life-time of

native BSA obtained from life-time measurements (as discussed later) is 5.72 ns. Hence, the
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value of kq comes out as 2.58 x 10" M s, which is greater than the largest bimolecular
quenching constant in aqueous medium [31]. Hence the progressive decrease in fluorescence
intensity of BSA upon the addition of AAS is not an excited state process, but arises out of
conformational change in the protein induced by the surfactant binding i.e. static quenching
as stated previously. From Stern-Volmer plots at different temperatures (Fig. 6), the Kgv
values in region [ of BSA-AAS system have been calculated and given in Table S2. The data
show that Kgy decreases with increasing the temperature, conforming that the probable
quenching is initiated by ground state complex formation. The amendment in protein
conformation in the low concentration region of AAS is also evident from the change in CD

spectra as discussed below. The AG, value (Table S2) indicates that the binding interaction

between AAS and BSA is spontaneous in region I.
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1.124

~
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1.04 4

1.00 -

0.000 0.002 0.004 0006 0.008 0.010

[AAS], mM

Fig. 6 Stern-Volmer quenching curves for BSA-AAS systems in region I at different

temperatures, [BSA] =3.0 uM.

Upon increment of AAS concentration beyond 0.015 mM the emission intensity (/) remains

almost constant up to 0.56 mM AAS (Fig. 4) and the Kgy value in this region is found to be
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quite low in comparison to the previous region 0.31 (+ 0.02) x 10> M (at 298 K). The
Scatchard plot for the region II is shown in Fig. S7. The negative AG, value indicates that the

binding interaction between AAS and BSA is spontaneous in this region (Table S1).
However, in region II, the emission maximum (Aey) undergoes a further blue shift by 2 nm,
indicating the fluorophores experience a more hydrophobic environment than in the previous
region (Fig. 3 inset). This clearly indicates a further change in conformation of BSA, at the
same time the small value of n (Table 2) suggests that the tendency of AAS to bind to BSA is
low enough in this region which is presumably because of steric factor since AAS is flanked
by two hydrophobic moieties on either side of the amide bond.

Table 2: Binding parameters from Scatchard plot of BSA-AAS system

Region 10° x K, m! n
I 1.11 +£0.02 4.01 +0.03
II 2.23+1.15 7.75+1.22
11 128.34 £2.02 27.58+£1.82

After region II, the added surfactant molecules start to form micelle-like aggregates which are
evident by the break observed at the end of this region (Fig. 4). This is in consistent with the
tensiometric results where the local aggregation of AAS commences at around 0.54 mM (Fig.
1). The value of K and n also increases in this region as a result of micellization of AAS
monomers (Table 2). Fig. 5S b shows the Stern-Volmer plot in region Il and the Kgy value
(1.63 £ (+ 0.07) x 10° M at 298 K) is found to be significantly high as compared to region II
(Table S1). The Scatchard plot for region III with negative cooperative nature is shown in
Fig. S8. The sharp decrease in fluorescence intensity suggests substantial unfolding of the
protein structure exposing the Trp residues towards the more hydrophilic environment. The

emission maxima show a 3 nm red shift indicating that the micro environment near the Trp
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residues is more polar as compared to that in the previous region. From the K value (Table 2),
it can be inferred that the binding of AAS to BSA is strong enough and even much stronger
than in region 1. The high magnitude of n also suggests that the binding affinity of AAS
toward BSA is highest in region III (Table 2). The region IV is rather a saturation phase
where the added AAS does not show any affinity toward BSA. Therefore, the emission
maxima (Fig. 3 inset) and emission intensity (Fig. 3) do not undergo any significant change

during this region.

3.4. Time-resolved fluorescence decay studies

Intrinsic fluorescence life-time measurement serves as a promising tool to explore the
conformational dynamics of a protein, and it is sensitive to excited state interactions [54]. In
our present work, the amendment of Trp life-time upon stepwise addition of AAS has been
investigated and the representative decay profile is shown in Fig. 7. From Fig. 7, it is clear
that the added AAS molecules reduce the life-time of BSA caused by unfolding of the protein
structure. The Trp emission has been fitted to a bi-exponential decay, and the deconvoluted
data are summarised in Table 3. Although it is quite difficult to assign the contribution of the
individual components to the average life-time in a multi-exponential decay, we have taken
an attempt to shed some light on the variation of the relative amplitudes of the two

components of BSA upon stepwise addition of AAS.
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Fig. 7: Fluorescence life-time decay of BSA in the absence and presence of AAS at 298 K,

[BSA]=3.0 uM

It is well reported in literature that Trp-213 of BSA (like Trp-214 of HSA) is surrounded by a
number of lysine residues [55]. A recent study by Chen et al reveals that lysine side chains
quench 3-methylindole (a representable model of Trp) fluorescence via excited state proton
transfer [56]. Thus in our present study, shorter life-time (), 3.79 ns has been assigned to
Trp-213, buried in the hydrophobic core of protein, while the longer life-time (7,), 6.93 ns is
due to the solvent-exposed residue, Trp-134 [57-60]. In Table 3, the values of pre-exponential

factors (a4 < ay) indicates that the dominant contribution to the Trp life-time arise from Trp-
134 residue. To understand the mode of unfolding of BSA induced by the added AAS
molecules, we have plotted the average life-time (<7>) of BSA against AAS concentration

using Eq. 13, as shown in Fig. 8.

log {W} ~log {ML} +nlog {%} (13)
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where, <Tp> and <7 are the average life-time of BSA in the absence and presence of AAS. [Q]

is the concentration of quencher, here it is AAS. Fig. 8 implies that <7> changes in a stepwise

fashion in the presence of AAS, consistent with the sequential unfolding of BSA in Fig. 4.

Table 3. Fluorescence decay parameters of BSA in the absence and presence of AAS.

[AAS], mM a T, ns 7)) Ty, 1s D4 ns "
0 0.38 3.79 0.62 6.93 5.72 1.09
0.006 0.44 3.24 0.56 6.49 5.08 1.09
0.02 0.53 2.99 0.47 5.92 4.37 1.03
0.04 0.57 2.55 0.43 5.48 3.92 1.08
0.06 0.60 2.67 0.40 5.53 3.79 1.02
0.12 0.61 2.74 0.39 5.61 3.72 1.07
0.6 0.63 2.89 0.37 5.57 3.70 1.03

1.2 0.66 2.08 0.34 4.62 2.94 1.05

2.0 0.68 2.03 0.32 4.64 2.85 1.07

%T) values have been calculated using Eq 2. b The magnitude of ¥* indicates the goodness of fitting.

Four distinct regions (I — IV) are identified in Fig. 8. In region I, life-time of BSA changes

from 5.72 ns (native state) to 3.8 ns. From Table 3, it is observed that the contribution from

Trp-213 residue changes from about 38% to about 60%, and that for Trp-134 residue from

about 62% to about 40%. It implies that the buried Trp-213 exposes to the solvent whereas

the Trp-134 is pushed to a less polar environment caused by the unfolding of BSA even in

low concentration region of AAS. This observation is in line with the steady-state

fluorescence results as discussed previously from Fig. 4. In the later region (region II), <>

remains approximately constant (3.79 ns to 3.71 ns) over an appreciable range of AAS

concentration up to 0.58 mM. In this region, the tendency of AAS to bind to BSA is low

enough due to steric factor as we have stated previously. Beyond 0.58 mM AAS, micelle-like
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aggregates start to form. Thus during the region III, protein-surfactant assembly swells in
size, and Trp 213 experiences a more polar environment than in the previous region [61]. As

a result, the relative amplitude of Trp-213 increases to about 66%. In this region, the value of
(7> decreases to 2.94 ns at 1.2 mM AAS indicating unfolding of the secondary structure of
BSA and the type of binding of AAS to BSA in region III is assigned to be negative
cooperative in nature. In the later region (region IV), the value of <z> remains almost

unchanged implying the binding process to be reached to the completion, and this result is

also in consistent to our previous observation (Fig. 4)
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Fig. 8: Plot of log[(to-7)/7] versus log{[AAS]/M} representing various stage of binding of

AAS to BSA at [BSA] = 3.0 uM, 298 K and pH 7.4.

3.6. Circular dichroism measurements

Circular dichroism (CD) is a widely applied and powerful technique used to explore the
conformational alteration of the secondary structure of protein induced by surfactants [62].
Fig. 9 shows the far-UV CD spectra of native BSA in the absence and presence of the

surfactant investigated. It is worth to note here that the surfactant, AAS does not contribute to
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the CD spectra in the wavelength range of 200-260 nm. Hence the CD spectra, as we observe
in Fig. 9, are solely contributed by BSA, and characterised by two negative bands at 208 nm
and 220 nm due to m=—n* and n—n* transition in the peptide bonds of a-helix respectively
[63]. The changes of a-helical structure of BSA is used to ascribe qualitatively by the
amendment in the ellipticity at 222 nm (—6,,,). From Fig. 9, it is found that —6,,, decreases in
a stepwise manner upon gradual addition of AAS. In our present work, the CD measurements
have been carried out using BSA concentration of 1.5 x 107 M (as mentioned in the
experimental section), whereas the AAS concentration has been kept same to that used in the
previous experiments. Thus there will hardly be any such correspondence between the data

obtained from CD spectra and that from previous techniques.
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Fig. 9: CD spectra of BSA in the presence of AAS, (i)—(vii) correspond to 0, 1.0, 2.0, 4.0,
8.0, 16.0 and 32.0 pM AAS at [BSA] =0.15 uM, 298 K and pH 7.4. Inset: variation of MRE

at 222 nm against various AAS concentration at 298 K.

The secondary structural contents of BSA have been calculated employing a computer based

programme, CDNN analysis. The a-helical content of BSA in the absence of AAS is obtained
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to about 64% which is in consistent with the literature report [64]. In deciphering the effect of
added AAS molecules on the secondary structure of BSA, we have plotted the MRE data at
222 nm (calculated using Eq. 3) versus AAS concentration, and the graph is shown as inset of
Fig. 9. Upon successive addition of AAS, the content of a-helix decreases considerably while
that of PB-sheets, B-turn and random coil increases to the different extents (Table S3). It is
observed that at low molar ratio of AAS to BSA ([AAS]/[BSA]) of 20, the a-helical content
decreases to about 58% implying initial unfolding of the protein. Mukherjee et al recently
reported that SDS stabilises BSA in low concentration region of the surfactant [25].
However, our present surfactant, AAS contains amide linkage forming H-bond with amino
acid residue of BSA. Thus AAS binds tightly with BSA causing unfolding of the secondary
structure even in the low concentration range. At higher AAS concentration, the content of a-
helix undergoes drastic diminution to about 38% at a ratio of 200, which is ascribed due to
AAS-aggregate induced unfolding. From Fig. 9, it is evident that the —6,7, peak undergoes an
overall red shift by 3 nm, which is a signature of the possibility of hydrogen bonding in the
system. Molecular docking study as will be discussed later also enlightens the fact of

hydrogen bonding network between AAS and BSA.

3.7 Molecular docking studies

Molecular docking study has achieved an enormous attention in recent years in revealing the
mode of binding of a small molecule relative to a macromolecular architecture. Recently, our
research group has applied the molecular modeling in predicting the catalytic activity of
cyclodextrins (o, f and y) on the alkaline hydrolysis of malachite green [65]. However, the
application of docking simulation in the case of binding of surfactant to various sites of a
protein molecule is of burgeoning interests [66]. In our present work, the molecular

simulation study has been accomplished to predict the binding regions offered by BSA to the
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anionic surfactant (AAS) investigated. To substantiate the experimental results, 25 possible
docked conformations of the BSA-AAS complex have been modeled by AutoDock program
(as mentioned in the method section), out of which two conformations with negative binding
energies have been considered to be the best ranked results, and are shown in Fig. 10. The
binding energy of the most stable docked form (Fig. 10 (a)) is evaluated as — 3.44 kcal/mol.
The free energy change ( AG, ) for binding of AAS to BSA calculated experimentally is found
as —24.81 kJ/mol, and computed theoretically is —14.45 kJ/mol. The slight difference in the
above two energy values is due to the fact that the X-ray structure of BSA from crystal is
significantly different from that in the aqueous system used in our present study. This in
consequence offers different microenvironments to AAS to bind with BSA. The close-up
view of this docked form is shown in Fig. 10 (b) which reveals that AAS binds to sub domain
ITA, where Trp-213 is housed. Trp-213 and AAS is found to be much closer to each other,
and the measured distance between them is found as 4.31 A, which is also in line with our
previous spectroscopic observation. Moreover, in domain II, AAS is surrounded by a number
of amino acid residues, namely, Trp-213, Tyr-451, Asp-450, Lys-294, Arg-194, Lys-221,
Arg-217 and Val-342 [67]. Thus there is a possibility of H-bonding interaction involving
carboxylate head group and amide moiety of AAS with those amino acid residues of BSA.
From docking study, it has been observed that the anionic head group, -COO™ of AAS forms
H-bond with -NH of Lys-294 showing a distance of 2.39 A between them (Fig. 10 (b)). The
formation of a hydrogen bond with a bond length of 1.94 A has been recognised between —
NH of Arg-217 and -COO™ of AAS. Another H-bond has also been traced between the —CO
in the amide (~C(O)NH) of AAS and —-NH of Val-342 giving rise to a bond length of 2.01 A.
H-bonding suggests a decrease in hydrophilicity, supporting well the blue shifting of Aey, of

Trp emission spectra in the presence of AAS (Fig. 3).
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Another docked form of BSA-AAS complex have also been observed (Fig. 10 (c)) with
binding energy somewhat less (—2.85 kcal/mol) than the former one. In this complex, AAS is
found to bind in the sub domain IIIA mainly via H-bonding interaction. As investigated from
the docking study (Fig. 10 (d)), the polar head group of AAS is exposed towards outside,
while the hydrophobic tail is observed to be encompassed by a number of amino acid
residues, namely, Lys-431, Arg-427, Ser-428, Glu-424, Arg-458 and Tyr 451. A hydrogen
bond is found to be formed with the bond length of 2.59 A between—CO of Glu-424 and-NH
in —C(O)NH moiety of AAS. Another H-bonding interaction is identified between —NH of
Arg-458 and —CO in the amide moiety of AAS with the bond length of 2.69 A. Thus the
docking simulation studies indicate the presence of a strong interaction between BSA and

AAS, and it is also in line with the results already gathered by the previous techniques.
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Fig. 10: (a) & (c) are the lowest energy binding modes of AAS to BSA. Secondary structure
of BSA is displayed by ribbon and tube, and AAS is displayed by space ball and coloured in
dark red. (b) & (d) are close-up views of binding sites of AAS on BSA corresponding to (a)
& (c) respectively where AAS has been shown by stick model (red coloured) and the selected
amino acid residues are shown by line model with colour variants as:

Possible bonding interactions are shown in yellow dotted line.

4. Conclusion

A number of methods have been applied to investigate the interactive phenomenon between
the anionic surfactant, AAS and transport protein, BSA at physiological pH. The cmc of AAS
shifts to higher value, 0.54 (= 0.01) mM, in the presence of BSA as compared to that in the
aqueous buffer medium, 0.31 (£ 0.02) mM, indicating significant interaction between them.
The increase of negative E-potential value of the protein upon the addition of AAS indicates
that the dominant interaction is non-columbic in nature. Steady-state fluorescence and life-
time measurements reveal four characteristic binding regions. Scatchard plot of fluorescence
data suggests that the binding is mainly negative cooperative in nature with non-identical and
dependent set of binding sites. In region I, the monomeric binding of AAS to high affinity
sites of BSA have been deciphered by molecular docking analysis which indicates that the
surfactant approaches to the hydrophobic binding site of the protein i.e., sub domain [IA
where Trp-213 is housed, and thereby influences the intrinsic fluorescence of BSA. Despite
this docked form, AAS also docks in sub domain IIIA causing a change in protein
conformation. Extensive H-bonding interactions have been observed in both of the docked
forms involving the amide linkage present in the surfactant structure. In the later regions,
AAS binds to BSA in the form of smaller aggregates and micelles resulting further unfolding

of the protein structure. The CD experiments show the gradual depletion of a-helical
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structure of BSA in the presence of AAS. Keeping in mind the 76% sequence homology

between BSA and HSA, the present work is expected to provide an important insight into the

interaction of the serum proteins with the anionic biocompatible amino acid surfactants.
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