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ABSTRACT

The study of interaction between spirooxindole-annulated thiopyran derivatives (STP) and bovine serum albumin (BSA) was
investigated using multi-spectroscopic and docking method. The intrinsic fluorescence of BSA could effectively quenched by
STP through dynamic quenching. The thermodynamic parameters suggested that hydrogen bonds and van der Waals forces
played a key role in stabilizing the BSA-STP complexes. According to Forster non radiation energy transfer theory (FRET) the
average binding distance (r) between STP and BSA were found to be < 7 nm. Furthermore, UV-visible and circular dichroism
results indicated that in presence of STP secondary structure of BSA changed. Theoretical docking study of the interaction of

BSA and STP also supported the experimental results. Copyright © 2015 VBRI Press.
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Introduction

The study of interactions between biomolecules and
synthetic organic compounds has evoked increasing
research interest at present. The binding of small molecules
with serum albumin is very significantly as the properties
like absorption, distribution, metabolism, excretion,
stability and toxicity can be changed due to the binding of
small molecules [1]. Furthermore, it has been showed
previously that the conformation of serum albumin is
altered upon binding with chemicals and this reflects in the
secondary and tertiary structure of serum albumins as well
as in their biological function [2-4]. Bovine and human
serum albumins show approximately 76 % sequence
homology [5]. Due to the medical importance, low-priced,
ready availableness, and strange ligand-binding properties
BSA is frequently used as a protein model in related study
[6]. Among the important heterocyclic systems indole ring
is the structural framework in a many bioactive natural
products and pharmaceuticals [7]. Although, the chemistry
of thiopyran has been less explored but still substantial
biological activities related with the sulfur-heterocyclic
scaffolds have been identified. The anti-bacterial, [8] anti-
hyperplasia, [9] analgesic, and anti-cancer [10, 11]
activities are some activities shown by thiopyran and fused-
thiopyran derivatives. Indole subunits are also common
heterocyclic system in large number of bio-active natural

products [12-15]. Therefore, thiopyrano indole-annulated
heterocyclic compounds which are a combination of
biologically important indole and thiopyran units are very
important for biological studies. Spectroscopic approaches
are often applied to reveal the accessibility of quenchers to
albumin's fluorophore groups, help understand albumin's
binding mechanism to small molecules, and provide
information about the nature of binding phenomenon [16-
18].

In the featured work, we desired to demonstrate the
interaction between STP and BSA by spectroscopy.
Spirooxindole-annulated thiopyran derivatives have already
been synthesized [19]. The objective of our study was to
determine the affinity of STP to BSA and investigation of
thermodynamics of BSA-STP interaction. We used UV-
Vis, fluorescence, and circular dichroism spectra to
investigate the binding of STP and BSA. According to
FRET the energy transfer between BSA and STP was
studied. Furthermore, employment of molecular modeling
was made to understand the theoretical interaction of STP
derivatives with BSA.

Experimental

The spirooxindole-annulated thiopyran derivatives required
for our study were prepared according to published
procedure [19] as shown below (Scheme 1).
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Bovine Serum Albumin (Sigma) was used in this
experiment. The solution of BSA was prepared by
dissolving BSA in a Tris-HCI (50 mM, pH 7.4) buffer to
make the concentration as 1 pM. Synthesized STP (1 mM)
was dissolved in methanol. All the other chemicals were of
analytical reagent grade and double distilled water was used
throughout the course of this study.

R=H, Me, Et
RL=H, Me, Et
R? = CO,Et,
N

2-amino-1,9'diethyl-2-oxo-9H-  ethyl 2-amino-1-methyl-2-ox0-9'H-
spiro[indoline-3,4-thiopyrano[2,3-b] ~ SPiro[indoline-3 4-thiopyrano[2,3-
indole]-3-carbonitrile bJindole]-3-carboxylate

2'-amino-1,9'-dimethyl-2-0x0-9'H-
spiro[indoline-3,4"-thiopyrano[2,3-
b]indole]-3-carbonitrile

ethyl 2'-amino-9'-ethyl-1-methyl-2-0x0-9'H-spiro

ethyl 2'-amino-9'-ethyl-2-ox0-9'H- _ethy| - y
[indoline-3,4-thiopyrano[2,3-bJindole]-3'-carboxylate

spiro[indoline-3,4'-thiopyrano[2,3-b]indole]-
3'-carboxvlate

Scheme 1. Various synthesized spirooxindole-annulated thiopyran
derivatives.

Fluorescence spectra were recorded on a Cary-Eclipse
fluorescence spectrophotometer (Agilent Technologies)
well equipped with Cary temperature controller. The
absorption spectra were obtained from a Cary 100 UV-Vis
spectrophotometer  (Agilent  Technologies).  Circular
dichroism was recorded in a Jasco J-815 CD spectrometer.

The absorption titration experiments were performed
keeping BSA (1 uM) concentration fixed while changing
the STP concentration (0 to 30 uM). The absorption spectra
were recorded from 230 to 330 nm at room temperature
(303 K). All the experiments were carried out in Tris-HCI
(50 mM, pH 7.4) buffer in a conventional quartz cell.

BSA solution (1 pM) was titrated by successive
additions of (0 to 20 uM) STP. Fluorescence spectra were
recorded in the range of 300-450 nm at the excitation
wavelength of 279 nm. The fluorescence spectra were also
studied at 293, 303, and 313 K. The range of synchronous
scanning were Aex = 240, Aem (a) = 255, Aem (b) =300 nm,
where the differences in the wavelengths (AL) were 15 and
60 nm respectively.

The far-UV CD region (190-260) was analyzed to give
the content of the regular secondary structure in BSA.
Protein solutions were prepared in Tris-HCI (50 mM, pH
7.4) buffer. Protein solutions of 0.04 puM were used to
obtain the spectra. Spectral changes of BSA were
monitored after adding different concentration of STP (0 to
50 pM).

The crystal structure of BSA was accessed from the
Protein Data Bank (PDBID: 4F5S). The Auto Dock 4.0
was used to calculate the possible binding mode of the STP
with BSA. The 3-D structure of STP and BSA were docked
employing molecular modeling software and then analyzed
by Discovery digital studio 4.0. The docking computation
was then executed using the Lamarckian genetic algorithm
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(LGA) for ligand conformational searching. To estimate the
possible binding conformations of STP, LGA was used in
the Auto dock. Now, a maximum of 10 different
conformations were considered during the docking process
and among all the conformer with the lowest binding free
energy was utilized for further analysis.

Results and discussion
Absorption characteristics of BSA-STP interaction

The intensity at the wavelength of BSA increases with
increasing addition of STP1 [20] (Fig. 1). The values of the
apparent association constant (K,p,) Were obtained from the
BSA absorption as described previously [20, 21]. Now, the
values of Ky, were estimated using linear reciprocal plots
based on following Eg. (1) [22].

1 1 1
= +
Aos— Ao Ac— Ao Kapp(Ac — Ao)[STP] (1)
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Fig. 1. (Color online) Absorption spectra of BSA (1 uM) in presence of
STP1 (1-7): (0 to 30 puM), inset showing calculation of Kapp of BSA-
STP complex; 1/(Acbs—Ag) vs 1/[STP] plot.

where, Ay is the absorbance of BSA in the absence of STP
and Ac is the recorded absorbance at 279 nm for BSA at
different STP concentrations. The plot of 1/(A.bs—Ag) Vs
1/[STP] is linear and Kapp was estimated to be 2.8 x10?
L/mol (R= 0.9993, where R is the correlation coefficient)
(Fig. 1 inset) [26]. The value of small value of Ky,
indicating formation of a weak complex between STP1 and
BSA. In case of STP2, STP3, STP4 and STP6; Kapzu values
are 3.69x10°% 6.02x10° 4.57x10° and 9.26x10° L/mol
respectively, results are given in supplementary materials
[S1] (R= 0.9997, 0.9968, 0.9985, and 0.9948 for STP2,
STP3, STP4 and STP6 respectively). The values of K, are
considerably small, which suggested the formation of a
weak complex between BSA and STP.

Characteristics of fluorescence spectra

It is observed in Fig. 2 that with the increase addition of
STP1 the emission intensity of BSA gradually diminishes
with red shift of emission wavelength. This observation
suggested that STP can strongly interact with BSA and
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quench its intrinsic fluorescence. The observed result is
consistent with that of the absorption spectra. The
quenching properties can be explained using Stern-Volmer
equation (Eq. 2) [24, 25].

B/ F =1+ K,7,[Q] =1+ Ksv[Q]

(2)
750 -
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Fig. 2. (Color online) Fluorescence quenching spectra of BSA by STP1,
Aex= 279 nm; C (BSA) =1uM; C (STP) (1-7): (0, 3.3, 6.6, 9.9, 13.2, 16.5,
and 19.8 uM respectively), inset showing Stern Volmer plot for STP and
BSA at 293, 303, and 313 K, respectively.

where, F; and F are the fluorescence intensities in the
absence and presence of a quencher, K is the bimolecular
quenching constant, Kgy, is the Stern Volmer constant, tq iS
the average lifetime of the molecule in the absence of a
quencher and [Q] is the concentration of the quencher
(STP). Since the fluorescence lifetime of a biopolymer is
10® s [24], the Kq values are estimated by this relation-
K= Ksv/t,. The maximum scatter quenching collision
constant of various quenchers with the biopolymer for
dynamic quenching is near 1x10% L/mol/s [24]. Quenching
data can be evaluated as plots of F¢/F vs [Q]. A plot of Fo/F
vs [Q] vyields a slope equal to Stern Volmer quenching
constant. The values of Ksy and K at varying temperatures
are shown in Table 1. The linearity of the Fo/F vs [Q] plots
is shown in Fig. 2 inset. As mentioned in Table 1, the K,
increases with the increase of temperature (293-313K), this
suggests that possible quenching mechanism is a dynamic
quenching process. From Table 1, it is observed that the
binding constant of the interaction between STP and BSA
increases in the following order: STP1 < STP2 < STP4 <
STP3 < STP6 indicating that STP6 has the highest ability
to quench BSA fluorescence and compound STP1 is the
weakest to quench BSA. Figure of emission spectra and
Stern VVolmer plot STP2, STP3, STP4 and STP6 are given
in supplementary materials.

Binding constant (K) and number of binding sites (n)

The data of fluorescence intensities were analyzed by using
Eq. 3. The number of binding sites (n) and the binding
constant (K) were estimated using the Eq. 3 [26-28].

F,—F

log DT =logK + nlog[Q]

®3)

A plot of log [(Fo—F)/F] vs log [Q] gives a linear plot
and Fig. 3 presents the double logarithm plots. The values
of ‘n” (Table 2) at the experimental temperatures are
almost equal to one that shows that there is a single binding
site in BSA for STP and the value is dependent of
temperature (293-313 K).

Table 1. The Stern-Volmer constants, and quenching constants of BSA
by STP at varying temperatures.

Compound Temperature Ksy (L/mol) Kqg R?
(K) x10° (L/mol/S)x10°®
STP1 293 3.13 3.13 0.9992
STP2 293 4.92 4.92 0.9963
STP3 293 5.45 5.45 0.9991
STP4 293 5.19 5.19 0.9935
STP6 293 6.07 6.07 0.9979
STP1 303 3.16 3.16 0.9987
STP2 303 5.18 5.18 0.9988
STP3 303 5.47 5.47 0.9980
STP4 303 5.99 5.99 0.9969
STP6 303 6.67 6.67 0.9990
STP1 313 3.29 3.29 0.9987
STP2 313 5.60 5.60 0.9985
STP3 313 5.60 5.60 0.9964
STP4 313 6.15 6.15 0.9965
STP6 313 6.66 6.66 0.9986

2 correlation coefficient.
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Fig. 3. (Color online) Plots of the STPlquenching effect on BSA
fluorescence at varying temperature (293, 303, 313 K).

From Table 2, it is observed that the binding constant
of the interaction between STP and BSA increases in the
following order: STP2 < STP6 < STP3 < STP4 < STP1
i.e., STP1 has the strongest ability to bind with BSA and
STP2 is the weakest. With the rise of temperature the
binding constant K decreases suggesting that the stability of
the STP-BSA complexes is lowered with rise of
temperature.

Thermodynamic parameters and nature of binding forces

The possible interactive forces between biomolecules and
small molecules are hydrogen bonding, van der Waals,
hydrophobic and hydrophilic and electrostatic interactions.
If enthalpy change (AH) does not largely vary over the
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temperature range studied, then AH and entropy change
(AS) are determined using the Van’t Hoff Eq. (Eq. 4),
where K is the binding constant at the corresponding
temperature (Fig. 4).

Table 2. Binding constants (K) and number of binding sites (n) of BSA
by STP at varying temperatures.

Compound Temperature K (L/mol) n R?
(K)
STP1 293 5.01x10" 145  0.9979
STP2 293 3.16x10° 1.26  0.9981
STP3 293 7.94x10%®° 128  0.9995
STP4 293 3.16x10"  1.36  0.9996
STP6 293 3.98x10° 122  0.9994
STP1 303 3.31x108  1.06  0.9998
STP2 303 1.25x10°  1.06  0.9995
STP3 303 3.16x10° 111  0.9992
STP4 303 7.94x10°  1.14  0.9988
STP6 303 1.25x10° 1.17  0.9995
STP1 313 2.3x107 0.93  0.9992
STP2 313 1.12x10° 093  0.9995
STP3 313 6.30x10°  1.04  0.9991
STP4 313 1.25x10°  1.08  0.9991
STP6 313 1.0x10° 1.02  0.9974
Correlation coefficient.
14
s STP1
e STP2
A STP3
12
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£
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64
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Fig. 4. (Color online) The Van’t Hoff plot for the interaction of BSA and
STP derivatives.

INK=—AH/RT +AS/R (4)

The Gibbs free energy change (AG) is calculated from
the eq. 5.

AG =AH —TAS =—RT InK (5)

According to the enthalpy and entropy changes, the
model of interaction is —AH > 0 and AS > 0: indication of
hydrophobic forces; AH < 0 and AS < 0: indication of van
der Waals interactions and hydrogen bonds; AH~0 and
AS>0: indication of electrostatic interactions [23, 27-29].

Table 3 shows (supplementary information) the values
of AH and AS obtained from Eq. 4. The values of AH and
AS are found to be -166.28 kJ/mol and -472.48 J/mol/K
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respectively in case of STP1. In case of STP2, STP3, STP4
and STP6, respectively similar results were observed (S1);
all the values of thermodynamic parameters are given in
Table 3 (supplementary file). As shown in Table 3; all the
values of AG, AS, and AH are found to be negative. The
negative value of AG revealed that the interaction process
was spontaneous. Accordingly, negative value of AS and
AH suggests that weak forces like van der Walls and
hydrogen bonding are predominant in this binding process
[30].

Synchronous fluorescence spectra

Synchronous fluorescence spectroscopy is used to analyze
the micro-environmental changes of chromospheres [31].
The value of AL i.e. difference between excitation and
emission wavelengths is an important parameter. According
to Miller [32] when AA=15 nm, synchronous fluorescence
spectra provides information on the microenvironment of
tyrosine residues and when AA=60 nm, it provides
information on the microenvironment of tryptophan
residues. In Fig. 5b (supplementary file), when AA=60 nm
there is a no shift of the emission wavelength of tryptophan
residues and when A)A= 15 nm, (Fig. 5a, supplementary
file) there is a slight blue shift of the emission wavelength
of tyrosine. The slight blue shift of the emission maxima of
tyrosine suggests the polarity around the tyrosine residues
is decreased and the hydrophobicity is increased in the
presence of STP1 [33]. These results suggested that STP1
induces a very small conformational change in BSA. In
case of STP2, STP3, STP4 and STP6 respectively almost
same type of results were observed given in
supplementary materials (S1).

Circular dichroism spectroscopy

Circular dichroism is commonly used for the determination
of secondary structure of protein molecules [34]. The CD
spectrum of BSA exhibited two negative minima at 208 nm
and 222 nm [26]. Fig. 6 (supplementary file) shows the
helicity of BSA in the presence of increasing concentration
of STP. The CD results are expressed in terms of mean
residue ellipticity (MRE) in deg cm? dmol™ according to
the following eq. [35],

obsCD(mdeg)
CpxnxIx<10 (6)

MRE =

Here, Cp is the molar concentration of the protein, n is
the number of amino acid residues and | is the path length.
The a-helical contents (%) were estimated from MRE
values at 208 nm using the eq. [36],

—MRE,,, —4000 o

a — helix(20) =
33000 — 4000 (7)

Here, MRE,gg is the observed MRE value at 208 nm,
4000 is the MRE of the B-form and random coil
conformation cross at 208 nm and 33000 is the MRE value
of a pure a-helix at 208 nm. From Eq. (6) and (7), the -
helicity in the secondary structure of BSA can be estimated.
According to the above equation the % o -helix of BSA was
estimated and it showed that the percentage of helicity of
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BSA is 47.20 % in pure BSA. In the presence of STP1 % a
-helix of BSA decreases to 44.60 % and 43.34 % in the
presence of 25uM and 50 pM STP1 respectively. The
result indicates the loss of a-helix due to the interaction of
STP with BSA. The reduction of percentage of protein a-
helix structure indicates that STP bound with the amino
acid residue of the main polypeptide chain of BSA leading
in the decrease of hydrogen bonding network. That is
structure of BSA is altered in the presence of STP1 [37]
i.e., interaction of STP1 with BSA causes some
conformational change. In STP2, STP3, STP4 and STP6
with BSA also showed similar result given in
supplementary materials (S1).

Energy transfer between BSA and STP derivatives

Energy transfer between small molecules and biomolecules
generally can be classified into two types: radiative energy
transfer and non-radiative energy transfer. The non-
radiative type can be explained by FRET. FRET is
frequently used to calculate the distance between amino
acid residues on proteins and drugs in the binding sites,
under the following three conditions (a) the donor can
produce fluorescence; (b) the absorption spectrum of the
receptor overlaps sufficiently with the donor’s fluorescence
emission spectrum and (c) the distance between donor and
acceptor is less than 7 nm.

According to FRET [38], the efficiency of energy
transfer (E) and the distance (r) of binding between BSA
and STP can be calculated by the following equation.

E—1-— —RS/(RS+r)

° ®)

Here, F and F, are the fluorescence intensities of BSA
in the presence and absence of STP, r is the distance
between acceptor and donor and R, is the critical distance
when the transfer efficiency is 50 %, Ro can be calculated
from the following equation 9.

RS =8.8x10 °k?N “¢J )

Here, k® is the spatial orientation factor between the
emission dipole of the donor and the absorption dipole of
the acceptor. Theoretically k? can range from 0 to 4, but
very rigid conformations are necessary for the extreme
values. If both the donor and acceptor are tumble rapidly
free to assume any orientation and, k? equals 2/3. N is the
refractive index of the medium, ¢ is the fluorescence
quantum yield of the donor and J is the overlap integral of
the fluorescence emission spectrum of the donor and the
absorption spectrum of the acceptor. J is given by the
following equation.

J=SF)e(A)A*ALI ZF(A)AL (10)

where, F (1) is the fluorescence intensity of the fluorescent
donor at wavelength A and it is dimensionless; € (A) is the
molar absorption coefficient of the acceptor at wavelength
A. J can be calculated by integrating the spectra as
presented in Fig. 7 (supplementary).
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It has been described for biomolecules, k* = 2/3, ¢ =
0.15 and N = 1.336 [39]. The experimental results are
shown in Table 4 (supplementary file). In case of STP2,
STP3, STP4 and STP6, respectively similar results were
obtained, given in supplementary materials (S1). The
average distances between a donor fluorophore and
acceptor fluorophore on the 2—7 nm scale [40, 41] denotes
that the energy transfer occurs between BSA and STP [42,
43] and the fluorescence quenching of BSA is non-radiative
transfer process.

Molecular modeling

Molecular modeling was performed by docking STP to
BSA to determine the preferred binding site and the binding
mode. Molecular docking technique has been applied to
understand different binding modes of BSA-STP
interaction [44, 45]. The 3D structure of BSA was collected
from Proteins Data Bank. The possible conformations of
the BSA-STP complex were calculated using Auto dock
4.0 program. The most appropriate energy ranked model
(Fig. 8a) revealed that the bound at the interface between
two sub domains 11A and I11A, which are located just above
the entrance of the binding pocket of l1A.

STP1 molecule is surrounded byl11 amino acid residues
within 5A: 5 hydrophobic residues (ILeul4l, Leulls,
Prol13, Prol117, 1le181), 2 hydrophilic residues (Tyr160,
Tyrl37) and 4 ionic residues (Argl85, Argld4, Glul82,
Lys114). What is more, there are three hydrogen bonds
between the hydroxyl groups of SPT1 and the amino acid
residues of BSA; they are Chain A: Argl85:NH1:B-
:Lig10, Ligl:N-A:Leul15:0 and Lig1:N-A:Glu182:0 (Fig.
8b).

Fig. 8. (Color online) Conformation for STP docked to BSA, a) place of
interaction of STP1 and BSA and b) The surrounding amino acid residues
of BSA within 5 A from STP (green colored).
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In case of STP2, STP3, STP4 and STP6, respectively

similar results were observed and given in supplementary
materials (S1).The formation of hydrogen bonds decreases
the hydrophilicity and increases the hydrophobicity to
stabilize the BSA-STP system. Therefore, it is concluded
that the interaction between STP and BSA is dominated by
hydrogen bonds and van der Wall’s interactions which are
in well agreement with the results of experimental binding
mode study.

Conclusion

We investigated the interaction of STP with BSA by
spectroscopic and docking study. Result indicative of
dynamic quenching process. The binding reaction is
spontaneous and van der Waals interactions and hydrogen
bonding play a key role. The synchronous fluorescence and
CD spectra suggest that the conformation of BSA is
subjected to alteration in the presence of STP. The binding
distance of STP1 with BSA was calculated to be 3.64 nm,
on the basis of the Forster’s theory and results indicates that
the energy transfer can occur with ease. Moreover,
molecular docking study supports the interaction between
the STP and BSA and the finding is consistent with the
available reported data.
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Table 3. Thermodynamic parameters for the binding of STP with BSA at
different temperatures.

Compound ~ Temperature (K)  AH (kJ/mol) AS (J/mol/K) AG (kJ/mol)
STP1 293 -168.28 -472.48 -21.84
STP2 293 -94.47 -235.28 -25.53
STP3 293 -79.36 -180.91 -26.35
STP4 293 -86.92 -202.03 21.72
STP6 293 -60.46 -117.22 -26.12
STP1 303 -168.28 -472.48 2311
STP2 303 -94.47 -235.28 -23.18
STP3 303 -79.36 -180.91 -24.54
STP4 303 -86.92 -202.03 -25.70
STP6 303 -60.46 -117.22 -24.95
STP1 313 -168.28 -472.48 -18.39
STP2 313 -94.47 -235.28 -20.83
STP3 313 -79.36 -180.91 -22.73
STP4 313 -86.92 -202.03 -23.68
STP6 313 -60.46 -117.22 -23.77

Absorbance
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Wavelength Wavelength

Supplementary Fig. 1. (color online) Absorption spectra of BSA (1 uM)
in presence of STP2, STP3, STP4 and STP6 [a, b, c and d respectively]
(1-7): (0 to 30 pM), inset showing calculation of Kap of BSA-STP
complex; 1/(Aobs—Aq) Versus 1/[STP] plot.
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Supplementary Fig. 2. (color online) Fluorescence quenching spectra of
BSA by STP2, STP3, STP4 and STP6 [a, b, c, and d respectively],
Aex=279 nm; C @sa= 1uM; C (sTp) (1-7): (0 to 20 uM), inset showing
Stern VVolmer plot for STP2, STP3, STP4 and STP6 and BSA at 293, 303,
and 313 K, respectively.
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Supplementary Fig. 3. (color online) Plots of the STP2, STP3, STP4 and
STP6 [a, b, ¢, and d respectively] quenching effect on BSA fluorescence
at different temperature (293, 303, and 313 K).
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* ad Table 4. The energy transfer parameters between STP and BSA.
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Fig. 5. (color online) Synchronous fluorescence spectra of BSA in
presence of STP2, STP3, STP4 and STP6 [a, b, c, and d respectively]
while the AL =15 nm (1) and AA=60nm (2).
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Fig. 6. (color online) UV-CD spectra of STP2, STP3, STP4 and STP6 [a,
b, ¢, and d respectively] at the BSA concentration of 0.04 pM and SPT
concentrations of 0 to 50uM.
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