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a b s t r a c t
The interaction between halogenated thiophene chalcones and the main plasma protein, i.e. human serum albumin (HSA), has been investigated in vitro under simulated physiological condition by spectroscopic techniques
(UV–Vis, ﬂuorescence and circular dichroism), zeta potential and molecular docking. Fluorescence quenching
of albumin by the thiophene chalcones T1–T9 (kq ≈ 1012 M−1s−1) indicates a static quenching mechanism;
however, for the samples T02 and T5 the possibility of a combination of simultaneous static and dynamic
quenching mechanism was detected. According to FRET theory, the energy transfer from HSA to the thiophene
chalcones occurs with high probability. Modiﬁed Stern-Volmer binding constants (Ka ≈ 104 M−1), circular dichroism and potential surface data suggest that the association HSA:thiophene chalcone is moderate and there
is not a signiﬁcant perturbation on the secondary structure of albumin, as well as on its surface. Thermodynamic
parameters indicate a spontaneous (ΔG° b 0) and a probably entropy-driven (ΔS° b 0) association, typical of hydrophobic interactions. On the other hand, for T5 besides the entropy-driven association there is also a contribution from the enthalpy change (ΔH° b 0). Molecular docking results suggest hydrogen bonding and hydrophobic
interactions as the main binding forces in the association between HSA and all thiophene chalcones; however,
molecular docking calculations for T05 detected a high possibility of an electrostatic interaction between the ﬂuorine atom and the Lys-194 residue.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Serum albumins are the major soluble proteins constituent of the
circulatory system, which have many physiological functions [1].
Human Serum Albumin (HSA) is a heart-shaped protein composed of
three structurally similar domains I–III. Each domain of this protein consists of two subdomains (A and B) stabilized by 17 disulﬁde bridges [2].
It is a non-glycosylated polypeptide containing 585 amino acid residues,
with a corresponding molecular weight of 66,500 Da. Its polypeptide
chain has an approximate dimension of 80 × 80 × 30 Å [3]. HSA is the
most abundant carrier protein in human bloodstream, playing a signiﬁcant role in the distribution and excretion of several endogenous and
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exogenous ligands, including drugs [4]. Based on previous literature results, the major binding sites for heterocyclic and aromatic compounds
in serum albumin are positioned in hydrophobic cavities within sub-domains IIA and IIIA, also known as Sudlow's site I and II, respectively [5,6].
Upon drug binding HSA impinge on the pharmacodynamic and pharmacokinetic properties of the former [7]. Hence, the protein-ligand interactions are important in the distribution and transport of small
drug molecules in living systems [8,9] Therefore, understanding the molecular basis of these interactions is essential toward the designing of
new and more efﬁcient and speciﬁc therapeutic agents for improving
drug action.
Chalcones are a class of molecules with enormous applications in the
ﬁeld of medicinal and pharmaceutical chemistry, being considered as
potential lead compounds to novel drug discovery strategies since
they have promising biological activity [10]. The signiﬁcance of
chalcones and their derivatives resides in diverse array of process in
which they are involved. Natural and synthetic chalcones exhibit
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various pharmacological effects such as anti-proliferative, antioxidant,
anticancer, anti-inﬂammatory, or anti-infective activities [11–13].
Moreover their synthetic protocols received a great deal of attention
due to their easiness, whereas their structural simplicity makes it feasible to a number of receptors including monoamine oxidase (MAO) [14–
18]. A large library of chalcones and their heterocyclic analogues has
been synthesized since the synthetic strategies are trouble-free and environmentally feasible [19]. In general chalcones can exist as cis and
trans isomers, with the latter stereoisomer being thermodynamically
more stable. Indeed, chalcones and its functionalized derivatives have
been used as capable intermediates for the synthesis of pyrazoline derivatives regarding an attempt to discover novel MAO inhibitors [20,
21]. Natural chalcones are precursors for the biosynthesis of
chromanones, ﬂavones and ﬂavanones, and can participate in an important function as a protecting agent against insects and pathogens [22].
Lately, structure activity relationship (SAR) studies for anticancer activity employing chalcones containing different substituents have been
performed [23].
Recently, much attention has been paid to the molecular interaction
between small organic species and HSA, thus becoming an important
area of research in life sciences, toxicology and medicinal chemistry
[24–26]. It is evident that most drug molecules travel through blood
plasma and reach their target destination through HSA binding. Accordingly, the interaction mechanism between drug moieties and serum albumin is very important to understand the pharmacokinetic behavior of
the drug properly. Moreover, the nature of drug–HSA interaction modiﬁes the macromolecular structural conformation of HSA, thereby
disturbing the usual physiological functions of the protein [25]. Recent
work from our group revealed that thiophene based chalcones shown
potent selective reversible MAO-B inhibitors [15,16,27]. In addition to
our earlier experiments on these molecules, it is necessary to investigate
the bio-distribution in the human blood, thus contributing to the development of strategies which allow their safe therapeutic use. However,
to our knowledge, the mode of interaction of halogenated thiophene
chalcones with proteins has not been reported to date (Fig. 1).
In this work a study of the interaction between HSA and halogenated
thiophene chalcones has been performed employing spectroscopic
tools such as UV–Vis; steady state ﬂuorescence and circular dichroism,
as well as zeta potential measurements and molecular docking
calculations.
2. Experimental and methodology
2.1. Materials
Commercially available HSA and PBS buffer (pH = 7.4) were obtained from Sigma-Aldrich Chemical Company. One tablet of PBS dissolved
in 200 mL of deionized water yields 0.01 mol L− 1 phosphate buffer,
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0.0027 mol L−1 potassium chloride and 0.137 mol L−1 sodium chloride,
pH 7.4, at 298 K. Water used in all experiments was millipore water.
Methanol (spectroscopic grade) was obtained from Vetec. The synthesis
of the halogenated thiophene chalcones T01–T09 has been previously
described and their spectroscopic and spectrometric characterization
is in full accord with the proposed structures [10,14–16,21].
2.2. Methods and instruments
2.2.1. Spectroscopic analysis
Fluorescence and UV–Vis spectra were measured on a Jasco J-815
ﬂuorimeter in a quartz cell (1 cm optical path) and employing a thermostatic cuvette holder Jasco PFD-425S15F. The circular dichroism spectra
were measured in a spectropolarimeter Jasco J-815 and employing this
same thermostatic cuvette holder. All spectra were recorded with appropriate background corrections.
To a 3.0 mL solution containing an appropriate concentration of HSA
(1.00 × 10−5 M), successive aliquots from a stock solution of the thiophene chalcones (1.00 × 10−3 M) were added, with ﬁnal concentrations
of 0.17; 0.33; 0.50; 0.66; 0.83; 0.99; 1.15 and 1.32 × 10−5 M. The addition was done manually by using a micro syringe. The ﬂuorescence
spectra were measured in the 290–500 nm range, at 296 K, 303 K and
310 K, with excitation wavelength at 280 nm.
In order to compensate for the inner ﬁlter effect from the ligands,
values for the observed ﬂuorescence of HSA/ligands were corrected
using Eq. (1) [26]:
Fcor ¼ Fobs 10½ðAex þAem Þ=2

ð1Þ

where, Fcor and Fobs are the corrected and observed ﬂuorescence intensity values, respectively, while Aex and Aem represent absorbance values
for each ligand at the excitation wavelength (λ = 280 nm; T01 ε =
7993 cm− 1 M− 1, T02 ε = 6076 cm− 1 M−1, T03 ε =
13,270 cm− 1 M−1, T04 ε = 5673 cm− 1 M− 1, T05 ε =
5697 cm−1 M−1, T06 ε = 6253 cm−1 M−1, T07 ε = 6580 cm−1 M−1,
T08 ε = 3786 cm−1 M−1 and T09 ε = 6865 cm−1 M−1, in PBS) and
emission wavelength (λ = 340: T01 ε = 8941 cm− 1 M− 1, T02 ε =
4760 cm− 1 M− 1, T03 ε = 13,746 cm− 1 M− 1, T04 ε =
13,665 cm− 1 M− 1, T05 ε = 14,447 cm− 1 M− 1, T06 ε =
14,484 cm− 1 M− 1, T07 ε = 13,136 cm− 1 M− 1, T08 ε =
4830 cm−1 M−1 and T09 ε = 17,533 cm−1 M−1, in PBS).
The UV–Vis spectra for thiophene chalcone solutions (1.00 × 10−5 M
in methanol) were measured in the 300–500 nm range at 310 K. The circular dichroism spectra were recorded in the 200–260 nm range, at
310 K, for free serum albumin (1.00 × 10−6 M) and for serum albumin
with the higher concentration of the thiophene chalcone used in the
ﬂuorescence study (1.32 × 10−5 M).
2.2.2. Zeta potential analysis
The surface charge of HSA in the absence and in the presence of each
thiophene chalcone was characterized in terms of zeta potential (ZP)
using a Brookhaven Instruments NanoBrook ZetaPALS. All measurements were performed with 10 runs at 298 K and results are reported
in terms of ZP ± SD. The ZP was measured for HSA solution (1.00
× 10−5 M in PBS solution, pH = 7.4) without the ligand and in the presence of each thiophene chalcone at the maximum concentration used in
the ﬂuorescence experiments (1.32 × 10−5 M).

Fig. 1. Chemical structure of the halogenated thiophene chalcones.

2.2.3. Molecular docking analysis
The crystallographic structures of the HSA were obtained from the
Protein Data Bank (PDB) with access code 1N5U [28]. The thiophene
chalcone structures were built and energy-minimized with the Density
Functional Theory (DFT), method Becke-3-Lee Yang Parr (B3LYP) with
the standard 6-31G* basis set, available in Spartan '14 program
(Wavefunction, Inc.).
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Molecular docking was performed with GOLD 5.2 program (CCDC).
Hydrogen atoms were added to the protein according to the data inferred by the program on the ionization and tautomeric states [29].
From the ﬂuorescence quenching studies (see Results and discussion
section), the main HSA cavity for the ligands is Sudlow's site I, where
the ﬂuorophore Trp-214 residue can be found (subdomain IIA) [30].
Therefore, a 10 Å radius spherical cavity around Trp-214 residue was
deﬁned and the molecular docking calculations for each ligand were
carried out with the default function of the GOLD 5.2 program
(ChemPLP) [29]. The ﬁgures of the docking poses for the largest docking
score value were generated with the PyMOL Delano Scientiﬁc LLC
program.
3. Results and discussion
3.1. Fluorescence quenching mechanism (KSV and kq) and binding parameter (Ka)
Fluorescence quenching can be used as a technique to measure the
binding afﬁnities between some macromolecules and a ligand acting
as a quencher. This quenching is expressed as the decrease in the quantum yield of the ﬂuorophore ﬂuorescence induced by a variety of molecular interactions [31,32]. Tryptophan (Trp) ﬂuorescence is widely used
as a tool to monitor changes in protein structures and to make inferences regarding local structure and dynamics. There is just one tryptophan residue in HSA, i.e. Trp-214, which is located in domain II, buried
inside the protein structure [33]. As can be seen in Fig. 2 (for T01) and
in the supplementary material (for T02–T09), the ﬂuorescence spectrum of HSA presents a strong emission with maximum at 340 nm
(λexc = 280 nm). Steady-state ﬂuorescence studies show that the ﬂuorescence emission from the tryptophan residue decreases with increasing concentration of the thiophene chalcones, indicating that the
location of the quencher molecule inside the protein should be close
to the Trp-214 residue [34]. The absence of considerable changes in
the wavelength of maximum emission of HSA is a clear evidence that
the presence of T01, T02, T04, T05, T07 and T08 does not exert a great
inﬂuence on the polarity of the microenvironment of the cavity around
the Trp residue [35]. On the other hand, changes in the tryptophan residue ﬂuorescence maximum in the presence of T03, T06 and T09, all of

them containing a ﬂuorine atom in the cinnamoyl group, indicated
that the environment of Trp-214 can be affected during the interaction
with these ﬂuorinated thiophene chalcones. The blue shift observed on
the emission spectrum for T06 (from 340 to 335 nm) and for T09 (from
340 to 325 nm) is an indicative that the addition of these samples increase the hydrophobicity around the tryptophan residue [33], whereas
the red shift observed for T03 (from 340 to 345 nm) indicates a decrease
on the hydrophobicity around the tryptophan residue [36].
A variety of molecular interactions can result in two different
quenching mechanisms of the ﬂuorescent compound, i e. dynamic and
static. These interactions include ground-state complex formation, collisional quenching, excited state reactions, molecular rearrangement and
energy transfer. Dynamic and static quenching can be distinguished by
their different dependence on temperature and viscosity, or by lifetime
measurements [37]. In general, Stern-Volmer analysis (Eq. (2)A and
inset in the Fig. 1), as well as the known relationship between kq and
Ksv (Eq. (2)B), are useful in the estimation of the accessibility of the
quencher molecule to the tryptophan residue in proteins as well as in
the understanding of the mechanism involved in the quenching process:
ðAÞ

F0
¼ 1 þ kq τ0 ½Q  ¼ 1 þ KSV ½Q 
F

ðBÞ kq ¼

KSV
τ0

ð2Þ

where, F0 and F are the ﬂuorescence intensities of HSA in the absence
and in the presence of thiophene chalcone, respectively; Ksv is the
Stern-Volmer quenching constant, kq is the bimolecular quenching
rate constant of HSA ﬂuorescence, [Q] is thiophene chalcone concentrations and τ0 is the lifetime of HSA without quencher (5.25 ± 0.10)
× 10−9 s [28].
Table 1 shows the KSV and kq values for all thiophene chalcones used
in this study. Since the bimolecular quenching rate constants obtained
(kq ≈ 1012 M−1 s−1, Table 1) are two orders of magnitude larger than
the maximum scattering collision quenching constant (kdiff ≈ 2.00
× 1010 M− 1 s−1) [9], the probable mechanism of ﬂuorescence
quenching is static [38]. Static quenching is due to the formation of an
association in the ground-state between the ﬂuorophore (albumin)
and the quencher (thiophene chalcones) [39]. For T01, T03, T08 and
T09 the KSV values decrease with the increase of the temperature,

Fig. 2. Fluorescence emission spectra of free HSA and its ﬂuorescence quenching by addition of successive aliquots of T01. HSA prepared in a PBS buffer solution (pH 7.4). [HSA] = 1.00
× 10−5 M, [T01] = 0.17; 0.33; 0.50; 0.66; 0.83; 0.99; 1.15 and 1.32 × 10−5 M, T = 310 K, λexc = 280 nm. Inset: Stern-Volmer plot for the ﬂuorescence quenching of HSA by T01 at 296 K,
303 K and 310 K.
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Table 1
Binding parameters (KSV, kq and Ka) for HSA:thiophene chalcone at 296 K, 303 K and 310 K.

Code

X

Y

T01

H

Br

T02

H

Cl

T03

H

F

T04

Br

Br

T05

Br

Cl

T06

Br

F

T07

Cl

Br

T08

Cl

Cl

T09

Cl

F

T (K)
296
303
310
296
303
310
296
303
310
296
303
310
296
303
310
296
303
310
296
303
310
296
303
310
296
303
310

KSV (M−1)

kq (M−1 s−1)
4

12

3.67 ± 0.04 × 10
3.20 ± 0.03 × 104
3.03 ± 0.06 × 104
1.69 ± 0.04 × 104
1.70 ± 0.03 × 104
1.71 ± 0.03 × 104
4.42 ± 0.07 × 104
4.19 ± 0.06 × 104
4.02 ± 0.13 × 104
2.65 ± 0.12 × 104
2.97 ± 0.13 × 104
2.88 ± 0.15 × 104
3.64 ± 0.14 × 104
3.85 ± 0.19 × 104
4.12 ± 0.20 × 104
4.98 ± 0.08 × 104
5.01 ± 0.11 × 104
4.81 ± 0.17 × 104
4.25 ± 0.10 × 104
4.13 ± 0.05 × 104
4.38 ± 0.10 × 104
3.16 ± 0.04 × 104
3.04 ± 0.02 × 104
2.94 ± 0.08 × 104
8.99 ± 0.16 × 104
8.63 ± 0.24 × 104
8.40 ± 0.20 × 104

6.99 × 10
6.10 × 1012
5.77 × 1012
3.22 × 1012
3.24 × 1012
3.26 × 1012
8.42 × 1012
7.98 × 1012
7.66 × 1012
5.05 × 1012
5.66 × 1012
5.49 × 1012
6.93 × 1012
7.33 × 1012
7.85 × 1012
9.49 × 1012
9.54 × 1012
9.16 × 1012
8.10 × 1012
7.87 × 1012
8.34 × 1012
6.02 × 1012
5.79 × 1012
5.60 × 1012
1.71 × 1013
1.64 × 1013
1.60 × 1013

indicating that the main ﬂuorescence quenching mechanism is static.
However, for T02 and T05 the KSV values increased with increasing temperature, which revealed that the ﬂuorescence quenching mechanisms
for this sample is not essentially static and can be accompanied by a dynamic quenching [40,41]. Finally, for the samples T04, T06 and T07, the
small and irregular variation in KSV values with the temperature does
not show a signiﬁcant trend.
From the pharmacological point of view, if drugs are metabolized
and excreted from the body too fast because of low protein binding,
they will not be able to provide their therapeutic effects. On the other
hand, if drugs bind too strongly to protein and are metabolized and excreted too slowly, the in vivo half-life of these drugs can increase excessively and this may lead to undesired side effects [41]. To obtain
information about the association between HSA and thiophene
chalcones, the binding constant (Ka) was calculated employing a modiﬁed Stern-Volmer equation (Eq. (3)) [42]. This data are shown in Fig. 2
for T01 and Table 1 show Ka values for all thiophene chalcones studied.
The modiﬁed Stern-Volmer plots for the other thiophene chalcones are
presented in the Supplementary material.
F0
1
1
¼
þ
F0 − F f Ka ½Q  f

ð3Þ

where, F0 and F are the ﬂuorescence intensities of HSA without and with
thiophene chalcones at 340 nm, respectively; Ka is the modiﬁed SternVolmer binding constant; ƒ is the fraction of the initial ﬂuorescence
that is accessible to quenchers and [Q] is the thiophene chalcone
concentration.
As can be seen in the Table 1, the Ka values for the association
HSA:thiophene chalcones are in the range of 104 M−1, showing a moderate interaction between the thiophene chalcones and human serum
albumin [43,44]. It indicates that these molecules can be stored and carried by the protein in the bloodstream. The increase of Ka values with

r2
0.9990
0.9994
0.9971
0.9968
0.9984
0.9981
0.9983
0.9986
0.9929
0.9855
0.9861
0.9818
0.9893
0.9836
0.9842
0.9981
0.9969
0.9918
0.9961
0.9991
0.99960
0.9990
0.9997
0.9948
0.9978
0.9944
0.9959

Ka (M−1)

r2
4

3.92 ± 0.19 × 10
4.45 ± 0.21 × 104
5.09 ± 0.20 × 104
2.25 ± 0.26 × 104
3.11 ± 0.26 × 104
4.87 ± 0.26 × 104
2.81 ± 0.26 × 104
3.63 ± 0.25 × 104
4.38 ± 0.26 × 104
3.49 ± 0.20 × 104
4.50 ± 0.26 × 104
5.31 ± 0.24 × 104
7.89 ± 0.26 × 104
6.56 ± 0.26 × 104
5.60 ± 0.26 × 104
5.92 ± 0.26 × 103
3.41 ± 0.20 × 104
9.37 ± 0.25 × 104
3.57 ± 0.26 × 104
4.39 ± 0.18 × 104
4.87 ± 0.19 × 104
2.99 ± 0.26 × 104
3.28 ± 0.26 × 104
3.83 ± 0.26 × 104
6.25 ± 0.26 × 104
7.05 ± 0.26 × 104
7.65 ± 0.26 × 104

0.9990
0.9995
0.9998
0.9876
0.9992
0.9961
0.9989
0.9976
0.9950
0.9983
0.9973
0.9919
0.9979
0.9974
0.9942
0.9896
0.9993
0.9899
0.9982
0.9995
0.9960
0.9999
0.9998
0.9984
0.9992
0.9960
0.9988

the increasing of temperature for T01, T02, T03, T04, T06, T07, T08 and
T09 indicate that the protein structure can accommodate better the ligand at 310 K than at 296 K. Probably, this can be due the fact that the
binding pocket at 310 K is more accessible for the quenchers. On the
other hand, for T05 there is a decrease in the Ka values with the increasing of temperature, probably due the contribution of dynamic ﬂuorescence quenching mechanism.
3.2. Thermodynamic parameters and the main binding forces in the interaction HSA:thiophene chalcone
The interaction forces between endogenous and exogenous agents
with proteins (van der Waals and electrostatic forces - including hydrogen bond and hydrophobic effects) can be related to the thermodynamic parameters ΔG°, ΔH° and ΔS°. In this sense, if ΔH° N 0 and ΔS° N 0
there is an indication that the main force operating is typically through
hydrophobic interaction and hydrogen bonding. On the other hand, if
ΔH° b 0 and ΔS° N 0 the main force is due to an electrostatic effect and
hydrophobic interactions. Finally, if ΔH° b 0 and ΔS° b 0, van der
Waals and hydrogen bond interactions play a major role in the association [4].
The thermodynamic parameters ΔG°, ΔH°, ΔS°, which control the interaction HSA:thiophene chalcones, are collected in Table 2 and were
obtained using the van't Hoff Eq. ((4)A) (for T01 as inset in the Fig. 3
and for the other thiophene chalcones as Supplementary material)
and the Gibbs free energy Eq. ((4)B) [45].

ðAÞ ln Ka ¼ −

ΔH0 ΔS0
þ
RT
R

ðBÞ ΔG0 ¼ ΔH0 −TΔS0

ð4Þ

where, ΔH°, ΔS°, ΔG° are the enthalpy, entropy and Gibbs free energy,
respectively; R is the gas constant (R = 8.314 × 10−3 kJ mol−1 K−1),
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0.9982

for T05 the negative value for the enthalpy change and the positive
value for the entropy change are contributing to the spontaneity of
the binding process, and by consequence the association albumin:T05
is enthalpically and entropically driven [35]. According to the thermodynamic parameters, the type of interaction occurred between halogenated thienyl chalcones and HSA should be typically hydrophobic
forces [46].

0.9781

3.3. Energy transfer from HSA to thiophene chalcones

Table 2
Thermodynamic parameters (ΔH°, ΔS° and ΔG°) for the association HSA:thiophene
chalcone at 296 K, 303 K and 310 K.
Code

T01

T02

T03

T04

T05

T06

T07

T08

T09

T
(K)
296
303
310
296
303
310
296
303
310
296
303
310
296
303
310
296
303
310
296
303
310
296
303
310
296
303
310

ΔH°
(kJ mol−1)

ΔS°
(kJ mol−1 K−1)

14.1 ± 0.4

0.136 ± 0.001

41.9 ± 4.4

0.225 ± 0.015

24.1 ± 1.8

0.167 ± 0.006

22.8 ± 2.5

0.164 ± 0.008

−18.7 ± 0.5

0.0305 ± 0.002

150.8 ± 21.3

0.582 ± 0.07

17.0 ± 3.1

0.145 ± 0.01

13.6 ± 2.0

0.131 ± 0.007

11.1 ± 1.1

0.129 ± 0.004

ΔG°
(kJ mol−1)
−26.2
−27.1
−28.1
−24.7
−26.3
−27.9
−25.3
−26.5
−27.7
−25.7
−26.9
−28.0
−31.9
−32.5
−33.1
−21.5
−25.5
−29.6
−25.9
−26.9
−28.0
−25.2
−26.1
−27.0
−27.1
−28.0
−28.9

r2

0.9899

0.9765

Förster resonance energy transfer (FRET) is one of the possible
mechanisms for energy transfer from a donor molecule (HSA) to an acceptor (thiophene chalcone). It occurs through a nonradiative dipoledipole coupling, being widely used to estimate the spatial distance between donor and acceptor. The energy transfer efﬁciency (E) from
HSA to thiophene chalcones can be given by the Eq. (5) [47]:

0.9984

0.9610

E ¼ 1−

F
R60
¼
F 0 R60 þ r6

ð5Þ

0.9376

0.9569

where F0 and F are the donor ﬂuorescence intensities in the absence and
in the presence of an acceptor, respectively; r is the distance between
acceptor and donor; R0 is the critical distance when the efﬁciency of energy transfer is 50%, which can be calculated from Eq. (6) [48]:

0.9815

T is the temperature (296 K, 303 K and 310 K) and Ka the modiﬁed
Stern-Volmer binding constant.
Negative values for the Gibbs free energy change (ΔG° b 0; Table 2)
for all compounds under study are in total accord with the spontaneity
of their binding process to HSA. For T01, T02, T03, T04, T06, T07, T08 and
T09 the unfavorable positive enthalpy change values (ΔH° N 0) can be
compensated by the positive entropy change values (ΔS° N 0), suggesting that the binding process is entropically driven. On the other hand,

R60 ¼ 8:8  10−25 K 2 n−4 ΦJ

ð6Þ

where K2 is the spatial orientation factor of the dipole (K2 = 2/3 for random orientation in ﬂuid solution), n is the averaged refraction index of
the medium (usually resulting in a value of 1.336, which is the average
for water containing organic material), Φ is the ﬂuorescence quantum
yield of the donor (HSA) in the absence of quencher (Φ = 0.118) [49]
and J is the overlap integral between the emission spectrum of the
donor and the absorption spectrum of the acceptor. J can be calculated

Fig. 3. Modiﬁed Stern-Volmer plot of ﬂuorescence quenching of HSA upon binding of T01 at 296 K, 303 K and 310 K. Inset: Van't Hoff plot of Ka values from modiﬁed Stern-Volmer at 296 K,
303 K and 310 K. [HSA] = 1.00 × 10−5 M and [T01] = 0.17; 0.33; 0.50; 0.66; 0.83; 0.99; 1.15 and 1.32 × 10−5 M.

O.A. Chaves et al. / Journal of Molecular Liquids 242 (2017) 1018–1026
Table 3
Parameters to estimate the spatial distance between the donor (HSA) and the acceptor
(thiophene chalcones) measured by Förster's nonradiative energy transfer.
Sample

J (cm3 M−1)

R0 (nm)

r (nm)

T01
T02
T03
T04
T05
T06
T07
T08
T09

1.08 × 10−14
5.71 × 10−15
1.72 × 10−14
1.49 × 10−14
2.81 × 10−14
2.88 × 10−14
1.34 × 10−14
5.96 × 10−15
1.96 × 10−14

2.48
2.23
2.68
2.62
2.91
2.93
2.58
2.25
2.75

2.68
2.72
2.66
2.71
3.04
3.11
2.55
2.33
2.77

from Fig. 3 (as represented for T01) and Eq. (7):
R∞
J

0

4

F ðλÞεðλÞλ dλ
R∞
¼
0 F ðλÞdλ

P
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ligand. CD spectra of HSA exhibited two negative bands, one at
208 nm and another at 222 nm, corresponding to π-π* and n-π* transitions, respectively, which are characteristic of the α-helix structure
units of the protein [51,52]. As can be seen in Fig. 4 (for T01) and in
the supplementary material for the other thiophene chalcones, upon
the addition of the maximum concentration of the ligands (the same
used in the ﬂuorescence quenching studies) to the albumin solution a
small decrease in the intensity at 208 nm and 222 nm is clearly observed. These results indicate a weak change on the secondary structure
of HSA [53] (Fig. 5).
CD results can be expressed in terms of signiﬁcant molar residual ellipticity (MRE) in deg·cm2/dmol, calculated according the Eq. (8):

MRE ¼

θ
ð10  n  l  CP Þ

ð8Þ

4

F ðλÞε ðλÞλ Δλ
P
F ðλÞΔλ

ð7Þ

where F(λ) is the normalized ﬂuorescence intensity of the donor at the
wavelength λ and ε(λ) is the extinction coefﬁcient of the acceptor at λ.
Fig. 3 shows the overlap between the ﬂuorescence emission spectrum for HSA and the absorption spectrum for T01 when [HSA] =
[T01] = 1.00 × 10−5 M at 310 K. The overlap between the ﬂuorescence
emission spectrum for HSA and the absorption spectrum for T02–T09 is
shown in the support information.
Table 3 displays the overlap integral value (J) between the emission
spectrum of HSA and the absorption spectrum of each thiophene
chalcones at 310 K. From the J value, R0 ranging from 2.23 to 2.93 nm
and r ranging from 2.33 to 3.11 nm could be calculated (Table 3).
Since the distance (r) between HSA and thiophene chalcones is between
2 nm and 8 nm, which is in full agreement with the rule 0.5R0 b r b 1.5R0,
the energy transfer from the donor, i.e. serum albumin, to the acceptor
(thiophene chalcones), must occur with high probability [44,48]. Similar results were found for chalcone [50] and ﬂuorinated chalcone derivatives [34,43].
3.4. Change in the protein secondary structure induced by thiophene
chalcones binding
Circular dichroism (CD) spectroscopy is a sensitive technique used
to monitor conformational changes in protein upon interaction with a

where, θ is the observed ellipticity (mdeg); n is the number of amino
acid residues (585 to HSA) [28,54] l is the length of the optical cuvette
(1 cm) and Cp is the molar concentration of HSA (1.00 × 10−6 M). The
loss of helical structure due to ligand binding can also be quantitatively
calculated as contents of free and combined HSA from MRE values at
208 nm and 222 nm, using Eq. (9)A and B (Table 4).


ð−MRE208 −4000Þ
 100
 ð33000−4000Þ 
ð−MRE222 −2340Þ
¼
 100
30300

ðAÞ α‐helix% ¼

ðBÞ α‐helix%
ð9Þ

where, MRE208 and MRE222 are the signiﬁcant molar residual ellipticities
(deg·cm2/dmol) at 208 nm and 222 nm, respectively.
The α-helix content of the secondary structure of HSA in the absence
of thiophene chalcones has its maximum at about 58.0% and 54.0% at
208 nm and 222 nm, respectively, with almost no change in the αhelix content being observed in the presence of all thiophene chalcones
(Table 4). Thus, it may be concluded from the circular dichroism (CD)
results that the binding HSA:thiophene chalcones can occur with a
very weak change on the secondary structure of the protein [53]. The
same trend was observed for mono-, di-, and tetra-ﬂuorinated chalcone
derivatives [34,43].

Fig. 4. Overlap between the ﬂuorescence emission spectrum for HSA and the absorption spectrum for T01. [HSA] = [T01] = 1.00 × 10−5 M at 310 K.
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Table 5
ZP (ζ), conductance and current for free HSA and HSA:thiophene chalcones at 298 K in PBS
solution (pH = 7.4). [HSA] = 1.00 × 10−5 M and [Thiophene chalcones] = 1.32 × 10−5 M.

Fig. 5. Circular dichroism spectra of HSA in the absence and presence of T01 in a PBS buffer
solution (pH = 7.4). [HSA] = 1.00 × 10−6 M and [T01] = 1.32 × 10−5 M.

3.5. Potential surface changes induced by thiophene chalcones binding
Zeta potential (ZP, ζ) is a useful and feasible parameter to characterize the surface charge properties of proteins. Changes in the ZP for a protein can implies in conformational changes on its structure, surface
modiﬁcations, aggregation of macro-molecule and/or unfolding/denaturation processes. Therefore, ZP of a protein can be used as an indicative of the protein stability upon ligand binding [54].
Table 5 shows the ZP for HSA without and in the presence of each
chalcone derivative. The ZP values of HSA changed after the addition
of ligand; however, the changes are in total accordance with the standard error of the measurements, i.e. − 9.02 ± 1.75 mV and − 8.21 ±
1.02 mV for HSA and HSA:T01, respectively at pH = 7.4. It suggests
that there is not a signiﬁcant structural change on the protein surface
with the addition of the thiophene chalcones [55,34]. For comparison,
mono- and tetra-ﬂuorinated chalcone derivatives showed the same
trend on the ZP values upon their association with HSA [34].

3.6. Molecular docking
The three-dimensional structure of HSA has different binding sites
with different speciﬁcities (domains I, II, and III), with domains I
(Sudlow I) and II (Sudlow II) being considered the main protein binding
pocket [6]. Site I, also named warfarin binding site, is located in the
subdomain IIA, while the binding site II, named indole/benzodiazepine
binding site, is located in subdomain IIIA [2]. From previous HSA ﬂuorescence quenching studies, the thiophene chalcones interacting with

Table 4
Values for α-helix % at 208 nm and 222 nm resulting from the association HSA:thiophene
chalcones at 310 K. [HSA] = 1.00 × 10−6 M and [Thiophene Chalcones] = 1.32 × 10−5 M.

Sample

ζ (mV)

Conductance (μS)

Current (mA)

HSA
T01
T02
T03
T04
T05
T06
T07
T08
T09

−9.02 ± 1.75
−8.21 ± 1.02
−9.63 ± 2.16
−11.7 ± 3.20
−8.11 ± 2.78
−10.14 ± 2.42
−9.53 ± 2.15
−8.45 ± 2.90
−9.50 ± 2.45
−9.70 ± 2.30

29,751
29,345
28,857
28,158
29,106
28,712
29,150
29,215
28,985
29,310

150
150
150
150
145
150
148
150
149
150

albumin are expected to be located next to the amino acid residue
Trp-214 in subdomain IIA (Sudlow's site I) [30,31]. Thus, studies using
molecular modeling were performed to analyze the main intermolecular interactions between each studied compounds and the amino acid
residues present in the interaction cavity located in subdomain IIA.
The molecular docking results suggest hydrogen bonding and hydrophobic interaction as the main binding forces for the association between HSA and all studied compounds; however, for T05 the molecular
docking calculations detected an electrostatic interaction between the
ﬂuorine atom in the ligand structure with the charged Lys-194 residue
(Table 6). Fig. 6A depicts the molecular docking pose for all thiophene
chalcones inside Sudlow's site I. Note that the samples T01, T04, T07,
T08 and T09 are practically in the same position inside the protein binding pocket, which can explain the quite similar experimental binding
ability between them.
Fig. 6B shows the molecular docking results for the interaction
HSA:T01, whereas the interaction between HSA and the other thiophene chalcones are shown in the Supplementary material. The hydrogen atom from the hydroxyl group present in Ser-201 and Ser-453
residues is a potential donor for hydrogen bonding with the sulfur and
ﬂuorine atom of the ligand structure, within a distance of 3.10 Å and
3.08 Å, respectively. The molecular docking results also detected
Table 6
Amino acid residues participating in the interaction HSA:thiophene chalcones in Sudlow's
site I.
Sample Amino acids
residues

Interaction

Donor/acceptor
H-bond

Distance
(Å)

T01

Hydrophobic
H-bond
H-bond
Hydrophobic
H-bond
H-bond
Hydrophobic
H-bond
H-bond
Hydrophobic
H-bond
Hydrophobic
Hydrophobic
Electrostatic
H-bond
Hydrophobic
H-bond
Hydrophobic
H-bond
Hydrophobic
Hydrophobic
H-bond
Hydrophobic
Hydrophobic
H-bond
Hydrophobic
Hydrophobic

–
Donor
Donor
–
Donor
Donor
–
Donor
Donor
–
Donor
–
–
–
Donor
–
Donor
–
Donor
–
–
Donor
–
–
Donor
–
–

3.22
3.10
3.08
1.63
2.11
3.80
1.89
3.23
2.28
3.03
2.55
3.01
2.71
3.19
3.05
2.06
2.19
3.51
2.65
3.46
2.22
2.30
3.53
1.67
2.09
3.03
1.72

T02

T03

T04

T05
Code

T01
T02
T03
T04
T05
T06
T07
T08
T09

Free HSA α-helix %

HSA:thiophene chalcone
α-helix %

208 nm

222 nm

208 nm

222 nm

58.1
57.3
57.9
57.0
57.7
57.1
58.2
59.9
57.6

54.1
54.2
54.0
53.9
53.9
53.5
54.7
56.1
54.1

56.0
56.3
55.9
55.5
56.5
55.2
56.4
57.5
55.9

52.7
52.8
52.7
52.6
52.1
52.2
52.9
54.2
52.6

T06
T07

T08

T09

Trp-214
Ser-201
Ser-453
Leu-480
Trp-214
Ser-453
Leu-480
Phe-210
Trp-214
Leu-480
Ser-201
Trp-214
Leu-480
Lys-194
Trp-214
Leu-480
Trp-214
Leu-480
Ser-201
Trp-214
Leu-480
Ser-201
Trp-214
Leu-480
Ser-201
Trp-214
Leu-480
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Fig. 6. (A) Best molecular docking pose for all thiophene chalcones inside the Sudlow's site I. (B) Best molecular docking pose for HSA:T01, inside the Sudlow's site I (ChemPLP function).
HSA is represented as a cartoon, ligands and selected amino acid residues are represented as stick in beige and orange, respectively. Black dots represent the interaction via hydrogen
bonding. Element colors: hydrogen: white, oxygen: red, nytrogen: dark blue, bromo: violet, ﬂuor: light blue, sulfur: yellow. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)

hydrophobic interactions between the amino acid residue Leu-480, as
well as between the ﬂuorophore Trp-214 residue and the cynammoil
group of the thiophene chalcones, within distances of 1.63 Å and 3.22
Å, respectively (Table 6). Overall, the molecular docking results suggest
that all thiophene chalcones can interact inside the Sudlow's site I via
hydrogen bonding and hydrophobic forces – and also via electrostatic
force for T05.
4. Conclusion
The quenching rate constant of HSA ﬂuorescence by all thiophene
chalcones T01–T09 (kq ≈ 1012 M−1 s−1) is two orders of magnitude
faster than the diffusion rate constant in water, indicating a static
quenching mechanism. For T01, T03, T08 and T09, the KSV values supported this data; however, the KSV values for T02 and T05 suggest a
combination of static and dynamic quenching mechanism. For the samples T04, T06 and T07, the small and irregular variation in KSV values
with the temperature does not show a signiﬁcant trend. Binding constant values (Ka ≈ 104 M−1) obtained from modiﬁed Stern-Volmer
plots indicate that the ground-state association of thiophene chalcones
with plasmatic albumin is moderate. Thermodynamic parameters indicate that the association between HSA and all thiophene chalcones is
spontaneous (ΔG° b 0) and probably entropically driven (ΔS° N 0), typically by hydrophobic interactions. On the other hand, for the association HSA:T05 the negative enthalpy change value suggests that the
binding process can also be enthalpically driven.
Energy transfer from HSA to each thiophene chalcone occurs with
high probability. The CD and potential surface data for all samples indicate that the binding process does not cause any signiﬁcant perturbation in the α-helix content of the albumin, as well as on the surface of
the protein. Molecular docking results suggest hydrogen bonding and
hydrophobic interactions as the main binding forces for the association
HSA:thiophene chalcones. For T05 a high probability of electrostatic interaction was also detected. In general, all of the compounds studied can
interact and be distributed into the human bloodstream by HSA, however T05 showed the best binding ability, due to the high contribution of
the enthalpy change to the binding process.
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