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interaction mechanism between
tiagabine hydrochloride and two serum albumins†

Weiling Zhuo,a Xilin Pengb and Xiang Lin *a

Tiagabine hydrochloride (TGB) is a widely used anticonvulsive drug for the treatment of epilepsy. To better

understand the interactions of TGB with plasma proteins, human serum albumin (HSA) and bovine serum

albumin (BSA) were selected as model proteins. TGB slightly increased thermal stability of the proteins as

confirmed by VP-capillary differential scanning calorimetric (DSC) measurements. Isothermal titration

calorimeter (ITC) results showed that TGB could be combined with HSA and BSA moderately, which was

also corroborated by fluorescence analysis. Besides, the thermodynamic parameters (DH > 0, DS > 0)

indicated that hydrophobic forces played a major role in the formulation of TGB–HSA and TGB–BSA

complexes. Moreover, the main binding sites of TGB to HSA and BSA were also examined by classical

fluorescent probe (dansylsarcosine and dansylamide) experiments, showing that TGB and

dansylsarcosine competitively interacted with HSA and BSA at the same binding sites. Additionally, TGB

had no obvious effect on the conformation change of HSA and BSA as indicated by spectroscopic

analyses. This study provides useful information about the interaction mechanism of TGB and serum

albumins, which could help to better utilize TGB in biomedical field.
1. Introduction

Tiagabine hydrochloride (Fig. 1) is a classical anticonvulsive
drug used for treating epileptics in clinics, and is widely used in
the United States, Europe and other countries.1,2 It selectively
increased the concentration of g-aminobutyric acid in presyn-
aptic neurons and glial cells for effective therapy. Besides, it has
been utilized to treat anxiety disorders, panic disorders, post-
traumatic stress disorders, as well as neuropathic pain. But, the
U.S. Food and Drug Administration (FDA) found it has potential
risk in causing patients to generate suicidal thoughts or
behavior.3,4

Research shows that tiagabine could be extensively
(approximately 96%) bound to plasma proteins. However, there
is little information about how tiagabine binds with proteins,
for instance, binding mechanism, binding sites, etc.5,6 TGB
binding with plasma proteins may affect its absorption, distri-
bution, metabolism, excretion, toxicity, and stability in vivo.7

Serum albumin is the most abundant protein in plasma, and
plays an important role in the transportation, deposition, and
metabolism of numerous types of exogenous and endogenous
compounds.8 This study chose human serum albumin (HSA)
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and bovine serum albumin (BSA) as model proteins to study
their interactions with TGB. The BSA and HSA display approx-
imately 76% sequence homology, and with different numbers
and types of amino acids. HSA and BSA contain 585 and 583
amino acid residues, respectively, while HSA has only one
tryptophan (Trp-214) residue, and BSA has two tryptophan (Trp-
134, 213) residues.9,10

In this study, several advanced analysis methods were per-
formed to investigate TGB–HSA and TGB–BSA interactions. As
many physiological functions of proteins depend on their
intrinsic structure, a VP-capillary DSC measurement was per-
formed to determine thermal stability of HSA and BSA when
they interacted with or without TGB. Later, ITC was used to
determine TGB-serum albumin binding ability, and uores-
cence spectroscopy was utilized as an alternative method to
further analyze their interactions. Site marker competitive
Fig. 1 Chemical structure of TGB.

RSC Adv., 2018, 8, 24953–24960 | 24953

http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra04153a&domain=pdf&date_stamp=2018-07-10
http://orcid.org/0000-0003-1706-9170
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra04153a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA008044


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ju

ly
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

0/
18

/2
02

4 
11

:1
6:

11
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
experiments were conducted to determine the potential main
binding sites of TGB to HSA and BSA. Thereaer, the optimal
binding models of TGB–HSA complex and TGB–BSA complex
were simulated through molecular docking. Three-dimensional
(3D) uorescence spectroscopy and circular dichroism (CD)
spectroscopy were adopted to monitor structural changes of the
proteins affected by TGB. This study provides in-depth insights
into the mechanism of the TGB–serum albumin binding
interaction, which may be helpful for improving applications of
TGB in clinical, and standardized screening in pharmaceutical
rms and clinical research.11,12

2. Materials and methods
2.1 Chemicals and reagents

HSA (fatty acid-free) was purchased from Sigma-Aldrich
Company (St. Louis, USA). BSA (fatty acid-free, nuclease, and
protease-free) was obtained from EMD Millipore Company
(Billerica, USA). TGB (>98% purity index) was acquired from
Tokyo Chemical Industry Company (Tokyo, Japan). Dansyla-
mide and dansylsarcosine were purchased from J&K Scientic
Ltd. (Beijing, China). Stock solutions of HSA, BSA, and TGB were
prepared in phosphate buffer saline (PBS; 0.1 M, pH 7.40). The
concentrations of HSA and BSA in buffer were corrected by the
extinction coefficients of 35 700 M�1 cm�1 and
44 720 M�1 cm�1, respectively.13

2.2 Differential scanning calorimetry measurements

The VP-Capillary DSC measurement was run by means of
a MicroCal VP-Capillary DSC (Malvern, Worcestershire, UK).
Samples were prepared in PBS (pH 7.4) and concentrations of
HSA and BSA were maintained at 40 mM, whereas the molar
ratios of TGB to HSA/BSA were 0 : 1 and 1 : 1. PBS was also used
as a reference buffer. All the solutions were degassed properly
under mild vacuum prior to the experiments. Scans were
collected from 298 K to 363 K at a scan rate of 200 K h�1. Data
were analyzed by using Origin 7.0 soware provided by the
instrument manufacturer to obtain the temperature at the
midpoint of the unfolding transition (Tm).

2.3 Isothermal titration calorimetry measurements

ITC measurements were carried out on a Microcal ITC200 (Mal-
vern, Worcestershire, UK) with an active cell volume of 185 mL. All
titrations were performed in PBS at a stirring rate of 750 rpm and
using a 50 mL titrating syringe at 298 K. An automated sequence
of 20 injections was used, with each of 2 mL ligand (TGB) titration
into the sample cell containing serum albumin. The intervals
between each injection were spaced at 1.5 min for HSA samples
and at 2 min for BSA samples to allow complete equilibration,
which was performed with the equivalence point at the area
midpoint of the titration. Titrations of TGB into buffer were
performed as shown in Fig. S1.† The heat released or absorbed
upon each injection was measured, and the data were plotted as
integrated quantities. The resulting data were tted to a one set
of sites model and analyzed using MicroCal Origin 7.0 soware,
which was supplied by the instrument manufacturer.
24954 | RSC Adv., 2018, 8, 24953–24960
2.4 Fluorescence spectroscopy analyses

Fluorescence analyses were conducted in a 1 cm quartz cell-using
a Cary Eclipse uorescence spectrophotometer (Varian, Cal-
ifornia, USA) at 298 K. In a TGB–HSA system, the concentration of
HSA was maintained at 2.4 mM, whereas the concentrations of
TGB varied from 0 mM to 28.8 mM with a 4.8 mM gradient growth
based on preliminary experiments. In the TGB–BSA system, the
concentration of BSA was 0.7 mM, and the concentration of TGB
changed from 0 mM to 16.8 mM with a 2.4 mM gradient growth.
Fluorescence spectra were obtained using 5/10 nm (excitation/
emission) slit widths. The excitation wavelength was set at
280 nm, and the emission range was from 300 to 450 nm unless
specied otherwise. All emission intensities were corrected for
inner lter effect, according to the following equation:14

Fcorr ¼ Fobs � e
AexþAem

2 (1)

where Fcorr and Fobs are the corrected and observed uorescence
intensities, respectively. Aex and Aem are the absorption values of
the system at the excitation and emission wavelengths,
respectively. Moreover, given that TGB consists of hydrochloric
acid, to evaluate the effect of hydrochloric acid on HSA/BSA, 2.4
mM HSA containing 28.8 mM hydrochloric acid was compared
with free HSA and 0.7 mM BSA containing 16.8 mM hydrochloric
acid was compared with free BSA using uorescence, respec-
tively. No obvious changes were observed in the spectral proles
obtained (Fig. S2†).

3D uorescence spectroscopy was performed at an excitation
wavelength range from 200 to 400 nm in increments of 5 nm.
Emission spectra were monitored between 200 and 450 nm.
Concentrations of HSA and BSA were maintained at 2.4 mM and
0.7 mM, respectively. The molar ratios of TGB to HSA/BSA were
0 : 1 and 6 : 1, respectively.

Site marker competitive experiments were conducted using
dansylsarcosine and dansylamide as probes at 298 K. All solu-
tions were investigated at an exitation wavelength of 350 nm. The
emission spectra were recorded in the range of 380–670 nm.

Fluorescence lifetime was measured on a Jobin Yvon
Fluorolog-3 spectrouorometer (Horiba, LesUlis, FRA). Time-
resolved HSA/BSA uorescence quenching by TGB was recor-
ded by maintaining the excitation wavelength and emission
wavelength at 280 and 345 nm, respectively. The concentration
of HSA was xed at 2.4 mM, and the concentration of BSA was 0.7
mM. The molar ratios of TGB to HSA/BSA were 0 : 1, and 12 : 1,
respectively. Data were analyzed through the tail tting method.
The t qualities were assessed based on c2 values and residuals.
The amplitude-weighted lifetime (hsi) for biexponential iterative
tting was calculated based on decay times and pre-exponential
factors (a) in accordance with the following equation:15

hsi ¼ s1a1 + s2a2 + s3a3 (2)

2.5 Molecular docking analysis

The molecular docking calculations were adopted with an
AutoDock 4.2.5.1 program between ligand (TGB) and receptor
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 DSC thermograms of TGB–HSA (a) and TGB–BSA (b) systems at
pH 7.40 and 298 K, respectively. The concentrations of HSA and BSA are
both 40 mM, and the molar ratios of TGB to HSA/BSA are 0 : 1 and 1 : 1.
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(HSA/BSA). The 3D structure of TGB was acquired with Chem-
idraw 11.0 and optimized by using the Discover Minimization
tool of Materials Studio 6.0 soware (Accelrys, California, USA).
Crystal structures of HSA and BSA were obtained from the
Protein Data Bank (PDB), selecting the PDB IDs 2BXG for HSA
and 4OR0 for BSA for docking simulation.16,17 Both crystal
structures were optimized by adding polar hydrogen atoms,
removing water molecules and ions, and adding and assigning
Kollman united-atom partial charges. Docking was conducted
by setting the grid box size at 126 Å � 126 Å � 126 Å along with
the x, y, and z axes and with 0.619 Å grid spacing. The center of
the grid was set to 24.165, 8.326, and 17.384. MGLTools 1.5.6
AutoDockTools with AutoGrid 4 and AutoDock 4 were per-
formed to set up and conduct docking calculations of the ligand
and receptor. Docking was performed using the Lamarckian
genetic algorithm in AutoDock. Global optimization started
with 200 runs in 2500 000 energy evaluations, with a maximum
of 27 000 generations. Binding models with the lowest binding
free energy and most cluster members were used for further
analyses.

2.6 Circular dichroism spectroscopy

CD spectra were recorded on a Chirascan-plus circular
dichroism spectrometer (Applied Photophysics, Surrey, UK) at
298 K. Concentrations of HSA and BSA were 2 mM, and that of
TGB was 24 mM. Spectra were obtained in a 1 mm quartz cell in
a range of 195 to 250 nm with a 1 nm step size, 1 nm band
width, and 0.5 s point�1 scanning speed and each spectrum was
the average of three scans.

3. Results and discussion
3.1 Evaluation of the thermal stability changes of HSA and
BSA

VP-DSC is a highly sensitive and high-throughput technique for
characterizing thermal stability of proteins and ligand–
proteins.18 For an equilibrium in the unfolding process of
a protein, changes in its midpoint of the unfolding transition
(Tm), as a result of ligand binding, can be used to estimate shis
in thermal stability of the protein.19 Fig. 2 depicts the thermo-
grams of TGB–HSA and TGB–BSA at molar ratios of 0 : 1 and
1 : 1. In Fig. 2a, the HSA (40 mM) is unfolded and gives a single
endothermic peak with a Tm of 337.1 K. Aer addition of TGB
(40 mM), the Tm increases to 337.5 K. In Fig. 2b, the BSA (40 mM)
solution containing TGB (40 mM) exhibits a single endothermic
peak with a Tm of 335.8 K, compared with 335.2 K in TGB-free
solution. Thus, the Tm increment of HSA and BSA aer TGB
addition indicated that the thermal stability of proteins slightly
increased aer binding with TGB.

3.2 Characterization of the TGB–HSA and TGB–BSA binding

ITC is a direct and common technique for investigating
biomolecular interactions, evaluating thermodynamics of
ligand–protein interactions and studying the binding
constant.20,21 Here, the ITC has been used to study the combi-
nation of TGB–HSA and TGB–BSA, respectively. The
This journal is © The Royal Society of Chemistry 2018
calorimetric titration data at pH 7.4 and 298 K are shown in
Fig. 3. In Fig. 3, the upper panel shows the raw ITC results,
where each of the heat burst peaks corresponded to a single
injection of TGB into a HSA/BSA solution in the calorimeter cell.
The lower panel shows an integrated heat prole that has been
appropriately corrected by subtracting the corresponding dilu-
tion heats.22,23 In the lower panel, heat data are plotted against
the corresponding molar ratio and tted to a one set of sites
model using MicroCal Origin 7.0 soware, which was supplied
by the instrument manufacturer.24 These data can be utilized to
calculate the binding constant (K), and the thermodynamics of
binding, i.e., enthalpy changes (DH) and entropy changes (DS).
The tting curve is shown as a red curve in the lower panel of
Fig. 3, whose amplitude is proportional to the change of
enthalpy (DH), and where the slope of inection point yields the
binding constant (K) in case of a sigmoidal titration curve.25

Obtained from ITC analyses, it revealed that the values of Kwere
6.35 � 1.4 � 104 M�1 for the TGB–HSA system and 3.67 � 2.89
� 104 M�1 for TGB–BSA system, implying that binding abilities
of the two systems were both moderate compared to that of
other strong ligand–protein interactions with binding constants
larger than 106 M�1.26

The uorescence spectroscopy method that is usually used
for studying ligand–protein interactions,27–29 has also been
RSC Adv., 2018, 8, 24953–24960 | 24955
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Fig. 3 ITC profiles for the titration of TGB with HSA (a) and BSA (b) at
pH 7.40 and 298 K, respectively. The upper panel represents raw
signals for the calorimetric titration of TGB with HSA/BSA, with
a concentration of 2mM for TGB, 73.1 mM for has, and 80.0 mM for BSA.
The lower panel shows integrated heat data after correcting for heat of
TGB dilution. The solid line represents the best nonlinear least-squares
fit to a one set of sites model.

Fig. 4 Fluorescence spectra of HSA (a) and BSA (b) in the absence and
presence of TGB at pH 7.40 and 298 K, respectively. The concentration
of HSA is 2.4 mM (A), and the concentrations of TGB are 4.8 (B), 9.6 (C),
14.4 (D), 19.2 (E), 24.0 (F), and 28.8 mM (G). The concentration of BSA is
0.7 mM (A), and the concentrations of TGB are 2.8 (B), 5.6 (C), 8.4 (D),
11.2 (E), 14.0 (F), and 16.8 mM (G). The insets are the time-resolved
fluorescence decay of HSA (a) and BSA (b) in the absence and presence
of TGB. The concentrations of HSA and BSA are 2.4 mM and 0.7 mM,
respectively, and the molar ratios of TGB to HSA/BSA are 0 : 1 and
12 : 1.
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applied to study binding ability between TGB and HSA/BSA.
TGB can quench the intrinsic uorescence of HSA and BSA to
varying degrees, respectively (Fig. 4). This uorescence
quenching could reect any process that decreases the uo-
rescence intensity of a uorophore. Molecular interactions,
including collisional quenching, ground-state complex forma-
tion, excited-state reactions, molecular rearrangements, and
energy transfer, can induce uorescence quenching.30 In this
study, the uorescence quenching mechanism of TGB with HSA
and BSA were both static quenching, as the uorescence life-
times hsi of HSA and BSA were nearly unchanged in the pres-
ence of TGB (Fig. 4, Table 1).

Then, uorescence quenching was analyzed according to the
well-known Stern–Volmer equation:

F0

F
¼ 1þ KSV½Q� (3)

where F0 and F are the uorescence intensities in the absence
and presence of the quencher, respectively. For static quench-
ing, KSV is the association constant of the quencher-uorophore
ground–state complex.31,32 Plots of F0/F against 1/[Q] of TGB
quencher with HSA and BSA are shown in Fig. S3.† The values of
KSV in the quenching process of serum albumin induced by TGB
were calculated from slope and intercept of the curves. The
calculated values of KSV were 2.18 � 0.04 � 104 M�1 for the
TGB–HSA complex and 2.42 � 0.08 � 104 M�1 for the TGB–BSA
complex, respectively, indicating a moderate binding of the two
complexes, which is inconsistent with the aforementioned ITC
results.

In addition to the binding constant, thermodynamic
parameters can also be obtained from ITC analysis.33 The
positive values of DH (331.0� 17.9 cal mol�1) and DS (23.1� 0.4
cal mol�1 K�1) indicated that hydrophobic interactions played
major roles in the formation of the TGB–HSA complex.34

Moreover, the Gibbs free energy change (DG) can be calculated
by the van't Hoff equation (DG ¼ DH � TDS). The negative DG
24956 | RSC Adv., 2018, 8, 24953–24960
(�6.6� 0.1 kcal mol�1) implied that the binding process of TGB
with HSA was spontaneous. In the TGB–BSA system, DH and DS
were 647.0 � 139.7 cal mol�1 and 23.1 � 1.6 cal mol�1 K�1,
respectively and the DG was calculated to be �6.2 �
0.5 kcal mol�1. Thus, the binding force between TGB and HSA/
BSA was dominant with a hydrophobic interaction, and the
binding process was spontaneous.

Crystallographic reports revealed that serum albumin, a heart-
shaped and highly helical structure protein, possesses multiple
binding sites. Both HSA and BSA consist of a single polypeptide
chain in three structurally homologous a-helical domains (I–III),
and each domain is divided into two subdomains (A and B). Two
main binding sites named Sudlow site I and II, in subdomains
IIA and IIIA, respectively, are highly adaptable for binding many
widely accepted drugs.35 To investigate whether TGB could bind
to HSA/BSA at the two primary binding sites or not, site marker
competitive experiments were performed.
This journal is © The Royal Society of Chemistry 2018
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Table 1 Lifetime of HSA and BSA fluorescence decay with or without TGB

System Protein : drug s1 s2 s3 a1 a2 a3 hsi c2

TGB–HSA 0 : 1 3.030 0.491 6.853 0.328 0.046 0.626 5.305 1.055
12 : 1 2.994 0.440 6.906 0.338 0.045 0.617 5.292 1.083

TGB–BSA 0 : 1 0.208 3.871 6.994 0.005 0.209 0.786 6.309 1.040
12 : 1 0.701 3.970 6.980 0.011 0.224 0.765 6.237 0.993
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3.3 Identication of the main binding sites of TGB to HSA
and BSA

As early as the 1970s, Sudlow et al. used uorescent probes to
identify the above two high-affinity binding sites, conrming
that dansylsarcosine and ibuprofen were shown to bind
specically to Sudlow site II, while dansylamide, warfarin, and
phenylbutazone were bound specically to Sudlow site I.36,37 At
the excitation wavelength of 350 nm, the HSA, BSA, or TGB
cannot emit uorescence, while dansylsarcosine or dansyla-
mide only exclusively exhibit weak uorescence, but the uo-
rescent intensity becomes stronger in the presence of HSA/BSA
(Fig. 5). Here, dansylsarcosine and dansylamide were selected
as specic uorescent probes for the two distinct binding sites
of TGB to HSA and BSA. Any combination of the single, binary,
and ternary systems of the probe (dansylsarcosine/
dansylamide), the protein (HSA/BSA), and the drug (TGB) were
performed using a uorescence spectrometry method (lex¼ 350
nm). In the present study, the molar ratios of protein : pro-
be : TGB were 1 : 4 : 24.
Fig. 5 At the excitation wavelength of 350 nm, pH 7.40, and 298 K, the
dansylamide-HSA–TGB, (c) dansylsarcosine-BSA–TGB, and (d) dansylami
9.6 mM, C(TGB) ¼ 57.6 mM.

This journal is © The Royal Society of Chemistry 2018
In Fig. 5a, the uorescence intensity of dansylsarcosine-HSA–
TGB is weaker than that of dansylsarcosine-HSA. We hypothesized
that the original balance of the binary complex was interrupted by
TGB, and a competitive binding with HSA might occur between
dansylsarcosine and TGB, which causes liberation of some dan-
sylsarcosine molecules from the dansylsarcosine-HSA complex in
the presence of TGB, while TGB and HSA formed a ground-state
complexation without uorescence. Thus, the uorescence inten-
sity of dansylsarcosine-HSA was reduced aer addition of TGB.
These results indicated that TGB and dansylsarcosine could bind
to the same binding site (Sudlow site II) in HSA, while the addition
of TGB could partially replace dansylsarcosine that is bound to
HSA. By contrast, as shown in Fig. 5b, the emission intensity of
dansylamide-HSA–TGB is nearly the same as that of dansylamide-
HSA. This indicated that TGB, which exerted limited inuence on
the dansylamide-HSA complex, could not compete with dansyla-
mide. Given the above, the TGB could bind to Sudlow site II
(subdomain IIIA) of HSA.

Similarly, in the site maker competitive experiment of dan-
sylsarcosine/dansylamide-BSA–TGB (Fig. 5c and d), the addition
fluorescence emission spectra for (a) dansylsarcosine-HSA–TGB, (b)
de-BSA–TGB.C(HSA)¼C(BSA)¼ 2.4 mM,C(Dansylsarcosine)¼C(Dansylamide)¼

RSC Adv., 2018, 8, 24953–24960 | 24957
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Fig. 6 Surface around TGB in Sudlow site II of HSA (a) and BSA (b), respectively. The inset is the 2D dockingmodes between TGB andHSA or BSA. Only
important interacting residues are shown and represented as sticks. Residues involved in hydrogen bonding, charge, and polar interactions are rep-
resented bymagenta circles. Residues involved in van derWaals interactions are represented by green circles. The solvent-accessible surfaces of atoms
are represented by a blue halo around the atom. The diameter of the circle is proportional to the solvent accessible surface. Cation–p interactions are
represented by an orange line, whereby connecting positive ions of amino acid residues of HSA or BSA with the thiophene rings of TGB.
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of TGB can reduce the uorescence intensity of
dansylsarcosine-BSA but it has no obvious inuence on the
emission intensity of dansylamide-BSA, indicating that TGB
could compete with dansylsarcosine in BSA. However, there is
no obvious competition between TGB and dansylamide.
Therefore, TGB and dansylsarcosine could bind to the same site
(Sudlow site II) of BSA, and addition of TGB could partially
replace the dansylsarcosine that bound to BSA.

Subsequently, AutoDock soware was used to present the
optimal binding model for further binding-orientation analyses
of the TGB–HSA complex and TGB–BSA complex (Fig. 6).

In Fig. 6a, the ligand TGB is located inside the protein struc-
ture of HSA, particularly, in the hydrophobic cavity in Sudlow site
II. It consists of the following amino acids: Lys-414, Arg-485, Tyr-
411, Phe-488, Arg-410, Leu-387, Ser-489, Leu-453, Ala-449, Cys-
437, Val-433, and Cys-392. TGB and HSA undergo changes with
the inuence of cation–p interaction, which is a noncovalent
molecular interaction between a positively charged molecule and
a p system, to minimize the space between them.38 Panel 2D
displays the cation–p interactions between HSA and TGB at pH
7.40, as the Lys-414 and Arg-410 took part in forming cation–p
binding when the cations on these residues were separately
incorporated into the p system of the two thiophene rings of
TGB. Fig. 6b shows the lowest energy molecular modelling of
TGB docking to site II of BSA. The following amino acids are
around the binding site: Leu-429, Leu-386, Asn-390, Thr-448, Leu-
406, Leu-452, Ile-387, Arg-484, Leu-456, Arg-409, Lys-413, Tyr-410,
and Ser-488. Especially, there are cation–p interactions between
the thiophene ring of TGB and the Arg-409, Arg-484, and Lys-413
of BSA, and a hydrogen bonding force also exists.

In combination with site marker competitive experiments
and molecular docking simulation results, the TGB could
steadily bind to Sudlow site II (subdomain IIIA) of HSA and BSA,
and the hydrophobic interactions between the thiophene rings
of TGB and the hydrophobic amino acid residues of proteins
played a major role in the TGB–protein complexation.
Fig. 7 At pH 7.40 and 298 K, the contour spectra of HSA (a and b) and
BSA (c and d) in the absence and presence of TGB. The concentrations
of HSA and BSA are 2.4 mM and 0.7 mM, respectively, and the molar
ratios of TGB to HSA or BSA are 0 : 1 and 6 : 1.
3.4 Evaluation of the conformational changes of HSA and
BSA induced by TGB

3.4.1 3D uorescence spectroscopy. 3D uorescence spec-
troscopy can investigate microenvironmental changes in
24958 | RSC Adv., 2018, 8, 24953–24960
proteins when combined with small molecules.39 Contour maps
for, respectively, the TGB–HSA and TGB–BSA complexes with
molar ratios of 0 : 1 and 6 : 1 (drug to protein) are shown in
Fig. 7a–d, and their parameters are illustrated in Table 2. Peak 1
(lex ¼ 225 nm, lem ¼ 335 nm for HSA and lex ¼ 225 nm, lem ¼
342 nm for BSA) mainly exhibits uorescence characteristics of
polypeptide backbone structures. Peak 2 (lex ¼ 280 nm, lem ¼
338 nm for HSA and lex ¼ 280 nm, lem ¼ 340 nm for BSA)
mainly reveals the spectral behavior of tryptophan and tyrosine
residues and reects the polarity of the HSA microenviron-
ment.40,41 By comparing and analyzing the position of the exci-
tation and emission wavelength, and the Stokes shi (Table 2)
of TGB–HSA complex in the absence and presence of TGB, it
could be seen that both peak 1 and 2 were nearly unchanged,
which indicated that the molecular microenvironment around
the uorophore residues of HSA was almost unaffected by TGB.
Similarly, the microenvironment of BSA was not obviously
perturbed by TGB either, as the Stokes shi of BSA had no
signicant change.
This journal is © The Royal Society of Chemistry 2018
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Table 2 3D fluorescence spectral parameters of TGB–HSA and TGB–BSA systems

System Peaks Peak position [lex/lem (nm nm�1)] Stokes shi [Dl (nm)] Intensity

HSA B 235/235 / 320/320 0 71.289 / 364.174
1 225/335 110 716.917
2 280/338 58 649.896

TGB–HSA B 240/240 / 320/320 0 72.360 / 412.557
1 225/336 111 526.065
2 280/339 59 420.584

BSA B 240/240 / 320/320 0 56.465 / 124.164
1 225/342 117 872.205
2 280/340 60 434.241

TGB–BSA B 245/245 / �320/320 0 58.981 / 136.431
1 225/343 118 790.332
2 280/341 61 385.896
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3.4.2 CD spectroscopy. CD spectroscopy is a well-
established technique for monitoring the inuence of ligands
on the secondary structure of proteins.42,43 Typical CD spectra of
HSA and BSA with or without TGB are shown in Fig. 8. Serum
proteins HSA and BSA have similar peak shapes, which display
Fig. 8 CD spectra of HSA (a) and BSA (b) with or without TGB at pH
7.40 and 298 K, respectively. The concentrations of HSA and BSA are
both 2 mM, and the molar ratios of TGB to HSA or BSA are 0 : 1 and
12 : 1.

This journal is © The Royal Society of Chemistry 2018
two negative bands at 208 and 220 nm corresponding top/p*

and n / p* transitions, representing the a-helix structure of
these proteins. Aer the addition of TGB, the characteristic
peptide CD bonds of HSA and BSA both remained essentially
unchanged. This result indicated that TGB did not induce any
obvious perturbations of the proteins fold at 298 K.44 Therefore,
the secondary structure of HSA and BSA were almost unchanged
even when induced by TGB. In summary, the TGB had no
signicant effect on the microenvironment and secondary
structure of HSA and BSA.
4. Conclusion

In all, this study presented a systematic investigation of the
interaction mechanism between TGB and serum albumins,
including HSA and BSA, using different calorimetric and spec-
troscopic techniques. There were no obvious differences between
TGB–HSA and TGB–BSA systems. TGB could steadily combine
with the proteins and the thermal stabilities of the two serum
albumins were slightly enhanced by complexation with TGB. The
binding abilities of both the TGB–HSA complex and TGB–BSA
complex were moderate. TGB and dansylsarcosine competitively
interact with Sudlow site II of HSA and BSA. Hydrophobic inter-
actions were dominant in the formation of TGB–HSA and TGB–
BSA complexes. The results of molecular docking intuitively
showed that the TGB molecule entered the hydrophobic cavity in
Sudlow site II of HSA and BSA and formed specic cation–p
bonds with the surrounding amino acids. Additionally, the
conformations of HSA and BSA were almost unaffected by TGB.
This study has provided insights into the interaction mechanism
between TGB and serum albumins, which could provide useful
information for better utilization of TGB.
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