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The interaction of tanshinone IIA and human serum albumin (HSA) has been characterised by molecular
modelling, fluorescence, Fourier transform infrared (FT-IR) and circular dichroism (CD) spectroscopic
methods. The results of molecular modelling suggested that tanshinone IIA located within the binding
pocket of subdomain IIA of HSA is held mainly by hydrophobic forces. Fluorescence titration revealed that

tanshinone IIA could quench the intrinsic fluorescence of HSA. The binding constants at three tempera-
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tures (296, 303, and 310) K are (6.42 - 10%, 1.54 - 10°, and 4.35 - 10°) dm® - mol !, respectively. In addition,
the studies of CD spectroscopy and FT-IR spectroscopy showed that the binding of tanshinone IIA to HSA
changed molecular conformation of HSA.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Tanshinone IIA (structure shown in figure 1), a derivative of
phenanthrenequinone, is the major component isolated from Sal-
via miltiorrhiza (Danshen, in Chinese) which is a well-known tradi-
tional Chinese herbal medicine. It has been reported to display a
great variety of pharmacological activities including prevention
of angina pectoris and myocardial infarction [1], anticancer [2,3],
and antioxidant [4] properties. Moreover, recent research indicates
that tanshinone IIA may possess complex inhibiting and inducting
action on CYP1A [5].

Human serum albumin (HSA), the most abundant carrier pro-
tein in blood circulation, plays a major role in the transport and
deposition of many endogenous and exogenous drugs ligands in
blood [6,7]. A number of the relatively insoluble endogenous com-
pounds and a wide variety of drugs can bind to albumin and other
serum components, which implicates HSA's role as a carrier [8,9].
Due to the availability of hydrophobic pockets inside the protein
network and the flexibility of the albumins to adapt its shape
[10], serum albumin can increase the apparent solubility of hydro-
phobic drugs in plasma and modulates their delivery to cells in vivo
and in vitro. Therefore, investigating the binding of the drug to HSA
can provide useful information of structural features that deter-
mine the therapeutic effectiveness of drugs. Binding studies have
become an important research field in life sciences, chemistry

* Corresponding author. Tel.: +86 29 88491834; fax: +86 29 89491716.
E-mail address: lijhua09@163.com (]. Li).

0021-9614/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.jct.2012.11.009

and clinical medicine. There are some works [11-13] underway
to study the interaction of the drug with protein by the fluores-
cence technique, Fourier transform infrared spectroscopy (FT-IR),
circular dichroism (CD) spectroscopy, and molecular modelling.
However, none of the investigations determines in detail the tan-
shinone IIA-HSA binding constants and the effect of tanshinone
[IA complexation on the protein structure.

In this paper, molecular modelling and multi-spectroscopic
methods were employed to demonstrate the interaction of tanshi-
none IIA-HSA. First, the molecular docking was performed to re-
veal binding tanshinone IIA to HSA through SGI FUEL
workstations (theoretical model). Then, thermodynamic data of
binding (including binding mechanism, binding constant) of tan-
shinone IIA to HSA were studied under simulative physiological
conditions utilising the fluorescence method. The effect of tanshi-
none IIA on the structure of HSA was also examined using Fourier
transform infrared spectroscopy and circular dichroism
spectroscopy.

2. Materials and methods
2.1. Materials

Human serum albumin (HSA) was purchased from Sigma
Chemical Company. All HSA solutions were prepared in pH 7.40
buffer solution, and HSA stock solution was kept in the dark at
T=277 K. Tanshinone IIA (analytical grade) was obtained from
the National Institute for Control of Pharmaceutical and
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FIGURE 1. The chemical structure of tanshinone IIA.

Bioproducts, China. The stock solution (1.0 - 10~* mol - dm—3) was
prepared in ethanol. NaCl (analytical grade, 1.0 mol.dm3)
solution was used to maintain the ion strength at 0.1. The buffer
(pH 7.40) consists of tris (0.2 mol - dm—>) and HCI (0.1 mol - dm~3).
The pH was checked with a suitably standardized pH meter. All
reagents were of analytical reagent grade and distilled water was
used throughout the experiment.

2.2. Apparatus and methods

Molecular modelling was investigated through SGI FUEL WORK-
STATION. The crystal structure of HSA in complex with R-Warfarin
was taken from the Brookhaven Protein Data Bank (entry codes 1
h9z) [14]. The potential of the 3-D structure of HSA was assigned
according to the Amber 4.0 force field with Kollman-all-atom
charges. The initial structures of all the molecules were generated
by molecular modelling soft-ware SYBYL 6.9 [15]. The geometries
of these compounds were subsequently optimised using the Tripos
force field with Gasteiger-Marsili charges. The FlexX program was
applied to calculate the possible conformation of the ligands that
bind to the protein.

All the fluorescence spectra were performed on a RF-5301PC
Spectrofluorophotometer (Shimadzu, Japan), using 5 nm/5 nm slit
widths. The excitation wavelength was 280 nm, and the emission
wavelengths were red at (300 to 480) nm.

Fluorescence titration experiments: 3.0 cm> solution containing
appropriate concentration of HSA was titrated manually by succes-
sive addition of a 1.0- 1074 mol - dm~> ethanol stock solution of
tanshinone IIA (to give a final concentration of (3.3-1077 to
3.0-107%) mol - dm~3) with trace syringes, and the fluorescence
intensity was measured (excitation at 280 nm and emission at
335 nm). All experiments were measured at different temperature
(296, 303, and 310) K. The temperature of sample was kept by
recycled water throughout the experiment.

The UV absorbance spectra were recorded using a CARY-100
UV-vis spectrometer (Varian, USA) equipped with 1.0 cm quartz
cells.

FT-IR measurements were carried out at room temperature on a
Nicolet Nexus 670 FT-IR spectrometer (USA) equipped with a Ger-
manium attenuated total reflection (ATR) accessory, a DTGS KBr
detector and a KBr beam splitter. All spectra were taken via the
attenuated total reflection (ATR) method with a resolution of
4 cm~! and 60 scans. The infrared spectra of HSA and tanshinone
IIA-HSA complex (the molar ratio of tanshinone IIA to HSA was
2:1) were obtained in the featured region of (2200 to
1300) cm~'. Corresponding absorbance contributions of buffer
and free tanshinone IIA solutions were recorded and subtracted
with the same instrumental parameters. The subtraction criterion

was that the original spectrum of the protein solution between
(2200 and 1800) cm~! was featureless [16,17].

Circular dichroism was made on a Jasco-20 automatic recording
spectropolarimeter (Japan), using a 2 mm cell at T=296 K. The
spectra were recorded over the range of 200 to 300 nm. The
results are expressed as molar ellipticity ([0]) in deg - cm? - dmol ™.
The o-helical content of HSA was calculated from the [0]
value at 208 nm using the equation: a%helix = {(—[0],0s — 4000)/
(33,000 — 4000)} - 100 as described by Lu et al. [18].

3. Results and discussion

3.1. Molecular modelling study of the interaction between tanshinone
IIA and HSA

The application of molecular modelling by the computer meth-
od has been employed to predict the interaction of tanshinone IIA
and HSA. The crystallographic analyses of HSA have revealed that
the protein, a 585 amino acid residues monomer, contains three
homologous a-helical domains (I-III): I (residues 1-195), II (resi-
dues 196-383), III (residues 384-585), and each containing two
subdomains (A and B) [19]. It is reported that HSA has binding sites
in sub-domains IIA and IIIA, which are corresponding to site [ and
site II, respectively, and a single tryptophan residue (Trp-214) is in
subdomain IIA [20,21]. There is a large hydrophobic cavity present
in sub-domain IIA that many drugs can band at. The best energy
ranked result is shown in figure 2. From figure 2, it can be seen that
tanshinone IIA binds within the subdomain IIA of the protein (The
Warfarin Binding Pocket), and it is important to note that the tryp-
tophan residue of HSA (Trp-214) is in close proximity to B ring of
tanshinone IIA, suggesting the existence of hydrophobic interac-
tion between them. Further, the finding provides a good structure
basis to explain the efficient fluorescence quenching of HSA emis-
sion in the presence of tanshinone IIA. On the other hand, figure 2
shows that the residues Arg-218 and Arg-222 of HSA are suitable
to form intermolecular H-bond with 1-O. In addition, Lys-195 is
also able to form H-bond with 3-0. The result indicated that the
formation of hydrogen bonds decreased the hydrophilicity and in-
creased the hydrophobicity to stability the (tanshinone IIA + HSA)
system. Therefore the results obtained from modelling indicate

FIGURE 2. The interaction mode between tanshinone IIA and HSA. The residues of
HSA are represented using line and tanshinone IIA structure is represented using
ball and stick model. The hydrogen bond between tanshinone IIA and HSA is
represented using dashed line.
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that the interaction between tanshinone IIA and HSA is dominated
by hydrophobic force, and there is also hydrogen bond interaction
between the drug and the residues of HSA. Some spectral experi-
ments were thus taken to obtain information related to the binding
mechanisms and validate the results from molecular modelling.

3.2. The mechanism of fluorescence quenching

The effect of tanshinone IIA on HSA and the conformation
changes of HSA were evaluated by measuring the intrinsic fluores-
cence intensity of protein before and after the addition of tanshi-
none IIA. Figure 3 shows the fluorescence emission spectra of
HSA with the addition of different low concentration of tanshinone
IIA (the solubility of tanshinone IIA is very low in water, the higher
concentration of tanshinone IIA cannot be obtained). The HSA has a
strong fluorescence emission with a peak at 335 nm at /1., 280 nm,
while tanshinone IIA was almost non-fluorescent at /., 280 nm. It
can be seen that the addition of tanshinone IIA results in a signif-
icant reduction in the fluorescence intensity indicating that the
binding of tanshinone IIA to HSA quenches the intrinsic fluores-
cence of the single tryptophan in HSA (Trp-214), which was in
agreement with the results obtained by molecular modelling.
Meanwhile, a shift of emission to shorter wavelength from (335
to 331) nm was also observed, suggesting the polarity of the pro-
tein environment was lower compared to that of the pure protein
solution.

Fluorescence quenching may result from a variety of processes
such as static quenching, dynamic quenching and non-radiative
energy transfer [22]. Static quenching is due to the formation of
ground-state complex between the fluorophore and the quencher,
dynamic quenching results from collision between them. In gen-
eral, static and dynamic quenching can be distinguished by their
differing dependence on temperature. For static quenching, the
quenching constants decrease with increasing temperature, while
the quenching constants increase with increasing temperature
for dynamic quenching. The fluorescence quenching data are ana-
lysed by the Stern-Volmer equation (1) to recognise the quenching
mechanism:

Fo/F =1+Ke[Q] =1+ K,70[Q], (1)

where F and F; are the relative fluorescence intensities in the pres-
ence and absence of quencher, respectively. [Q] is the concentration
of quencher, Ky is the Stern-Volmer quenching constant, Kj is the

Flourescence intensity
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FIGURE 3. The fluorescence emission spectra for the (tanshinone IIA + HSA) system
at excited 280 nm: (a) 6.0 - 1075 mol - dm~3 HSA; (b-g) 6.0 - 10~ mol - dm 3 HSA in
the presence of (0.33, 0.67, 1.00, 1.33, 1.66, and 2.00 - 10~°) mol - dm—3 tanshinone
1A, respectively; (h) 0.67 - 1076 mol - dm > tanshinone IIA. T=296 K; pH 7.4.
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FIGURE 4. The Stern-Volmer plots for the (tanshinone IIA + HSA) system at pH
7.40. HSA concentration: 6.0 - 10> mol - dm3; (W) T=296 K; () 303 K; (a) 310 K;
Jex =280 nm, Jem =335 nm.

quenching constant of bimolecular fluorescence, t is the lifetime
of the fluorophore in the absence of quencher (HSA: 107%s),
K4 = Ksy/7o. The possible quenching mechanism can be interpreted
by the Stern-Volmer curves. Figure 4 shows the Stern-Volmer
quenching plots of tanshinone IIA with HSA at different tempera-
tures (296, 303, and 310) K. There is a linear dependence between
Fo/F and [Q] and the slopes increase with increasing temperature
(which were (1.91-10% 2.11-10° and 2.15-10°)dm? - mol~! at
(296, 303, and 310) K) revealing the occurrence of dynamic quench-
ing interaction between tanshinone IIA and HSA [23]. Moreover, the
values of K, were all greater than 2.0-10'°dm®-mol ' S~! (the
maximum diffusion collision quenching rate constant) which
indicated that the static quenching may also exist between them
[24]. For static quenching, the absorption spectra of fluorescence
substance would be changed because of the formation of ground-
state complex [25]. Figure 5 shows that the absorption spectra of
tanshinone IIA, HSA and tanshinone I[IA-HSA were different. The
band maxima of the free HSA at 280 nm and the absorbance of
HSA increased with the addition of tanshinone IIA. In addition,
the position peak of HSA has a blue shift. The reason may be that
the peptide strands of protein molecules extended because of the
binding of tanshinone IIA to HSA [26]. The evidence from UV spectra
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FIGURE 5. UV absorption spectra obtained in Tris buffer solution (pH 7.4): (a)
tanshinone IIA, 6.0 - 107% mol - dm~3; (b) HSA, 3.0 - 10~® mol - dm~3; (c-f) (tanshi-
none IIA + HSA), 3.0 - 10-® mol - dm~3 HSA in the presence of (6.0, 12.0, 18.0, and
24.0-107%) mol - dm 3 tanshinone IIA.



J. Li, S. Wang/]. Chem. Thermodynamics 58 (2013) 206-210 209

20
18-
16-
14

124

F, /AF

10-

8
6
4]

24

T T T T T T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30
1/[Q1¥107 /(mol' L)

FIGURE 6. Plot of Fo/AF against 1/[Q]: (M) T=296K; (e) 303K; (a) 310K;
Jex =280 nm, Aem =335 nm, pH 7.4.

TABLE 1
Binding parameters and thermodynamic parameters of (tanshinone IIA + HSA).
T/K K/ AG°| AS°/ AH°|
(dm*-mol™') (k] - mol™1) (J-K'-mol™) (K] - mol 1)
296 6.42-10% -27.11 448.12 105.5
303 1.54-10° -30.24 448.12 105.5
310 4.35-10° -33.38 448.12 105.5

@ T is the temperature at which the experiment was performed; K values were
determined from the fluorescence quenching data which were fit using Origin 7
software. The values of AG®°, AS°, and AH° were determined using the equations:
InK = —AH°/RT + AS° /R and AG® = AH® — TAS’; R is the gas constant.

indicated that the static quenching exists in the binding process. In
a word, the quenching mechanism of them should be a combined
quenching process (including dynamic and static quenching)
[27,28].

The fluorescence quenching data were analysed according to
the modified Stern-Volmer equation [29]:

Fo/AF =1/(fK,[Q]) + 1/f. @)

In the present case, Fy and AF are the relative fluorescence intensity
without quencher and the difference in fluorescence intensity of
protein in the absence and presence of quencher, respectively.
The K, is the binding constant and f is also a constant here, [Q] is
the quencher concentration. The plot of Fy/ AF against 1/[Q] is linear
with the slope equal to the value of (fK,)~!, and the value 1/fis fixed
on the ordinate. So K, is a quotient of an ordinate 1/fand slope (fK;)~.
Figure 6 shows the linearity in the plot Fo/AF against 1/[Q] at three
temperatures (296, 303, and 310) K. The binding constants are
listed in table 1 and used to calculate the thermodynamics
parameters.

3.3. Determination of binding mode

The binding forces contributing to protein interactions with
small molecular substrates may be a van der Waals interaction,
an hydrophobic force, or electrostatic interaction, or hydrogen
bond [30]. The thermodynamic parameters, enthalpy change
(AH?), entropy change (AS°) and Gibbs free energy change (AG®)
of reaction are the main evidence for confirming the binding mode.
The thermodynamic parameters are evaluated using the following
equations:

In K = —AH°/RT + AS°/R, 3)
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FIGURE 7. FT-IR spectra and difference spectra of HSA. (a) The FT-IR spectra of free
HSA (subtracting the absorption of the buffer solution from the spectrum of the
protein solution); (b) the FT-IR difference spectra of HSA (subtracting the
absorption of the tanshinone IIA-free form from that of (tanshinone IIA + HSA)
bound form). Tris-HCl buffer solution, pH 7.40 (3.0-10 %mol-dm 3HSA;
6.0 - 10" mol - dm > tanshinone IIA).

AG" = AH® — TAS’, (4)

where K and R are the binding constant and gas constant, respec-
tively. The temperature-dependence of the binding constant was
studied at three different temperatures (296, 303, and 310) K. By
plotting the binding constants, according to Van't Hoff equation,
the thermodynamic parameters were determined from the linear
Van’t Hoff plot (spectrum not shown) and are presented in table 1.
As shown in table 1, the values of standard entropy changes (AS°)
and standard enthalpy changes (AH®) of the binding reaction be-
tween tanshinone IIA and HSA are found to be both positive. The
binding process is endothermic and spontaneous as evidence by
the positive AH° and negative of AG°. For typical hydrophobic inter-
actions, both AH® and AS° are positive, while negative enthalpy and
entropy changes arise from van der Waals force and hydrogen forma-
tion in low dielectric media [31]. Therefore, tanshinone IIA bound to
HSA was mainly based on hydrophobic interaction, which is in good
agreement with the information coming from molecular modelling.

3.4. Changes of the HSA secondary structure induced by tanshinone IIA
binding

When drugs bind to protein, the intramolecular forces responsi-
ble for maintaining the secondary and tertiary structures can be
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FIGURE 8. CD spectra of HSA and (tanshinone IIA + HSA) system. (a) 3.0 -107°-
mol - dm~3 HSA; (b) (3.0- 10" mol - dm> HSA + 6.0 - 10~ mol - dm > tanshinone
IIA). T=296 K, pH 7.40.

influenced, leading to a conformational change of the protein [32].
In addition, the conformational change of the protein can be re-
flected in the infrared absorption spectra or CD spectra.

The FT-IR spectroscopy was investigated to obtain more infor-
mation on the binding of tanshinone IIA to HSA. Infrared spectra
of proteins exhibit a number of the so-called amide bands, which
represent different vibrations of the peptide moiety. Of all the
amide bands of the protein, amide I ranging from (1600 to
1700) cm™~! (mainly C=0) and amide Il ~ 1548 cm~! (mainly C-
N) have been widely used as typical ones [33,34]. They both have
a relationship with the secondary structure of the protein. Figure 7
is the FT-IR spectra of the HSA and tanshinone IIA-bound form of
HSA with its difference absorption spectrum. It can be seen in fig-
ure 7 that the peak positions of amide I band (1640.7 cm™!) and
amide II band (1547.1 cm~!) have obvious shifts and their peak
shapes are also changed. So we conclude that the addition of tan-
shinone IIA has changed the secondary structure of HSA.

To ascertain the possible influence of tanshinone IIA binding on
the secondary structure of HSA, CD studies were performed in the
presence of tanshinone IIA. Figure 8 shows the CD spectra of HSA
and (tanshinone IIA + HSA) complex. The CD spectra of HSA exhibit
two negative bands in the ultraviolet region at (208 and 218) nm,
which is characteristic of the o-helical structure of protein. The
reasonable explanation is that the negative peaks between (208
to 209 and 222 to 223) nm both contribute to the n-n* transfer
for the peptide bond of the a-helical structure [35]. From figure
8, it can be seen that the addition of tanshinone IIA leads to the
change of the spectra in the position and the intensity of the bands.
The calculated results exhibit a reduction of the «-helical structure
from 54.68% to 50.02% at a mole ratio tanshinone IIA/HSA of 2:1.
The result reveals that the binding of tanshinone IIA to HSA has
changed the secondary structure of HSA.

4. Conclusions

The interactions between tanshinone IIA and HSA have been
investigated using molecular modelling and different optical tech-
niques. The molecular modelling study provides the theoretical
direction before experiments in order to get more reliable experi-
mental results. The results obtained from molecular modelling

indicate that the interaction between tanshinone IIA and HSA is
dominated by the hydrophobic force. The experimental results
suggest that tanshinone IIA could bind tightly to HSA. The binding
process is endothermic and spontaneous as evidences by the posi-
tive AH° and negative of AG°. In addition, CD and FT-IR spectros-
copy showed that the secondary structure of HSA is changed
after tanshinone IIA bound to HSA.
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