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Under simulated physiological conditions, the interaction between salvianolic acid B and bovine serum albumin was investigated using
fluorescence spectroscopy, synchronous fluorescence spectroscopy, circular dichroism and ultraviolet spectroscopy at different conditions.
As a result, the binding constant (K), the numbers of binding sites (n), the binding distance (r) and the thermodynamic parameters
enthalpy change (AH®), the entropy change (AS®), Gibbs free energy change (AG®), are calculated in a simulated human body conditions.
The conformation of bovine serum albumin changed in the presence of salvianolic acid B on circular dichroism and synchronous fluorescence

serum albumin and salvianolic acid B-bovine serum albumin system is a spontaneous reaction, the main electrostatic force is hydrophobic
effect. In addition, the addition of external common metal ions Cu** and K* decreased the binding constant between salvianolic acid B and

bovine serum albumin.

INTRODUCTION

Salvia miltiorrhiza Bge., one of the most popular traditional
Chinese medicine, has been widely used for the treatment of
menstrual disorder, menorrhalgia, insomnia, coronary heart
diseases, angina pectoris and high cholesterol, etc.'?.
Salvianolic acid B was the main water-soluble bioactive
ingredient in Salvia miltiorrhiza. Modern pharmacological
studies showed that salvianolic acid B has radical scavenging,
antioxidant, antitumor, antiliver fibrosis effect and can protect
the heart and brain®”.

Serum albumin, which accounted for 60 % of total serum
albumin in human and animal body, plays a dominant role in
physiological functions. Serum albumin served as a depot and
transport albumin for many endogenous and exogenous
compounds in human body. The drug-albumin interaction may
result in the formation of the albumin, which will affect the
distribution, concentration and metabolism of the drug in the
blood®®. Therefore, studies on the interaction between the drug
and albumin will be in favour of the research of the metabolism,
transporting process of the drug and clarifying the relationship
between the drug and function of albumin®''. Due to the
important pharmacological actions of salvianolic acid B, it is
necessary to develop an efficient and convenient method to

spectroscopy. The results show that the static quenching and non-radiative energy transfer lead to the fluorescence quenching of bovine |
Key Words: Salvianolic acid B, Bovine serum albumin, Fluorescence quenching, Interaction. |

investigate the interaction of salvianolic acid B and bovine
serum albumin. Bovine serum albumin, a globulin in bovine
serum which contains 582 amino acid residues, is one of the
most common albumin carriers of drug'. Since bovine and
human serum albumins are homologous proteins and have the
similar results of all the studies on ligand-binding properties.
In addition, it is low cost and ready availability. Bovine serum
albumin is often selected as protein model in the interaction
of drug-albumin'*",

The aim of this study is to investigate the interaction and
the effect of energy transfer between salvianolic acid B and
bovine serum albumin using fluorescence spectroscopy,
synchronous fluorescence spectroscopy, circular dichroism
spectroscopy and ultraviolet spectroscopy. And we intend to
obtain the results of the binding constants, the binding power
characteristics, the binding locality and the thermodynamic
parameters of the interaction, which are important to analyze
pharmacological actions of salvianolic acid B.

EXPERIMENTAL

The UV-visible spectra were recorded at room temperature
on a TU-1810PC UV-visible spectrophotometer (Beijing
Purkinje General Co., Ltd., China) equipped with a 1 cm quartz
cell.
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Fluorescence spectra were recorded on an F-4500
fluorescence spectrophotometer (Hitachi Limited, Japan) with
1.0 cm quartz cell and a temperature control device. The
emission and excitation slits were 5 nm. The synchronous
fluorescence spectra were obtained by setting the excitation
and emission wavelength interval (AA) at 15 and 60 nm.
Circular dichroism measurements were made on a chirascan
CD spectrometer (Applied Photophysics) using a 1.00 cm cell
at 0.2 nm intervals. All of the pH measurements were tested
using a pHS-2 digital pH-meter (Shang-hai Leici Device
Works, China) in combination with a glass calomel electrode.

Bovine serum albumin (=99 %) was purchased commer-
cially from Huamei Bioengineering Company (Shanghai,
China). A solution of bovine serum albumin (2.0 x 10° mol L")
was prepared in pH 7.4 Tris-HCI buffer (0.1 mol L' NaCl was
used to keep ionic strength). Salvianolic acid B with purity of
99.2 % was provided by Shandong Analysis and Test Center
(Shandong, China). A solution of salvianolic acid B (1.0 x 10
mol L) was prepared in purified water. Cu®* and K* solution
(2.0 x 10* mol L") were prepared in pH 7.4 Tris-HCI buffer
solution (0.1 mol L' NaCl was used to keep ionic strength).
All other reagents were of analytical grades and double-
distilled water was used in the experiment.

Fluorescence spectra analysis: A 3 mL solution containing
2.0 x 10° mol L' bovine serum albumin was transferred by
successive additions of 1.0 x 10 mol L' salvianolic acid B
solution and the concentration of salvianolic B varied from
0-9 x 10 mol L', Titrations were done manually by a micro-
injector. Then, the solution was scanned at the fluorophoto-
meter at the range of 290-450 nm, the excitation wavelength
was set at 280 nm. The fluorescence spectra were performed
at three temperatures (288, 298 and 310 K).

Synchronization fluorescence spectra analysis: At 310
K, the synchronous fluorescence spectrometry of bovine
serum albumin titrated with various concentrations of salvianolic
acid B were recorded at AL = 60 nm and at AL = 15 nm,
respectively.

Circular dichroism spectra analysis: A 400 mL solution
containing 2.0 x 10 mol L' bovine serum albumin was trans-
ferred by successive additions of 1.0 x 10~ mol L™ salvianolic
acid B solution and the concentration of salvianolic B varied
from 0 to 2 x 10” mol L™ with three scans averaged for each
circular dichroism spectrum in the range 200-250 nm and the
results are expressed as ellipticity ([0]) in millidegrees.

UV-visible absorption spectra analysis: A 3 mL of
solution containing 2.0 x 10 mol L' bovine serum albumin
was added to a colorimetric tube, then, 18 uL of the solution
containing 1.0 x 10~ mol L' salvianolic acid B was added.
UV spectra of bovine serum albumin, salvianolic acid B and
the mixture were recorded at room temperature. The scanning
range was set at 200-400 nm.

External conditions on the reaction (metal ions Cu**,
K*): The fluorescence spectrometry of salvianolic acid B-
bovine serum albumin system were recorded in the presence
of some common metal ions, viz., Cu** and K* in the range of
290-450 nm at excitation wavelength of 280 nm at 310 K.
The concentrations of bovine serum albumin were fixed at
2.0 x 10° mol L™, that of common metal ions were maintained

at 2.0 x 10° mol L and that of salvianolic acid B was fixed at
0-9 x 10° mol L.

RESULTS AND DISCUSSION

Fluorescence quenching mechanism: As the bovine
serum albumin molecules containing tryptophan, tyrosine and
other amino acid residues, it launched endogenous fluore-
scence at the wavelength range of 300-500 nm while salvianolic
acid B does not appear fluorescence at this wavelength range.
Therefore, with the increasing of salvianolic acid B, the
endogenous fluorescence intensity of bovine serum albumin
decreased gradually, while the shape and position of the
intrinsic fluorescence peak remained unchanged. As shown
in Fig. 1, the endogenous fluorescence intensity of bovine
serum albumin was decreased to 50 % when the concentration
of the salvianolic B was 9 x 10° mol L"'. So we can apply the
fluorescence quenching of salvianolic acid B on bovine serum
albumin to determine the interaction between salvianolic B
and bovine serum albumin.

1000~

Intensity (a.u.)

300 350 400 450
Wavelength (nm)

Fig. 1. Fluorescence spectra of salvianolic acid B-bovine serum albumin;
[BSA] =2.0 x 10° mol L™"; [salvianolic acid B a—j] =0, 1, 2, 3, 4,
5,6,7,8,9(x 10°mol L"); pH=7.4; T =298 K

Generally, fluorescence quenching is divided into dynamic
quenching and static quenching. For dynamic quenching
following the dynamic quenching Stern Volmer equation':

F
F0:1+KqT0[Q]=1+KSV[Q] D

In this formula, Fy and F were the fluorescence intensities
of bovine serum albumin in the absence and presence of the
quencher; K, is quenching constant; [Q] is quencher concen-
trations of salvianolic acid B (because the drug concentration
added in cuvette is much greater than the concentration of
bovine serum albumin, so it is added directly to the drug concen-
tration in the bovine serum albumin solution as the free drug
concentration of approximately); K, is the dynamic quenching
constant, can use the formula (2) to characterize:

st = KqTO (2)
In this formula, 7, is the average lifetime of the molecule

without the quencher. The average lifetime of biological
macromolecules is 10® s'7. The maximum dynamic quenching
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constant of fluorescence quenching which agent of biological
macromolecules is ca. 2.0 x 10'° L mol™ s ',

According to eqn. 1, the results of fluorescence intensity
(F) between salvianolic acid B and bovine serum albumin were
shown in Fig. 2. The slope of the curve is the quenching
constant K,.
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Fig. 2. Stern-Volmer plots of fluorescence quenching of bovine serum
albumin by salvianolic acid B at three different temperatures

Combined with eqn. 2, we can see that the corresponding
quenching rate constants are much larger than 2.0 x 10" L
mol” s at 310, 298 and 288 K. It showed that the fluore-
scence quenching of salvianolic acid B on bovine serum
albumin is not the result of dynamic collision, but of the static
quenching, which was caused by the formation of drug-
albumin ground-state complexes. The quenching constants at
different temperatures can also be used to distinguish static
quenching from dynamic quenching. If it is static quenching,
with the temperature rising, the stability of complexes and the
quenching constant will be reduced. As shown in Fig. 2, with
the temperature increasing, the slope of the curve K, inclined
to be decreasing. As Table-1 shown, the K value is decreased
from 2.91 x 10°-1.09 x 10°. Thus it is further confirmed that
the quenching was static.

The UV spectrum of salvianolic acid B and bovine serum
albumin was shown in Fig. 3. With the increasing of drug
concentration, the absorption spectrum of the system increased.
This indicates that there is the formation of ground-state
complexes and the dynamic fluorescence quenching only
affects the excited-state body without affecting the absorption
spectra of phosphor. It is concluded that the quenching
mechanism is static quenching.

Binding constant and binding sites: According to the
static quenching mechanism, the static quenching data can be
processed with Scatchard equation'®:

Absorbance

Fig. 3. UV-visible absorption spectra of bovine serum albumin in presence
of the different concentrations of salvianolic acid B; [BSA] =2.0 x
10 mol L™'; [salvianolic acid B 1—=5] =0, 6, 12, 18, 24 (x 10 mol
LY, pH=7.4;T=298 K

In this formula, F, and F represent fluorescence intensities
of bovine serum albumin in the absence and presence of the
quencher; K is binding constant; [Q] is quencher concentrations
of salvianolic acid B, n is binding sites. According to eqn. 3,
with increasing concentration of salvianolic acid B, the values
of K and n can be obtained (Table-1). The interaction of
salvianolic acid B-bovine serum albumin system was shown
in Fig. 4, the Scatchard plot, which has a good linear relation-
ship. The data showed that salvianolic acid B-bovine serum
albumin system only has one binding site and the binding
constant is much bigger, which showed that salvianolic acid
B and bovine serum albumin has a strong combination. More-
over, serum albumin in the body played a storage and transport
role, therefore, the drug through the bloodstream to the site of
action to take therapeutic effect.
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F() —-F Fig. 4. Logarithmic plots of fluorescence quenching of bovine serum
log F =logK+nlog[Q] 3) albumin by salvianolic acid B at three different temperatures
TABLE-1
INTERACTION PARAMETERS OF SALVIANOLIC ACID B AND BOVINE SERUM ALBUMIN AT DIFFERENT TEMPERATURES
T (K) K, (10°) K (10°) log K n r (nm) AH° (KJ/mol) AS° (J mol" K™ AG® (KJ/mol)
288 3.92 291 5.4633 1.139 5.89 -32.988 -9.934 -30.127
298 3.54 1.83 5.2627 1.120 5.89 -32.988 -9.934 -30.027
310 3.30 1.09 5.0389 1.145 5.89 -32.988 -9.934 -29.908
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Energy transfer between bovine serum albumin and
salvianolic acid B: The distance between salvianolic acid B
and bovine serum albumin can be calculated by Forster's
dipole-dipole non-radioactive energy transfer. According to
the non-radioactive energy transfer theory", the efficiency of
energy transfer is affected by the distance between the acceptor
and the donor and the critical energy transfer distance®. It can
be described by equation as follows:

6
__ Ry _EK-F
R§+1% K

“)

where E is the energy transfer efficiency, calculated by E =
1-F/F,. Ry is the critical transfer distance of 50 % transfer
efficiency. r is the distance between the acceptor and the donor.
R¢° can be calculated by eqn. 5,

RS =8.8x1075k*N"J¢o (5)
where k? is the spatial of the dipole orientation factor, N is the
refractive index of the medium in the wavelength range where
the spectral overlap is significant, F is the fluorescence
quantum yield of the donor, J is the effect of the spectral overlap
between the emission spectrum of the donor (bovine serum
albumin) and the absorption spectrum of the receptor
(salvianolic acid B) (Fig. 5), which could be calculated by the
equation as follows:

; ZF(k)s(k)x‘M
B ZF(X)AX (6)

where F(A) is the fluorescence intensity of the fluorescence
donor at the wavelength A, € (L) is the extinction coefficient
of the acceptor at wavelength A.
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Fig. 5. Overlap of fluorescence spectrum of bovine serum albumin (a) and
absorbance spectrum of salvianolic acid B (b)

The overlap of the fluorescence emission spectra of bovine
serum albumin and the absorption spectra of salvianolic acid
B at 310 K is shown in Fig. 5. In the present case, k*> = 2/3, N
= 1.336 and ® = 0.118>"**. Combine with the eqns. 4-6, we
can calculate that J is 4.026 x 10 cm® L/mol, then we can
obtained the interaction distance r**** between salvianolic acid
B and bovine serum albumin, as shown in Table-1.

Thermodynamic parameters and the nature of the
binding forces: Through hydrophobic interaction, electrostatic

forces, hydrogen bonding and three-dimensional van der Waals
force of repulsion, drugs and albumin can form supermole-
cular complexes®*. According to the thermodynamic constant
before and after effect, we can determine the main type of
force between the drug and albumin®. van't Hoff equation can
be used to calculate the enthalpy (AH®) and the entropy change
(AS®). Then the Gibbs free energy change (AG®) was calculated.

logK = —_AH° A8 7
& 2303RT « 2.303R @
AG®= AH°—TAS® )

According to the formula (7) and (8), the enthalpy (AH®),
entropy (AS°) and Gibbs free energy change (AG®) were
obtained (Table-1). The results showed that the values of AH®,
AS° are negative, which can explain that the binding reaction
of salvianolic acid B with bovine serum albumin is a sponta-
neous process, the intermolecular forces may come from the
Van der Waals forces and hydrogen bonding. However, the
structure of serum albumin is complex, so it is usually with
small molecules is not just a force of role alone, that is the
synergy of a variety of forces®.

Effect of salvianolic acid B on the conformation of bovine
serum albumin

Synchronous fluorescence spectroscopy: Because
albumin is an extremely important organism in the active
material, so the albumin solution conformational changes were
used to explain the relationship between albumin structure and
function of great significance. Currently, spectroscopy is an
effective method to study the impact of small molecule to
albumin conformation.

Synchronous fluorescence can be individually measured
the spectral characteristics of tyrosine and tryptophan®. When
A\is 60 nm and 15 nm, the fluorescence properties of tryptophan
and tyrosine residues in albumin were measured, respectively.
The conformational changes of bovine serum albumin in
salvianolic acid B-bovine serum albumin system were studied
by synchronous fluorescence spectroscopy (Fig. 6). The fluore-
scence of salvianolic acid B-bovine serum albumin was mainly
emitted from the tryptophan residues and the contribution of
tyrosine residues are little. When A is 60 and 15 nm, with the
increasing concentration of salvianolic acid B, the fluore-
scence intensity of bovine serum albumin decreased, while
the shape and position of the intrinsic fluorescence peak
remained unchanged. It showed that salvianolic acid B has
changed polarity microenvironment around the tryptophan and
tyrosine residues. Salvianolic acid B and bovine serum
albumin binding reaction enhanced the environment of the
hydrophilic. It explained that the conformation of bovine
serum albumin has changed.

Circular dichroism spectra: Circular dichroism method
is useful to ascertain the possible influence of the interaction
process on the secondary structure of the proteins. The circular
dichroism spectra of bovine serum albumin in the absence
(line 1) and presence of salvianolic acid B (line 2) are shown
in Fig. 7. Bovine serum albumin present in the ultraviolet
region at 208 and 222 nm two negative bands, characteristic
for the o-helical structure®. It was observed that there was an
obvious reduction in the presence of salvianolic acid B without
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Fig. 6. Synchronous fluorescence spectra of salvianolic acid B-bovine
serum albumin system A AL =15 nm B AA = 60 nm
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Fig. 7. CD spectra of the salvianolic acid B-bovine serum albumin system
at pH 7.4 [BSA] = 2.0 x 10° mol L"'; molar ratios of salvianolic
acid B: bovine serum albumin from 1 to 2 are 0:1 (1), 10:1 (2),
respectively

any shift of two peaks. The circular dichroism results were
expressed in terms of mean residue ellipticity (MRE) in deg
cm?® d mol”, according to the following equation:
Observed CD (m deg)

10C,,nl

MRE =

where C, is the molar concentration of the protein, n is the
number of amino acid residues of the protein and I is the path
length. The helical content of free and combined salvianolic
acid B was calculated from the mean residue ellipticity values
at 208 nm using the following equation:

-MRE, g5 ~4000
33000 — 4000

Using the above equation, the o-helicity of bovine serum
albumin was calculated. It reduced from 51.38 % in free bovine
serum albumin to 42.03 % upon binding to salvianolic acid B.
The decrease of the CD signal indicated that the binding of
salvianolic acid B to bovine serum albumin induced some
conformational changes, but the secondary structure of bovine
serum albumin remains predominantly o-helix.

Effect of common metal ions on the binding constant
of salvianolic acid B-bovine serum albumin: Some substance
coexist with the serum albumin will affect the binding of small
molecules and serum albumin. Metal ions have certain binding
force with serum albumin®'*, they will directly affect the
binding of small molecules and albumin®. To some metal ions,
it will reduce the serum albumin binding constant. And with
the other co-presence metal ions addition, they will improve
the drugs and serum albumin binding constants. In this study,
at the same temperature and pH value, Cu** and K* were added
in the salvianolic acid B-bovine serum albumin system for
fluorescence scanning. The results were shown in Table-2. With
the addition of Cu** or K*, drug molecules form a competitive
relationship which weakened the salvianolic acid B and bovine
serum albumin binding. Because the two ions which were
replace salvianolic acid B react with the albumin. It leaded to
the binding constant decreases. The decrease of binding
constants will shorten the retention time of the drug in blood
plasma and enhance the maximum effectiveness of the drugs,
which is useful to achieve the desired therapeutic effect in a
short time***,

o — helix (%) = 100

TABLE-2
METAL ION BINDING CONSTANTS OF THE REACTION
. K (without K (within metal
mplign WG BE ) ) ion) (10
Cu* 298 7.40 1.83 5.79
K 298 7.40 1.83 8.15
Conclusion

The interaction between salvianolic acid B and bovine
serum albumin has been investigated by fluorescence,
synchronous fluorescence, circular dichroism and UV spectro-
scopy. The experimental results indicate that the quenching
mechanism is a static fluorescence quenching procedure and
the binding of salvianolic acid B to bovine serum albumin
induced the conformation changes. The thermodynamic
parameters indicate that the interaction is an endothermic and
entropy-driven process which can occur spontaneously in vitro.
The Van der Waals forces and the hydrogen bonding forces
play the major roles. The paper clarified the binding interaction
between salvianolic acid B and bovine serum albumin. It
will provide a valuable foundation data for analysis the drug
pharmacokinetic.
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