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Abstract The interaction of trans-resveratrol (TRES) and
bovine serum albumin (BSA) was investigated using
fluorescence spectroscopy (FS) with Tachiya model. The
binding number maximum of TRES was determined to be
8.86 at 293.15 K, 23.42 at 303.15 K and 33.94 at 313.15 K
and the binding mechanism analyzed in detail. The
apparent binding constants (K,) between TRES and BSA
were 5.02x10% (293.15 K), 8.89x10* (303.15 K) and
1.60x10° L mol " (313.15 K), and the binding distances (r)
between TRES and BSA were 2.44, 3.01, and 3.38 nm at
293.15, 303.15, and 313.15 K, respectively. The addition of
TRES to BSA solution leads to the enhancement in RLS
intensity, exhibiting the formation of the aggregate in
solution. The negative entropy change and enthalpy change
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indicated that the interaction of TRES and BSA was driven
mainly by van der Waals interactions and hydrogen bonds.
The process of binding was a spontaneous process in which
Gibbs free energy change was negative.
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Introduction

The interaction between bio-macromolecules and drugs has
attracted great interest among researchers since several
decades [1-3]. Among bio-macromolecules, serum albumin
is the major soluble protein constituent of circulatory
system and has many physiological functions. The most
outstanding function of serum albumin is that it serves as a
depot protein and a transport protein for many exogenous
compounds [4-5]. The drug—protein interaction may result
in the formation of a stable protein—drug complex, which
has important effect on the distribution, free concentration
and the metabolism of drug in the blood stream. Thus, the
drug—albumin complex may be considered as a model for
gaining fundamental insights into drug—protein interactions.
Therefore, studies on the binding of drug with protein will
facilitate interpretation of the metabolism and transporting
process of drug, and will help to explain the relationship
between structures and functions of protein. In this regard,
bovine serum albumin (BSA) has been studied extensively,
partly because of its structural homology with human serum
albumin (HSA) [6-10].

Trans-resveratrol (TRES), trans-3,5,4-trihydroxy stilbene
(Fig. 1), is one of the major stilbene phytoalexins found in
various families of plants, but grapes, peanuts, and their
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Fig. 1 Structure of TRES

products are considered the most important dietary sources of
the TRES [11]. Several epidemiological studies have shown
that red wine consumption is inversely related to cardiovas-
cular disease and TRES has been studied as the potential
protective component [12]. Research over the past several
decades has revealed that TRES exerts multifarious biological
effects, including potent antioxidant, anti-inflammatory,
antiplatelet, and antiproliferative effects [13—17].

Fluorescence spectroscopy is an appropriate method to
determine the interaction between the small molecule ligand
and bio-macromolecule. By means of measurement and
analysis of the emission peak, the transfer efficiency of
energy, the lifetime, and fluorescence polarization, etc., much
information may be obtained concerning the structural changes
and the microenvironment surrounding the fluorophore in the
macromolecule.

To gain some insights into the medicinal action of
TRES, the interactions between TRES and BSA were
investigated by means of fluorescence spectroscopy with
Tachiya model. Some important information such as the
apparent binding constants and binding sites values were
obtained. And the results were compared with that of
modified Stern—Volmer equation.

Model

Adsorption and desorption of a molecule to and from BSA
is given by

B, + Qaq_ > Bn-H (1)

Bn_ > anl + Qaq (2)

where B, stands for BSA with n quenchers. If the number
of binding sites in BSA is m, it is reasonable to assume that
the rate constant for process 1 is given by

Adsorption rate constant = 1 — 2.k;  forn < m (3)
=0 forn>m

The rate constant for process 2 is given by

desorption rate constant = nk; 4)
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Here, k; is the absorption rate constant and 4, is the desorption
rate constant. The number of binding sites (1) is different from
the number of molecules (n) actually bound to the sites. The
number of molecules bound to the binding sites follows a bi-
nomial distribution, if the number of binding sites is fixed [18].

=22 (1) 9

Here n,, is the average number of bound quenchers in a
biomolecule and is given by [1]

(O]
m—+K [Qaq}
where [Q,q] stands for the concentration in aqueous solution
and K=ki/k,. If we denote the concentration of BSA by [M],

the total concentration [Q] of quenchers added in solution is
given by,

[Q} = nav[M] + [Qaq] (7)
Eliminating [Q,q] from Egs. 6 and 7, we have

1] <l O]
Ny = [[M} +m—+— [M] \/([M] +m—+— [M]> [MJ
(8)

The rate constant for Foerster energy transfer from BSA to a
quencher is given by

P (R> o)

where 7 is the lifetime of BSA in the absence of quencher, » is
the distance between BSA to the quencher, and R, is the
Foerster distance. If a biomolecule has n bound quenchers at
the same distance » from BSA, the fluorescence intensity is
reduced to

1
14 n(R)°

(6)

Nay = mK

(10)

compared to the case of no bound quencher. Therefore, the
ratio of the fluorescence intensities in the presence and
absence of added quenchers is given by

"=y Z'" ()" (L= 5)"

n01+ =0

11
o (1)
where n,, is given by Eq. 8. In Eq. 11 combined with
Eq. 8 the values of [M], [Q] and F/F, are experimentally
known or obtainable. The unknown parameters are m, K and
r. They are determined by fitting Eq. 11 to the experimentally
obtained dependence of F/Fy on [Q] and [M].

The following limiting forms of Eq. 11 may be useful
when one fits it to the observed dependence of F/F, on [Q].
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At a fixed value of [M], F/F, in general decreases with
increasing [Q]. However, it saturates at sufficiently high [Q]
because once all binding sites in BSA are occupied by
quenchers, further increase in [Q] does not increase the
number of bound quenchers. At saturation the distribution
of the number of bound quenchers is given by

0,=6(n—m) (12)

Therefore, the saturated fluorescence intensity is given by
F 1

(). o
Fo saturation 1 + m(’—")

At sufficiently low [Q] the average number of bound
quenchers in a biomolecule is small and calculated from
Eq. 8 as

K[9]
K[M] +1

Nay =

(14)

In this case the distribution the number of bound quenchers
is approximated as

O,=1—ny forn=0
= Hay for n=1 (15)
Therefore, the fluorescence intensity is given by
6 6
Fo @ (® K
Fo T (R 14 (%)° K[M]+1
(16)

where n,, is given by Eq. 14.

Experimental
Apparatus

Fluorescence and resonance light scattering spectra were
recorded on a JASCO FP-6500 spectrofluorometer equipped
with a thermostated cell compartment using quartz cuvettes
(1.0 cm) (Tokyo, Japan). The ultraviolet-visible (UV-vis)
spectra were recorded on a UV-2450 spectrophotometer
using quartz cuvettes (1.0 cm; Shimadzu, Japan). The pH
measurements were carried out on a PHS-3C Exact Digital
pH meter equipped with Phonix Ag-AgCl reference
electrode (Cole-Paemer Instrument), which was calibrated
with standard pH buffer solutions.

Reagents
TRES was obtained commercially from the National

Institute for the Control of Pharmaceutical and Biological
Products (Beijing, China). A working solution of TRES

(0.5%x10° mol L") was prepared by dissolving TRES in
methanol-water solution (1:1, v/v). Bovine serum albumin
(fraction V) was purchased from Sigma Co. (St. Louis, MO,
USA). The working solution of BSA (1.0x107> mol L™") in
the doubly distilled water was prepared and stored in
refrigerator prior to use. Tris—HCI buffer (0.20 mol L',
pH 7.4) containing 0.10 mol L™" NaCl was selected to keep
the pH value and maintain the ionic strength of the solution.
All other reagents and solvents were of analytical reagent
grade and used without further purification unless otherwise
noted. All aqueous solutions were prepared using newly
double-distilled water.

Fluorescence and ultraviolet spectra

Appropriate quantities of 0.5x10 > mol L™ TRES solution
were transferred to a 10 mL flask, and then 0.5 or 1.0 mL of
BSA solution was added and diluted to 10 mL with water.
The resultant mixture was subsequently ultrasonicated for
5 min and incubated at 293.15, 303.15, or 313.15 K for 2 h.
The solution was scanned on the fluorophotometer with the
range of 290-500 nm. The fluorescent intensity at 340 nm
was determined under the excitation at wavelength of
280 nm. The operations were carried out at fixed
temperature (293.15, 303.15, and 313.15 K).

The UV spectra were obtained by scanning the solution
on the spectrophotometer with the wavelength range of
220400 nm. The operations were carried out at room
temperature.

Resonance light scattering spectra

An appropriate aliquot of TRES working solution was
added to 1.0 mL BSA working solution, and diluted to
10 mL with water. RLS spectra were obtained by
synchronous scanning with the wavelength range of 250—
750 nm on the spectrofluorophotometer. The operations
were carried out at room temperature.

Results and discussions
Characteristics of the fluorescence spectra

The fluorescence spectra of BSA in the presence of
different concentrations of TRES were shown in Figs. 2
and 3. With the increasing concentration of TRES, the
fluorescence intensity of BSA decreased remarkably. The high
concentration of TRES (5.00x107° mol L") may quench
completely BSA fluorescence and only the fluorescence of
TRES was observed (Fig. 3h). There was significant A, red
shift with the addition of TRES, indicating that interactions
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Fig. 2 The quenching effect of TRES on BSA fluorescence intensity.
hex=280 nm, (a—s) BSA, 0.50x107° mol L™": 0.00, 0.25, 0.50, 0.75,
1.00, 1.25, 1.50, 1.75, 2.00, 2.25, 2.50, 2.75, 3.00, 3.25, 3.50, 3.75,
4.00, 4.25, 4.50 (10~ mol L") of TRES

between TRES and BSA occurred and TRES-BSA complex
may form.

The critical energy-transfer distance between the drug
and the amino acid residues of BSA

According to the Forster non-radiation energy transfer
theory [19, 20], the energy-transfer effect is related not
only to the distance between the acceptor and donor, but
also to the critical energy-transfer distance (R).

R§ = 8.8 x 107 ®K*N*®J (17)

where K? is the spatial orientation factor of the dipole, N the
refractive index of the medium, @ the fluorescence quantum
yield of the donor, and J the overlap integral of the

250+
200+
150

100

Fluorescence Intensity (a.u.)

50+

300 350 400 450 500
Wavelength (nm)

Fig. 3 The fluorescence spectra of TRES-BSA systems and TRES.
Aex=280 nm, (a—h) BSA, 0.0x10° mol L™': 2.75, 3.00, 3.25, 3.50,
3.75, 4.00, 4.25, and 5.00 (x10~° mol L") of TRES

@ Springer

1000 ; . . —2.0
800
-1.5
600
= 1.0 <
400-
0.5
200
0 T T T T 0.0
300 330 360 390
a Wavelength (nm)
T T T T 2.0
800 1
g 2
,e“' "'ﬁ" 1.5
600 ey "
T Y
= - b r1.0 <«
400 g %
£ .
] r)
200 . 0.5
0l — . . k‘ ; —’0.0
300 330 360 390
b Wavelength (nm)
T T T T T T 2-0
600- 1 *__/—\\ )
: 1.5
450+ %
- L
F % F1.0 <
& 300 : "
150 / 05
0 . k* 0.0

300 31%0 3(I50 360

c Wavelength (nm)

Fig. 4 Overlap spectra of TRES UV absorption spectra (/) and BSA’s
fluorescence emission spectra (2) at 293.15 (a), 303.15 (b), and
313.15 K (¢): Cpsa=1.0x10"> mol L™}, Crrps=4.5%10"> mol L

fluorescence emission spectrum of the donor and the
absorption spectrum of the acceptor [20]. Therefore,

S JoS F(A)e(A)A*da
[ F(A)ar

(18)

Here F(A) is the fluorescence intensity of the fluorescence
donor at wavelength A and £(A) the molar absorptivity of the
acceptor at wavelength A.
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Table 1 The overlap integrals and the critical distance®

Temperature (K) J (cm® 1 mol™) Ry (nm)
293.15 1.82x10° 1 2.71
303.15 1.96x10 1 2.74
313.15 1.88x107' 2.72

2 Ry was calculated from the Eq. 5 when K> =2/3, N=1.336 and $=0.118
Ell
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0.2+ Q=0.5x10° M
Q=10°M
0.0 T T T T
0.000005  0.000010 0.000015  0.000020
Concentration of resveratrol (mol L'l)
a
1.0
n
0.8 Q=0.5x10° M
& 0.6
0.4
0.2 T T T T - T : .
0.000005  0.000010 0.000015  0.000020
b Concentration of resveratrol ( mol L'l)

0.2

0.000005  0.000010 0.000015  0.000020
Concentration of resveratrol (mol L)

C
Fig. 5 The F/F, vs [Q] curves at 293.15 (a), 303.15 (b), and 313.15 K (¢)

The overlap of the absorption spectrum of TRES and the
fluorescence emission spectrum of BSA at different
temperature were shown in Fig. 4. The overlap integrals
and the critical distance in different temperature were
shown in Table 1. The critical energy-transfer distance
(Ro) was hardly changed with the increasing temperature.
And the critical energy-transfer distance (R,) was a constant
when the measuring parameters of fluorescence intensity
were different from each other, such as excitation slits,
emission slits, and volt.

Quenching constants and binding distance

Fluorescence quenching could proceed via different mecha-
nisms, usually classified as dynamic quenching and static
quenching. Higher temperatures will result in faster diffusion
and hence larger amounts of collisional quenching and higher
temperatures will typically result in the dissociation of weekly
bound complexes and hence smaller amounts of static
quenching. For the dynamic quenching, the mechanism can
be described by the Tachiya model [18].

According to my Eq. 16, F/F, should be proportional to
[O] at sufficiently low [Q], and the proportionality
coefficient depends on K, r and [M]. Therefore, the values
of K and r can be determined by measuring the F/F, vs [Q]
curves for two different values of [M] (Fig. 5). At
sufficiently high [Q] the value of F/F, should saturate to
the value given by my Eq. 13. The value of m was obtained
according to Eq. 13.

The temperature-dependent fluorescence quenching of
BSA by TRES was then carried out. The F/F, vs [Q] curves
at different temperatures were shown in Fig. 5. From the
experimental data, the corresponding quenching constants
for the interaction between TRES and BSA were K=5.02 x
10* L mol ' (293.15 K), K=8.89x10* L mol ' (303.15 K)
and K=1.60x10" L mol™ ' (313.15 K), respectively. The K
increased with increasing temperature (Table 2). The
binding number maximum of TRES was determined to be
8.86 at 293.15 K, 23.42 at 303.15 K and 33.94 at 313.15 K.

The basic principles like excited state reactions, molecular
rearrangements, energy transfer, ground state complex
formation, and collisional quenching involves in molecular
interaction, which can result in quenching. Quenching can
occur by different mechanisms like dynamic quenching and
static quenching. The mechanism can be distinguished from

Table 2 The binding parameters for the system of TRES-BSA by
Tachiya model

Temperature (K) Binding constant (1 mol™') Binding site 7 (nm)

293.15 5.02x10 8.86 2.44
303.15 8.89x10% 23.42 3.01
313.15 1.60x10° 33.94 3.38
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Table 3 The binding parameters for the system of TRES-BSA by
modified Stern—Volmer equation

Table 4 The thermodynamic parameters of TRES-BSA binding
procedure

Temperature (K) Binding constant (I mol™') Binding site » (nm)

Temperature (°C) AH (kJ mol ') AG (kJ mol™") AS (J mol ' K™

293.15 1.27£0.05x10° 1.22+0.02 3.47 20 —6.86
303.15 1.03£0.02x10° 1.18+0.05 3.73 30 —12.58 —6.76 -19.20
313.15 8.22+0.04x10* 1.25+0.01 3.99 40 —6.57
e N RS
the differing dependence on temperature and viscosity onthe  f — 670 (20)
Stern—Volmer constant (Ksy) values. Dynamic quenching (RO +r 6)
depends upon diffusion. Since higher temperatures results
larger diffusion coefficients, the bimolecular quenching con-
stants are expected to increase with increasing temperature g _— 1 _ F (21)
(Table 2). In contrast, increased temperature is likely to result Fo

in decreased stability of complexes, and thus lower values of
the static quenching constants.

Binding constant and binding sites by modified
Stern—Volmer equation

For static quenching, the relationship between fluorescence
quenching intensity and the concentration of quenchers can
be described by the binding constant formula [21]:

Fy—F
F

e gk mig(10]- 002 E) 9)
where K, is the binding constant, and m is the number of
binding sites per BSA. After the fluorescence quenching
intensities on BSA at 340 nm were measured, the double-
logarithm algorithm was assessed by Eq. 19.

According to the Forster non-radiation energy transfer
theory, the energy-transfer effect is related not only to the
distance between the acceptor and donor, but also to the

critical energy-transfer distance (Ry).

5.2

4.7 1

0.0033 0.0034
T

Fig. 6 1gK vs. 1/T for TRES-BSA system

0.0032
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where E is the energy transfer efficiency, Ry is the critical
distance when the transfer efficiency is 50%, and r is the
binding distance between donor and acceptor.

Table 3 gave the corresponding calculated results. The
apparent binding constants (K,) between TRES and BSA
were 1.27+£0.05x10° (293.15 K), 1.03+0.02x10°
(303.15 K) and 8.22+0.04x10° (313.15 K). The binding
constants from the Stern—Volmer equation decreased with the
increasing temperature (Table 3). However, the binding
constants from the Tachiya model increased with the
increasing temperature (Table 2).

The data clearly showed that the binding sites by Stern—
Volmer equation on BSA for TRES obtained by the Stern—
Volmer equation were independent of temperature from
293.15 to 313.15 K. As shown in Table 2 and 3, the binding
constants and binding sites obtained by modified Stern—
Volmer equation and Tachiya model were different from each
other. For Stern—Volmer equation, difference between the
number of binding sites (1) and the number of molecules ()
actually bound to the sites was not taken into account. The

400 4
300
>
=
Z
2 C
£ 200
v
—
&~
a
100
0 T T T T T T T T T 1
200 300 400 500 600 700

Wavelength (nm)
Fig. 7 RLS spectra of 0.5x10~* mol L™ TRES (a), 1.0x10~® mol
L' BSA (b), and 1.0x10™* mol L' TRES and 1.0x107® mol L'
BSA (¢)
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binding distances between TRES and BSA by modified
Stern—Volmer equation were almost the same as that of
Tachiya model and increased with the increasing temperature.

Thermodynamic parameters and nature of the binding forces

The interaction forces between drug and biomolecule may
involve hydrophobic forces, electrostatic interactions, van
der Waals interactions, hydrogen bonds, etc. According to
the data of enthalpy change (AH) and entropy change (AS),
the model of interaction between drug and biomolecule can
be concluded [22]: (1) AH>0 and AS>0, hydrophobic
forces; (2) AH<0 and AS<0, van der Waals interactions
and hydrogen bonds; (3) AH<0 and AS>0, electrostatic
interactions. In order to elucidate the interaction of TRES
with BSA, we calculated the thermodynamic parameters
from the Van’t Hoff equation:
AH AS

InK = — =21
n RT TR

— (22)
The free energy change (AG) can be estimated from the
following equation, based on the binding constants at
different temperatures:

AG= AH —TAS (23)

Figure 6, by fitting the data of Table 2, it shows that
assumption of near constant AH is justified. Table 4 shows
the values of AH and AS obtained for the binding site from
the slopes and ordinates at the origin of the fitted lines. The
binding process is spontaneous is evidenced by the negative
values of free energy (AG; Table 4).

The thermodynamic parameters for the interaction of
TRES with BSA are shown in Table 4. The negative sign
for AG means that the interaction process is spontaneous.
The negative AH and AS values indicated that van der
Waals interactions and hydrogen bonds may play a major
role in the binding between TRES and BSA [20]. The
characteristic of albumin to allow a variety of ligands to
bind to it is amazing. Albumin is the principal carrier of
drugs that are otherwise insoluble in the circulating plasma.
Van der Waal’s interactions and hydrogen bonds play major
role in the protein ligand interaction [23]. Hydrogen bonds
are specific and directed, which may be best identified
through their negative enthalpy of complex formation.

Characteristics of the RLS spectra

The RLS spectra of TRES-BSA in Tris—HCl buffer
solution (0.020 mol L") were shown in Fig. 7. It can be
seen that the RLS intensity of free TRES is weaker than
that of TRES-BSA system (Fig. 7¢) in the range of 400—
700 nm. Upon addition of trace amount of TRES to BSA
solution, a remarkably enhanced RLS with a maximum

peak at 570.0 nm and a secondary one at 452.0 nm was
observed (Fig. 7b—c).

Resonance light scattering (RLS), an elastic scattering,
occurs when an incident beam is close to an absorption
band. Pasternack et al. first established the RLS technique
to study the bio-macromolecules on an ordinary fluores-
cence spectrometer. RLS is a sensitive and selective
technique for monitoring molecular assemblies. RLS have
attracted great interest among researchers [24-28]. The
production of RLS is correlated with the formation of
certain aggregate and the RLS intensity is dominated
primarily by the particle dimension of the formed aggregate
in solution. Bearing these points in mind, it is inferred from
the results that the added BSA may interact with TRES in
solution, forming a new TRES-BSA complex that could be
expected to be an aggregate. The newly formed TRES-
BSA complex may be ascribed to the higher electrostatic
attraction between TRES and BSA. The size of TRES-BSA
particles may be larger than that of BSA, and thus the
increased light-scattering signal occurred under the given
conditions. Moreover, the dimension of the resultant
TRES-BSA particles may be much less than the incident
wavelength, and thus the enhanced light-scattering signal
occurs under the given conditions.

Conclusion

The interaction of TRES and bovine serum albumin (BSA)
was investigated using fluorescence spectroscopy (FS) with
Tachiya model. The binding number maximum of TRES was
determined to be 8.86 at 293.15 K, 23.42 at 303.15 K and
33.94 at 313.15 K and the binding mechanism analyzed in
detail. The apparent binding constants (K,) between TRES
and BSA were 5.02x10% (293.15 K), 8.89x10* (303.15 K)
and 1.60x10° L mol ™" (313.15 K), and the binding distances
() between TRES and BSA were 2.44, 3.01, and 3.38 at
293.15, 303.15, and 313.15 K, respectively. The negative
entropy change and enthalpy change indicated that the
interaction of TRES and BSA was driven mainly by van
der Waals interactions and hydrogen bonds. The process of
binding was a spontaneous process in which Gibbs free
energy change was negative.
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