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bstract

Apigenin (Ap) is one of the most common dietary flavonoids, and possesses extensive bioactivities. In our work, interaction of Ap and human serum
lbumin (HSA) had been investigated systematically by fluorescence spectroscopic, circular dichroism (CD), UV–vis absorption spectroscopic
nd molecular modeling. The results indicated that binding of Ap to HSA caused strong fluorescence quenching of HSA through static quenching
echanism, hydrophobic and electrostatic interaction are the predominant forces in the Ap–HSA complex, and the process of Ap binding HSA
as droved by enthalpy (�H = −17.497 kJ mol−1) and entropy (�S = 37.04 J mol−1). The results from synchronous fluorescence showed that
icroenvironment around tyrosine (Tyr) had a slight trend (about blueshift of 1 nm) of polarity decreasing. The formation of the complex had not
hanged the secondary structure of HSA by CD. The binding distance r between donor (HSA) and acceptor (Ap) is 3.21 nm according to the theory
f Förster resonance energy transfer. By method of molecular modeling, Ap was located to the entrance of site I by hydrophobic and electrostatic
orces, which matched exactly the corresponding experimental results.

2007 Published by Elsevier B.V.
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. Introduction

Flavonoid exists widely in vegetable kingdom as polypheno-
ic compounds. Some evidences show that a flavonoid-rich diet
nversely correlates with the risk of coronary heart disease or car-
inogenesis [1]. In recently decades, investigation on flavonoid
s mainly focused on their physiological and pharmacological
unction and many publications suggest that flavonoid possess
ultiple beneficial biological effects
Ap named as 4′,5,7-trihydroxyflavone (Fig. 1) is one of the

ost common dietary flavonoids, non-toxic and non-mutagenic,

nd is widely distributed in many fruits and vegetables includ-
ng parsley, onions, orange, tea, wheat sprouts and so on [2].
s an important food functional factor and potential thera-
eutic drug for some diseases it has been widely investigated.

Abbreviations: HSA, human serum albumin; Ap, apigenin; UV–vis,
ltraviolet visible absorbance spectroscopy; CD, circular dichroism
∗ Corresponding author. Tel.: +86 27 87645674; fax: +86 27 68752560.

E-mail address: zouguolin@whu.edu.cn (G.-L. Zou).
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any literatures showed that Ap possesses the extensive bioac-
ivities such as anti-inflammatory [3], cardiovascular effects
4], scavenging free radical, lowering blood pressure [4], anti-
umor [5], antispasmodic [6], antidiarrhoeal [7], antiproliferative
ctivities[8–10], inducing apoptosis[11–14], chemoprevention
nd cancer chemotherapy [15–17]. However, little work has been
arried out on the absorption, metabolism, and transportation of
p up to date.
Human serum albumin (HSA) as a kind of main carrier pro-

ein is the most abundant in human blood plasma (approximately
g/100 mL)and provide about 80% of the osmotic pressure of
lood [18]. HSA has a high affinity to an extraordinarily diverse
ange of materials such as drugs, metabolites, fatty acids and
etal ions, so it serves as a solubilizer and transporter for the
aterials. As a kind of storage form of chemicals, it plays an

mportant role on transportation of drug and other exogenous
nd endogenous compounds to their targets. HSA have been

sed as a model protein for many and diverse biophysical and
hysicochemical studies.

This study on the interaction of drugs to HSA is helpful for
ealizing the distribution and transportation of drugs in vivo,

mailto:zouguolin@whu.edu.cn
dx.doi.org/10.1016/j.jphotochem.2007.04.010
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Fig. 1. Chemical structure of Ap.

lucidating action mechanism, toxicity and dynamics of drugs
t the molecular level. So far, no investigation in detail about
p binding HSA is carried out. In this work, mechanisms and

haracters of interaction between Ap and HSA were investi-
ated systematically by spectroscopic and molecular modeling
ethods.

. Materials and methods

.1. Materials

Ap and HSA (66,000 Da) was obtained from Sigma Chemi-
al Company (USA), Tris base was from Amersco (Japan), all
gents were all of analytical purity. The buffer solution was
onsisted of 20 mmol L−1 Tris–HCl and 0.15 mol L−1 NaCl, pH
f which was 7.4. The 2.0 × 10−5 mol L−1 stock solution of
SA was always prepared freshly in the buffer, 0.01 mol L−1.
p was stocked in ethanol and was diluted to the experimen-

al concentration with the buffer. Ultra purity water was used
hroughout.

.2. Apparatus and methods

Fluorescence spectra and data was recorded from 290 to
00 nm on F-4500 Fluorescence Spectrophotometer (Hitachi,
okyo, Japan) with a 1.0 cm quartz cell and thermostat bath, the
idths of excitation and emission slit were set at 5.0 nm. The
V–vis absorption measurements were performed on a dou-
le beam Cary 100 UV–vis Spectrometer (Varian, USA) with a
.0 cm quartz cell at room temperature.

The CD spectra were gained by JASCO J-820 Automatic
ecording Spectropolarimeter (Japan Spectroscopic Company,

apan) with a 0.1 cm quartz cell at room temperature, the speed of
canning was 20 nm min−1, the slit width was set at 5 nm. The
amples were prepared beforehand, then added into a 0.1 cm
uartz cell to be determined. The concentration of HSA was
.0 �M, the buffer as common baseline of all samples was sub-
racted during scanning. Each sample was scanned for three
imes to average for a CD spectrum.

.3. Procedures of fluorescence measurement
A 2.0 mL of 1.0 �mol L−1 HSA solution was added accu-
ately into an 1.0 cm quartz cell, and then was titrated by
uccessive additions of 1.0 × 10−3 mol L−1 Ap with 2 �L trace
yringe to attain a series of final concentrations. Titrations were

A
f

�
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perated manually and mixed moderately. When experiments
bout temperature (288, 298 and 308 K) were carried out, pH
as justified to 7.4 by 0.1 mol L−1 NaOH or HCl at every tem-
erature stabilized by recycle water from thermostat bath. The
pectra about pH experiment were scanned at two pH (8.4, 7.2)
nd T = 293 K. Every case of all experiments was in the same
uffer mentioned above.

.4. Analysis of HSA fluorescence quenching

Most proteins can emit intrinsic fluorescence after absorbing
ltraviolet as a result that there are some residues such as Trp,
yr and Phe in their molecular structure, so is HSA. The fluo-
escence intensity of protein can be weakened by a variety of
olecular interaction, which is called fluorescence quenching.
egree of fluorescence quenching suggests the change of pro-

ein structure and microenvironment around the residues above.
he Stern–Volmer equation is often applied to describe the flu-
rescence quenching:

F0

F
= 1 + Kqτ0[Q] = 1 + KSV[Q] (1)

n the Eq. (1), F0 and F are the fluorescence intensity before and
fter quencher adding, respectively, KSV is the Stern–Volmer
ynamic quenching constant, a direct measure of the quenching
fficiency, and Kq is the quenching rate constant of biomolecule,
0 and [Q] are the average lifetime of biomolecule and concen-
ration of quencher, respectively [19]. Obviously, the value of

q is educed by the equation as follow:

SV = Kqτ0 (2)

here the τ0 is 10−8 s and KSV is the slope of linear regressions
f curve of F0/F versus [Q]. By Kq and KSV, mechanism of
uorescence quenching can be learned.

The apparent constant KA and binding sites n can be elicited
rom the following equation:

log(F0 − F )/F

= n log KA − n log(1/[Dt] − (F0 − F )[Pt]/F0)) (3)

n Eq. (3), n is the number of binding sites, and [Dt] and [Pt] are
he total concentration of quencher and protein, respectively, n
an be educed from the slope of linear regressions of the curve
og (F0 − F)/F versus log(1/([Dt]−(F0 − F)[Pt]/F0)) and KA is
educed from the intercept of the linear regressions.

The values of enthalpy change (�H) and entropy change (�S)
an be measured from the Van’t Hoff equation:

n KA = −�H

RT
+ �S

R
(4)
nd the free energy change (�G) can be estimated from the
ollowing typical thermodynamics equation:

G = �H − T�S (5)
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in non-planar conformation [23,24]. HSA had no effect on the
pigment structure of Ap but alter the microenvironment around
06 J.-L. Yuan et al. / Journal of Photochemistry a

.5. Principles and calculations of molecular modeling
20–22]

Molecular modeling is obtained by technique of molecule
ocking computing in which ligands are located to the active
ite of the corresponding receptor and then to evaluate the inter-
ction and educe the most possible modeling according to the
rinciples of the lowest energy combined with matching quality
eometrically between ligand and receptor.

The program AutoDock 3.05 was applied to study molecule
ocking, in which an improved heredity computing method,
amarckian genetic algorithm (LGA), is used to find the opti-
um binding site and evaluate the matching degree between

igand and receptor by the calculating method of semi-empirical
ree energy.

The 3D structure of Ap was calculated and optimized by
pplying the tripos force field with gasteiger-Hückel charges
rom software Sybyl 6.9.2. The crystal structure of HSA enti-
led 1H9Z was taken from the Brookhaven Protein Data Bank
http://www.rcsb.org/pdb) [19]. The structure of HSA was
ssigned according to the Amber 4.0 force field with Kollman-
nited-atom charges encoded in Sybyl 6.9.2[20]. The solution
arameters were added to protein using Addsol modules of
utoDock. The MOLCAD implemented in Sybyl 6.9.2 soft-
are package was used to visualize the environment of binding
ocket. Molecular modeling was carried out on a 16 CPU SGI
orkstation.

. Results and discussions

.1. UV spectral properties of Ap

The UV–vis spectra of Ap at different pH (6.4,7.4,8.4) in
he buffer were illustrated in Fig. 2. In the spectral range
f 225–500 nm Ap show two main absorption bands (band

, 310–350 nm; band II, 260–310 nm). It is very obvious that
ecreasing of pH caused the dramatic weakening of band I and
udden enhancing of band II. The possible reason is that the
henolic hydroxyl groups of Ap in the 5, 7, 4′ positions can be

ig. 2. UV–vis absorption spectra of Ap at different pH: (a) 8.4; (b) 7.4; (c) 6.4
n the 20 mmol L−1 Tris–HCl buffer, [Ap] = 50 �mol L−1, T = 288 K.
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issociated incompletely and the equilibrium about dissociat-
ng is effected by value of pH, so formed the mixture of neutral
nd anionic species. Ap, as a kind of polyphenolic compound,
an dissociate theoretically and arrive at a dynamic equilibrium
t certain conditions. According to the dissociation of other
henolic compound, the possible mechanism of dissociation is:

p + H2O = [Ap]− + H3O+ (a)

Ap]− + H2O = [Ap]2− + H3O+ (b)

Ap]2− + H2O = [Ap]3− + H3O+ (c)

As can be seen from Eqs. (a), (b) and (c), the increasing of
H is helpful apparently for the dissociation of Ap. Regularly,
he dissociation from the first step, that is to say, Eq. (a) is pre-
ominant, so [Ap]− should be the most main anionic species in
he solution. The UV absorption characters of Ap at different pH
uggested that band I is resulted from anionic species and band
I from neutral molecule of Ap. Generally, neutral and anionic
pecies coexist in dynamic equilibrium.

As showed in Fig. 3, the absorption intensity of Ap at 202 nm
owered regularly and the position of peaks shifted from 202 to
24 nm along with increasing of HSA but no obvious change for
he peak at 323 nm, which give an original evidence that there
as interaction between Ap and HSA. C. D. Kanakis reported

hat characteristic UV absorption bands of quercetin at 374 nm,
aempferol at 368 nm and delphinidin at 572 nm were observed
bvious reduction of intensity and redshift after binding to HSA,
hich indicated the change of a major pigment structure in

hese flavonoid–HSA complexes [23]. The decrease in absorp-
ion intensity suggests that quercetin binds HSA in ionic form
p and hint Ap contact molecular of HSA.

ig. 3. UV–vis absorption spectra of Ap without and with HSA. Subtracting
he corresponding spectrum of HSA in the buffer, respectively. Concentration
f HSA was 0, 1, 2, 3, 4 �mol L−1 from the (a)–(e) with 20 �mol L−1 Ap in the
0 mmol L−1 Tris–HCl buffer, pH 7.4, T = 288 K.

http://www.rcsb.org/pdb
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Fig. 4. Fluorescence spectra of Ap–HSA system. Concentration of HSA was
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temperature indicated that the mechanism of the fluorescence
quenching of HSA induced by Ap is not the dynamic but the
static [27,28]. On the other hand, the maximum scatter collision
quenching constant Kq for various quenchers with biomolecule

Table 1
Stern–Volmer quenching constants of Ap–HSA system at different temperatures

4 −1 12 −1 −1
.0 �mol L−1 while the corresponding concentrations of Ap were 0, 0.5, 1.0,

.0, 3.0, 4.0, 6.0, 8.0, 10.0, 12.0 �mol L−1 from the (a)–(j), the curve k is the
pectrum of 10 �mol L−1 Ap. T = 288 K, pH 7.4, λex = 285 nm.

.2. Fluorescence quenching of HSA induced by Ap

HSA is a single-string globular protein with 585 amide acids,
n which 35 cysteines constitute 17 disulfide bridges and only in
he 34th site of N terminal there is a –SH. 18 Tyr residues and
Trp residue in HSA are responsible for intrinsic fluorescence

nder excitation of ultraviolet.
HSA can emit strong intrinsic fluorescence at 334 nm when

t was excited at 285 nm, and the sole Trp residue located at
14th of the chain and Tyr residues in HSA could explain the
henomenon. The characteristic that intrinsic fluorescence of
SA is very sensitive to its microenvironment was deserved to be

egarded, when local surroundings of HSA was altered slightly
ts intrinsic fluorescence would weaken obviously, such factors
s protein conformational transition, biomolecule binding, and
enaturation, etc. are responsible for the weakening.

The fluorescence quenching of HSA induced by Ap is showed
n Fig. 4. Obviously, the fluorescence intensity of HSA weak-
ned regularly with the increasing of Ap concentration. In the
xperiment, the pH value was stabilized at 7.4 and the tempera-
ure was below 308 K, so it is impossible to denature HSA. The
ossible factors of fluorescence quenching were the alteration
f HSA conformation and/or the binding of Ap to HSA to result
n fluorescence energy transferring from Tyr and/or Trp of HSA
o Ap. The quenching indicates that Ap bind to HSA and the
inding site is situated near the Trp214 and/or Tyr, so cause the
ecrease of fluorescence quantum yield in HSA.

.3. Quenching mechanism

To investigate the quenching mechanism, the experiment

bout temperature and pH was carried out. Degree of fluores-
ence quenching of HSA weakened with temperature increasing
nd pH reducing. The Stern–Volmer linear curves for the binding
f Ap to HSA are displayed in the Fig. 5. At every experimental

p

ig. 5. The Stern–Volmer curves for the binding of Ap to HSA (A) at 288 K
�), 298 K (�), 308 K (�). (B) at pH 8.4 (�) and 7.2 (�) when T = 293 K.
HSA] = 1.0 �mol L−1, λex = 285 nm.

emperature and pH, the plots of F0/F versus the concentration
f Ap shows well linear relation, which indicates that the flu-
rescence quenching of HSA induced by Ap is either dynamic
ne or static one, i.e., only one kind of quenching mechanism is
redominant [25].

The corresponding constants from Fig. 5 (A) and Eq. (1) are
isted in Table 1. To compare with other biomolecules, the values
f Ksv and Kq of Ap–HSA system are relatively high, suggest-
ng high quenching efficiency. According to the Ref. [26], Ap
ontains the groups C (4′)–OH, C (4) O and C (5) OH, so it
an interact strongly with HSA, and forming the Ap–HSA com-
lex. The interaction between Ap and HSA resulted in the high
uenching efficiency. The inverse correlation between Ksv and
H T (K) Ksv (10 L mol ) Kq (10 L mol s ) R

7.4
288 11.55 11.55 0.9981
298 9.85 9.85 0.9991
308 8.06 8.06 0.9989
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Table 2
Stern–Volmer quenching constants of Ap–HSA system at different pH

T pH Ksv (104 L mol−1) Kq (1012 L mol−1 s−1) R KD (10−6 mol L−1) R
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93 K
8.4 12.22 12.22
7.2 10.08 10.08

s 2.0 × 1010 L mol−1 S−1 [20,29]. In the study, Kq of binding
f Ap with HSA is much greater than the maximum value of
ollision quenching Kq and so it suggests that the quenching
s caused mainly by the static, i.e. the formation of HAS–Ap
omplex, but not dynamic one. On account of free pervasion of
p molecular, we can speculate that dynamic mechanism has a
inor effect on the fluorescence quenching of HSA

.4. Analyses of thermodynamic parameters and binding
orces

Usually, there are four types of noncovalent forces to
ffect the interaction between biomolecule and HSA, includ-
ng hydrophobic, hydrogen, van der Waals and electrostatic
orces. To analyze the type of binding force between Ap and
SA, the corresponding binding constants and thermodynamic
arameters were computed according to the experiments about
emperature and pH. For static quenching, the dissociation bind-
ng constant KD can be calculated by Eq. (6) [20,30]:

/(F0 − F ) = 1/F0 + KD/F0[Q] (6)
The corresponding figure and data about pH are displayed in
ig. 6 and Table 2, respectively. HSA with positive charges on

ts surface can form strong complexes with negatively charged

ig. 6. The plots of 1/(F0 − F) vs. 1/[Q] at pH 8.4 (�), pH7.2 (�).
HSA] = 1.0 �mol L−1, λex = 285 nm, λem = 334 nm, T = 293 K.

i
p
t
f
n

3

c
q
o
f
o
t
a
a
s
A
m
s
w

able 3
he binding parameters and thermodynamic parameters of binding of Ap to HSA

H T (K) n KA × 105 R

288 0.728 1.297 0.9968
.4 298 0.8774 0.983 0.9967

308 1.0294 0.816 0.9969
0.9984 4.59 0.9975
0.9966 4.16 0.9988

avonoid. Increasing of Ksv, Kq and KD with pH increasing
ive an indication that the degree of Ap ionization is increasing
radually with pH increasing in the solution with HSA and Ap
nd so promote the binding of Ap to HSA, and the conclusion
ould be drawn that electrostatic and/or hydrogen bond force
s predominant for the interaction between Ap and HSA. The
esults from Section 3.1 provide the explanation that the more
onization of Ap at high pH value is helpful for the binding by
tatic force.

Thermodynamic parameters �H, �S and �G (Table 3) are
alculated according to Van’t Hoff equation. The data indicate
hat the binding action between Ap and HSA is spontaneous,
nthalpy and entropy are favorable for the reaction. From view-
oint of water structure, a positive �S value is a typical evidence
or hydrophobic interaction. Moreover, electrostatic interactions
etween ions in aqueous solution are characterized by a positive
S value and a negative �H value [26,31,32]. According to the

esults of UV absorption characteristic of Ap at different pH,
onic and neutral species of Ap at physiological condition can
oexist at the state of dynamic equilibrium, so it is possible that
onic species of Ap bind HSA by electrostatic force. The lower
ositive �S proved that hydrophobic force gave significant con-
ribution to the interaction [27]. Whether is hydrogen bonding
orce involved in the interaction? The results of this work could
ot answer this question yet.

.5. Binding parameters

Under the experimental temperatures and conditions, the
onformation of HSA is not to be changed [27], and so the
uenching by denaturizing can leave out of account. The plots
f log (F0 − F)/F versus log (1/([Dt] − (F0 − F)[Pt]/F0)) at dif-
erent temperatures and thermodynamic parameters of binding
f Ap to HSA by them are presented in Fig. 7 and Table 3, respec-
ively. It can be seen easily that KA decreased but n increased
long with the rising of temperature, illuminating that the inter-
ction of Ap–HSA system belongs to radiative reaction and
o the rising of temperature is not helpful for their binding.

s a result of increasing of temperature, pervasion rate of Ap
olecular quickens and the disorder of pervasion increases, con-

equently number of the binding site n increase. The conclusion
as consistent with the results from thermodynamic analyses.

�H (kJ mol−1) �S (J mol−1) �G (kJ mol−1)

−28.165
−17.497 37.04 −28.535

−28.905
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ig. 7. The plots of log (F0 − F)/F vs. log(1/([Dt] − (F0 − F)[Pt]/F0)) at 288 K
�), 298 K (�), 308 K (�). [HSA] = 1.0 �mol L−1, pH = 7.4, λex = 285 nm,

em = 334 nm.

.6. Energy transfer from HSA to Ap

A spectral overlap between the fluorescence spectra of free
SA and the UV–vis absorption spectra of Ap is displayed in
ig. 8. According to the Förster non-radiation energy transfer

heory, the following typical equations can be used to analyze
he problem about energy transfer [26,27,33]:

= 1 − F

F0
= R6

0

(R6
0 + r6

0)
(7)

6
0 = 8.79 × 10−25K2N−4ØJ (8)

=
∑

F (λ)ε(λ)λ4�λ
∑

F (λ)�λ
(9)

In the Eq. (7), E and r0 mean the energy transfer efficiency
nd the distance between acceptor and donor, R0 is the critical
nergy transfer distance at which 50% of the excitation energy is

ransferred to the acceptor, F and F0 is the fluorescence intensity
f donor without and with acceptor of the same concentration,
espectively. K2, N, ∅ and J in the Eq. (8) represent the spatial
rientation factor describing the spatial orientation of the transi-

ig. 8. Overlapping between the fluorescence emission spectrum of HSA (a)
λex = 285 nm) and UV absorption spectrum of Ap (b), [HSA] = 1.0 �mol L−1,
Ap] = 1.0 �mol L−1, pH = 7.4, T = 298 K.
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ion dipoles from donor to acceptor, the average refractive index
or medium, the fluorescence quantum yield of the free donor
nd the overlap integral. F(λ) and ε(λ) is the fluorescence inten-
ity of donor and the molar absorption coefficient of the acceptor
t corresponding wavelength λ, respectively.

We observed that the UV absorption peak of Ap is in the
ange of fluorescence emission wavelength of HSA, so the flu-
rescence energy of HSA can be transferred to the molecule of
p to exit the �–� transition of electron in the molecule of Ap
n condition that the distance between Ap and HSA is enough
lose. E equal to 23.32% by the Eq. (7), and when K2, N and
is 2/3, 1.336 and 0.118 [26], J is 1.53 × 10−14 cm3 L mol−1

rom Eq. (9), R0 is 2.63 nm, r0 equal to 3.21 nm. According to
efs. [26,34], a non-radiation energy transfer between donor
nd acceptor can occur none but the maximal academic critical
istance for R0 is from 5 to 10 nm and the maximum academic
istance for r0 is in the range of 7 and 10 nm. In the study, R0 and
0 both are far lower than the corresponding maximum value,
o the conclusion could be drawn that a non-radiation energy
ransfer occur between Ap and HSA.

.7. Analysis of HSA conformation after Ap binding

We had ascertained that it is the binding of Ap to HSA to cause
he fluorescence quenching of HSA, but it is still a puzzle about
hether the binding affects the conformation and/or microenvi-

onment of HSA. To further verify the binding of Ap to HSA
nd investigate HSA structure after Ap binding, the methods of
ynchronous fluorescence, UV and CD were utilized.

The methods of synchronous fluorescence is a kind of simple
nd effective means to measure the fluorescence quenching and
he possible shift of the maximum emission wavelength λmax,
elative to the alteration of the polarity around the chromophore
icroenvironment. �λ, representing the value of difference

etween excitation and emission wavelengths, is an important
perating parameter, the synchronous fluorescence of HSA at
λ = 15 and 60 nm is characteristic of Tyr and Trp residue,

espectively[27,35]. When �λ is set at 15 or 60 nm the shift of
he λmax and the fluorescence quenching of HSA imply the alter-
tion of polarity microenvironment around Tyr or Trp residues
nd the state of Ap binding to HAS [27,36]. The synchronous
uorescence spectra of interaction between Ap and HSA were
resented in the Fig. 9. A faint blueshift (∼1 nm) can be observed
rom Fig. 8A, and at the same time, the fluorescence inten-
ity of HSA weakened regularly along with the adding of Ap,
mplying that Ap bonded to HSA and located in close proxim-
ty to the Tyr residues, the polarity near the tyrosine residues
as decreased and so the hydrophobicity was increased faintly.
hen the hydrophobic part of Ap molecular is close enough

o the phenyl moiety of Tyr, hydrophobicity near the tyrosine
esidues increases involuntarily. No any shift of the λmax was
hown in Fig. 9B but only a gradual quenching, indicating that
p was closed to Trp residue but had no effect on the microen-

ironment around Trp residue, the alternative information is
hat during dynamic equilibrium the scatter of Ap molecular
nduced the quenching although Ap is not enough close to
rp.
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Fig. 9. Synchronous fluorescence spectra of interaction between HSA and
Ap (A) at �λ=15 nm. (B) at �λ = 60 nm. Concentrations of HSA was
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A
spectrum of Ap-free form in the buffer from that of Ap–HSA
complex, so only the spectra of HSA before and after binding Ap
were showed in the Fig. 11. The absorption of HSA (∼210 nm)
.0 �mol L−1 while concentrations of Ap were 0, 0.5, 1.0, 2.0, 4.0, 6.0, 8.0,
0.0, 12.0 �mol L−1 from the (a)–(i), pH 7.4, T = 293 K.

CD spectra of HSA exhibit two negative bands at 207 and
17 nm that is the characteristic of �-helix in the advanced struc-
ure of protein [37], if the �-helixes change the spectra will
hange accordingly. CD spectra of HSA without and with Ap
ere displayed in Fig. 10. No obvious change in band inten-

ity and positions of the peaks could be observed even though
he ratio of Ap to HSA is up to 20:1, giving the hint that addi-
ion of Ap had not altered secondary structure of HSA. From
eferences some flavonoid altered secondary conformation of
SA after binding to the protein. The binding of alpinetin to
SA caused a dramatically decreasing in band intensity of CD

pectrum of HSA [31], which is an indication of alteration of
rotein conformation. Although Ap and alpinetin are flavonoids,
hey have different characters. Firstly, their polarity is different.
p is a flavonoid with 4′, 5, 7–OH but alpinetin has 7–OH and
–OCH3 on its main body, so Ap has stronger polarity than
lpinetin. Secondly, their pKa is different. Ka of Alpinetin is
.40 and so it is unionized at pH 7.4 but Ka of apigenin should

e below that of alpinetin according to our experiments and so it
s ionized partly. The characters may be very important factors
n their binding to HSA and alteration of HSA after binding.
he particular binding sites of Ap and alpinetin in HSA are dif-

F
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1
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ig. 10. CD spectra of HSA. (a) 5 �mol L−1 HSA; (b) 5 �mol L−1

SA + 100 �mol L−1 Ap, pH 7.4, T = 293 K.

erent according to the results of modelling. Ap located to the
ntrance of site I with more positive charges but alpinetin binds
o the hydrophobic cavity of site I formed by hydrophobic side
hains, where alpinetin is faced to �-helix, So alpinetin is more
ossible to cause the alteration of HSA conformation than Ap.
he main forces after Ap and alpinetin binding to HSA were
ifferent. The dominating forces of HAS–Ap are hydrophobic
nd electrostatic forces but the predominant force for alpinetin
s only hydrophobic force, which are consistent with their char-
cters. Differences of binding force may be one of reasons for
lteration of HSA conformation.

UV absorption spectra of HSA without and with binding of
p (Fig. 11) were obtained by subtracting corresponding the
ig. 11. UV absorption spectra of HSA in the absence and presence of Ap.
oncentration of HSA was 5 �mol L−1 while concentration of Ap is 0, 5, 10,
5, 20, 25 �mol L−1 from the (a)–(f). The corresponding spectra of Ap in the
uffer had been subtracted, respectively. pH 7.4, T = 288 K.
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HSA. Attributed to Ap binding to nearby (within 4 Å) Tyr148 and
Tyr150, the phenyl of Trp214 faced slantingly to the hydrophobic
part in the side of A-ring in Ap, which suggested that when Ap
J.-L. Yuan et al. / Journal of Photochemistry an

epresents microenvironment or the content of �-helix structure
f HSA [31,33]. The decrease of the absorption intensity of HSA
t 213 nm and the shift from 213 to 217 nm with the increase of
p concentration could be seen obviously, which suggested that

he binding of Ap to HSA changed the microenvironment around
SA [33] but not secondary structure.

.8. Molecular modeling of Ap binding to HAS

To further realize the information of the right site and inter-
ction forces of Ap binding to HSA, Autodock 3.05 was applied
o deduce the binding mode of Ap in HSA. Crystal structure
f HSA shows that HSA is a heart-shaped helical monomer of
6 kD composed of three similar homologous domains named
(residues 1–195), II (196–383)and III (384–585) and each

omain include two subdomains called A and B to form a
ylinder and each subdomain involves 6 and 4 �-helixes, respec-
ively, the only Trp residue (Trp214) located in subdomain IIA
38]. Almost all hydrophobic amide acids are embedded in
he cylinders and forming hydrophobic cavities, which play an
mportant role on absorption, metabolism, and transportation of
iomolecule. The three domains have similar 3D structure, and
heir assembly is highly asymmetric. Domain I and II are perpen-
icular to each other, forming a T-shaped assembly in which the
ail of subdomain IIA is attached to the interface region between
ubdomain IA and IB by hydrophobic and hydrogen bonds [39].
espite the internal structural symmetry of the three domains,

hey have different capacities for binding drugs. In the structure
f HSA, there are two primary sites called site II (classical exam-
le is Warfarin) and site II (classical example is diazepam)for
inding a wide variety of drug. The inside wall of the pocket of
ubdomain IIA corresponding to the so-called site I is formed
y hydrophobic side chains, whereas the entrance of the pocket
s surrounded by positively charged residues such as Arg257,
rg222, Lys199, His242, Arg218, and Lys195. Site II corresponds

o the pocket with hydrophobic side chains in subdomain IIIA,
hich is almost the same size as site I. The third site in D-shaped

avity of subdomain IB named site III is typical for binding
emin [40]. Unlike subdomain IIA and IIIA, subdomain IA has
o pocket near its hydrophobic core. In the subdomain IA, the
ourth helix is flabby, so it is not able to keep parallel to the third
elix and bury the putative pocket, but thanks to the interaction
f subdomain IIIA with them, the region is sealed to form the site
II. Although examples of drugs binding elsewhere on the pro-
ein have been reported, most investigations have focused on the
hree primary binding sites. HSA is a flexible protein that easily
hanges its molecular shape resulted from the relative motions
f domain structures.

Through molecular modeling by Autodock 3.05, the opti-
um binding mode and site was displayed in the Fig. 12. It can

e seen that the entrance of site I, a small cavity with positive-
harged residues formed by interaction between subdomain IIA
nd IB, is the most possible binding site. Within 4 Å around Ap

Fig. 13), there are 16 amino acids residues and among them only
wo hydrophobic residues (Pro147, Phe149), five residues with
ositive charge (Lys106, Arg197, Lys199, His242, Arg257) and the
est are polar residues (Gln29, Tyr148, Tyr150, Gln196, Cys200,

F
d
b

p. The Ap was shown in the entrance of the site I. The domains and subdomains
ere displayed with different color, the every subdomain and classical binding

ite were marked in the corresponding location.

ys245, Cys246, Gly248, Cys253). On account of the charge prop-
rty of Ap under the physiological condition, it can be concluded
hat electrostatic force is one of the major forces of interaction
etween Ap and HSA. Furthermore, owing to the phenyl moiety
f Phe149 exposed close to the A and C ring in Ap with additional
liphatic contact from Arg197, His242 and Arg257, in addition,
henyl of Tyr148 approach the ring B of Ap at nearly vertical ori-
ntation and Tyr150 is close tightly to the ring B of Ap at angle of
bout 60◦ from another side of Ap, it is concluded that hydropho-
ic force is another major force on the binding between Ap and
ig. 13. The binding mode of Ap to HSA in the entrance of the site I. The
isplayed residues are within 4Å around Ap. The hydrogen bonds are shown by
roken line.
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ove close enough to the Trp214 during the dynamic equilibrium
he fluorescence energy of Trp can transfer to Ap to bring the
uenching, so the fluorescence quenching of HSA induced by
inding of Ap resulted from not only Tyr148 and Tyr150 but also
rp214, which was agreed with the result of the synchronous fluo-
escence. According to references a wide range of biomolecules
an be accommodated in the site I, and the interaction between
iomolecules and HSA appears to be dominated by hydrophobic
ontacts, but there are a number of specific electrostatic inter-
ctions [41]. Main body of Ap molecule is hydrophobic but its
urface is hydrophilic partly especially under pH above pKa of
p. The results suggest unanimously that hydrophobic and elec-

rostatic force play important role in the interaction between Ap
nd HSA. Many flavonoids such as quercetin bind in site I, so Ap
s. Ap located in the entrance of site I but quercetin in the cavity
f site I, the differences in the particular binding location should
e resulted from the differences of characters of these ligands.
sila et al. [24] reported that quercetin binds in the hydrophobic
avity of subdomain IIA in HSA and in the same site in BSA but
aused the more efficient quenching of BSA owing to its second
rp. Dufour and Dangles proposed that flavonols binds mainly

n the of subdomain IIA in serum albumin [42]. It is deserved
o mention that there are more than one kind of binding mode
etween Ap and HSA but most of them are so instable that they
isappear very soon and the phenomenon as factor of arising
he fluorescence quenching of HSA carry through the dynamic
quilibrium.

. Conclusion

By spectroscopic and modeling methods, the interaction
etween Ap and HSA had been detected. The evident bind-
ng of Ap–HSA was resulted mainly from static mechanism by
ydrophobic and electrostatic force in the entrance of site I in
SA but no hydrogen bond was found there, and the results of
V, fluorescence spectroscopy, synchronous fluorescence and
olecular modeling gave the same information. The distance

etween Ap and HSA is enough close (r0 = 3.21 nm) to arose
on-radiation energy transfer from HSA to Ap. Owing to Ap
inding to Tyr148 and Tyr150 of HSA within 4 Å and the close
istance between Ap and Trp214, the fluorescence quenching
nduced by binding of Ap to HSA was mainly brought by Tyr148,
yr150 and Trp214, and the binding brought the alteration of
icroenvironment around Tyr in the region. The binding of Ap

o HSA had not changed the secondary structure of HSA, as
hown in the spectra of CD. The work provides some valu-
ble information for the transportation and distribution of Ap
n vivo, and is helpful for clarifying toxicity and dynamics of
p.
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