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a b s t r a c t

The binding interaction between alpinetin and bovine serum albumin (BSA) in physiological buffer solu-
tion (pH 7.4) was investigated by fluorescence, UV–vis spectroscopy and Fourier transform infrared
(FT-IR) spectroscopy. It was proved from fluorescence spectra that the fluorescence quenching of BSA
by alpinetin was probably a result of the formation of BSA–alpinetin complexes, and the binding con-
stant (Ka) were determined according to the modified Stern–Volmer equation. The thermodynamic
parameters, enthalpy change (�H) and entropy change (�S), were calculated to be 22.10 kJ mol−1 and

−1 −1

ovine serum albumin
luorescence quenching
inding site
ourier transform infrared spectroscopy

166.04 J mol K , respectively, which indicated that the interaction between alpinetin and BSA was
driven mainly by hydrophobic interaction. Moreover, the competitive experiments of site markers sug-
gested that the binding site of alpinetin to BSA was located in the region of subdomain IIA (sudlow site I).
The binding distance (r) between the donor (BSA) and the acceptor (alpinetin) was 3.32 nm based on the
Förster theory of non-radioactive energy transfer. In addition, the results of synchronous fluorescence

strat
of alp
and FT-IR spectra demon
changed in the presence

. Introduction

Protein–drug interactions have aroused great interest in recent
ears. Investigating the binding of drugs to proteins can provide
seful information of the structural features that determine the
herapeutic effectiveness of drugs. Thus, the studies on this aspect
ave been an important research field in life science, chemistry,
nd clinical medicine. Serum albumin, the most abundant protein
n the blood circulatory system, plays an important role in the
ransport and deposition of a variety of endogenous and exoge-
ous substances [1,2]. Bovine serum albumin (BSA), one of the
ajor components in plasma protein, is frequently used in bio-

hysical and biochemical studies since it has a well-known primary
tructure, and it has been associated with the binding of many
ifferent categories of small molecules, such as dye, drugs and
oxic chemicals [3–5]. In this work, BSA was selected as our study
rotein model because of its low cost, ready availability, unusual

igand-binding properties, medical importance and particularly its
tructural homology with human serum albumin (HSA) [6,7].
Flavonoids are a large group of polyphenolic natural products
hat are widely distributed in plants of higher genera. Such com-
ounds are found to possess novel therapeutic properties of high
otency and low systemic toxicity [8]. In this context the question of

∗ Corresponding author. Tel.: +86 7918305234; fax: +86 7918304347.
E-mail address: gwzhang@ncu.edu.cn (G. Zhang).

386-1425/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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ed that the microenvironment and the secondary structure of BSA were
inetin.

© 2010 Elsevier B.V. All rights reserved.

possible target molecules and the mode of interactions with targets
constitute an important focus of current pharmacological research
on flavonoids. In recent years, the binding mechanism between
flavonoids and proteins has attracted much attention. Many reports
on this aspect are available in the literature [9–15]. In previous
works, we studied the binding properties of serum albumins with
some flavonoids including icariin and chrysin [16,17]. Alpinetin (7-
hydroxy-5-methoxyflavanone, structure shown in Fig. 1), one of
the abundant natural flavonoids, is the main active component of
Alpinia katsumadai Hayata, which is one herbal medicine commonly
used in China [18]. It has already been reported as an anti-tumor,
anti-bacterial and anti-inflammatory agent [19].

Fluorescence spectroscopy is a powerful and simple method
to study the interaction of small molecule with protein, because
of its high sensitivity, reproducibility and convenience [20,21]. It
can reveal the accessibility of quenchers to fluorophores, help to
understand the binding mechanisms of small molecule to albu-
min. Circular dichroism (CD) spectroscopy and Fourier transform
infrared (FT-IR) spectroscopy are widely used to detect the change
in conformation of protein [22]. Pan et al. [23] investigated the
interaction of gold nanorod with BSA at pH 7.4 by fluorescence spec-
troscopy. They found that gold nanorod–albumin solution has a

strong fluorescence emission peaked at 351 nm after being excited
with a wavelength of 280 nm, and the magnitude of fluorescence
intensity increased with increasing nanorod concentration. The
binding constant and the binding capacity of gold nanorod to BSA
were determined, which indicated that the nanoparticle shape may

http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
mailto:gwzhang@ncu.edu.cn
dx.doi.org/10.1016/j.saa.2010.04.009
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Fig. 1. Molecular structure of alpinetin.

ave strong influence upon the link between gold nanorod and
lood components. Cheng and Zhang [24] reported that quench-

ng mechanism of fluorescence of BSA by salidroside was a static
uenching by forming the BSA–salidroside complexes. The binding
f salidroside to BSA was driven by the hydrogen bonds and van der
aals forces. There was one class of binding sites for salidroside

owards BSA, and salidroside most likely binds to the hydrophobic
ocket located in subdomain IIA. Furthermore, they detected the
onformational changes of BSA in the presence of salidroside by CD
pectroscopy and FT-IR spectroscopy.

In this paper, the interaction between alpinetin and BSA was
tudied under physiological pH conditions by fluorescence, UV–vis
pectroscopy and FT-IR spectroscopy. Many attempts were made
o explore the binding mechanism, the special binding site and the
ffect of alpinetin on the conformational changes of BSA. We hope
hat this work can benefit understanding the transportation and

etabolic process of the drug at molecular level.

. Experimental

.1. Materials

Bovine serum albumin (BSA) was purchased from Sino-
merican Biotechnology (Beijing, China) and used without further
urification. The BSA working solutions were prepared to be the
oncentration of 6.25 × 10−7 mol L−1 in Tris–HCl buffer solutions
0.10 mol L−1 Tris base, 0.10 mol L−1 HCl and 0.10 mol L−1 NaCl, pH
.4). Alpinetin (analytical grade) was obtained from National Insti-
ute for the Control of Pharmaceutical Biological Products (Beijing,
hina). The stock solution (9.61 × 10−4 mol L−1) of alpinetin was
repared in absolute ethanol. All other reagents and solvents were
f analytical grade and doubly distilled water was used throughout
he experiment. All stock solutions were stored at 0–4 ◦C.

.2. Apparatus

All fluorescence spectra were measured on a Hitachi spectroflu-
rimeter Model F-4500 equipped with a 150 W Xenon lamp and a
hermostat bath. The widths of both the excitation slit and emis-
ion slit were set at 5.0 nm. The absorption spectra were measured
n a Shimadzu UV-2450 spectrophotometer. A quartz cell of 1.0 cm
as used for the measurements. FT-IR spectra were measured on
Nicolet Nexus 670 FT-IR spectrometer (America) equipped with
Germanium attenuated total reflection (ATR) accessory, a DTGS
Br detector and a KBr beam splitter.
.3. Procedure

.3.1. Fluorescence measurements
A quantitative analysis of the potential interaction between

lpinetin and BSA was performed by fluorimetric titration. A 3.0 ml
a Part A 76 (2010) 410–417 411

solution, containing 6.25 × 10−7 mol L−1 BSA, was titrated by suc-
cessive additions of alpinetin solution (to give a final concentration
of 2.31 × 10−5 mol L−1). Titrations were done manually by using
micro-injector. The fluorescence emission spectra were measured
at 298, 304 and 310 K in the wavelength range of 300–540 nm
with exciting wavelength at 280 nm. The synchronous fluorescence
spectra were obtained by simultaneously scanning the excitation
and emission monochromators. It was recorded at �� = 15 and
60 nm in the absence and presence of various amounts of alpinetin
over a wavelength range of 270–330 and 250–320 nm, respectively.
The appropriate blanks corresponding to the buffer solution were
subtracted to correct background of fluorescence.

2.3.2. Site marker competitive experiments
Binding location studies between alpinetin and BSA in the pres-

ence of three site markers (warfarin, ibuprofen and digitoxin) were
measured using the fluorescence titration methods. The concen-
trations of BSA and warfarin/ibuprofen/digitoxin were all kept at
6.25 × 10−7 mol L−1. Alpinetin was then gradually added to the
BSA–warfarin/ibuprofen/digitoxin systems. Fluorescence spectra
were recorded at 298 K with an excitation wavelength of 280 nm
in the range of 300–540 nm.

2.3.3. UV–vis absorbance and FT-IR measurements
The UV–vis absorption spectra were obtained by scanning the

solution on a Shimadzu UV-2450 spectrophotometer with the
wavelength range of 300–500 nm. The operations were carried out
at room temperature.

FT-IR measurements were carried out at room temperature on a
Nicolet Nexus 670 FT-IR spectrometer (America). All spectra were
taken via the ATR method with resolution of 4 cm−1 and 60 scans.
Spectra processing procedures: spectra of buffer solution were col-
lected at the same condition. Then, subtract the absorbance of
buffer solution from the spectra of sample solution to get the FT-IR
spectra of protein. The subtraction criterion was that the origi-
nal spectra of protein solution between 2200 and 1800 cm−1 was
featureless [25].

3. Results and discussion

3.1. Measurement of fluorescence spectra

For macromolecules, fluorescence measurements can give some
information about the binding of small molecule substances to pro-
tein, such as the binding mechanism, binding constants, binding
sites, and intermolecular distances. For BSA, there are only three
intrinsic fluorophores-tryptophan, tyrosine and phenylalanine.
Actually, the intrinsic fluorescence of BSA is almost contributed by
tryptophan alone, because phenylalanine has a very low quantum
yield and the fluorescence of tyrosine is almost totally quenched if
it is ionized, or near an amino group, a carboxyl group, or a trypto-
phan. That is, the change of intrinsic fluorescence intensity of BSA
is that of fluorescence intensity of tryptophan residue when small
molecule substances are added to BSA [26].

Fluorescence spectra of BSA were determined in the presence
of increasing amount of alpinetin, as shown in Fig. 2. It is obvi-
ous that BSA has a strong fluorescence emission peaked at 342 nm
after being excited with a wavelength of 280 nm. When a fixed con-
centration of BSA was titrated with different amounts of alpinetin,
a remarkable intrinsic fluorescence decrease and the obvious red

shift at the maximum wavelength of BSA was observed. This sug-
gested that the microenvironment around BSA was changed after
the addition of alpinetin [27]. Furthermore, alpinetin caused an
accompanying enhancement around the emission wavelength of
436 nm (Fig. 2, curve k, alpinetin only), suggesting that there was
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ig. 2. Effect of alpinetin on fluorescence spectra of BSA (T = 298 K, pH 7.4,
ex = 280 nm). c(BSA) = 6.25 × 10−7 mol L−1; c(alpinetin)/(×10−5 mol L−1), a–j: 0,
.26, 0.51, 0.77, 1.02, 1.28, 1.54, 1.79, 2.05, 2.31, respectively. Curve k shows the
mission spectrum of alpinetin only, c(alpinetin) = 6.25 × 10−6 mol L−1.

strong association and non-radioactive energy transfer between
lpinetin and BSA. The occurrence of an isoactinic point at 388 nm
ight also indicate the existence of bound and free alpinetin in

quilibrium [28].

.2. Determination of quenching mechanism

Fluorescence quenching refers to any process which is a
ecrease of the fluorescence intensity from a fluorophore due to a
ariety of molecular interactions. These include excited-state reac-
ions, molecular rearrangements, energy transfer, ground-state
omplex formation and collisional quenching. Quenching can occur
y different mechanisms, which usually classified as dynamic
uenching and static quenching. Dynamic and static quenching
an be distinguished by their different dependence on tempera-
ure of binding constants and viscosity, or preferably by lifetime

easurements. Generally, the quenching constants decrease with
ncreasing temperature for static quenching, but the reverse effect
s for dynamic quenching [29,30].

For the dynamic quenching, the mechanism can be described by
he Stern–Volmer equation (Eq. (2)) [29]:

F0

F
= 1 + KSV[Q] = 1 + Kq�0[Q] (1)

here F0 and F are the fluorescence intensities of BSA in the absence
nd presence of the quencher, respectively. Kq is the quenching
ate constant of the biomolecule, KSV is the Stern–Volmer dynamic
uenching constant, �0 is the average lifetime of the biomolecule
ithout quencher. The value of �0 of the biopolymer is 10−8 s−1

31], and [Q] is the concentration of quencher.
Eq. (1) was applied to determine KSV by linear regression of a

lot of F0/F against [Q], and KSV = Kq�0. The results are shown in
ig. 3. The values of KSV and Kq at different temperatures (298, 304

nd 310 K) are shown in Table 1. The results showed that the values
f Stern–Volmer quenching constants KSV decreased with increas-
ng temperature, which indicated that the probable quenching

echanism of BSA–alpinetin interaction was initiated by complex
ormation rather than by dynamic collision. Generally, the maxi-

able 1
tern–Volmer quenching constants for the interaction of alpinetin with BSA at dif-
erent temperatures.

pH T (K) KSV (×104 L mol−1) Kq (×1012 L mol−1 s−1) Ra

7.4 298 6.159 6.159 0.9990
304 5.913 5.913 0.9981
310 5.453 5.453 0.9970

a R is the correlation coefficient.
Fig. 3. The Stern–Volmer plots for the quenching of BSA by alpinetin at different
temperatures (�ex = 280 nm, �em = 342 nm). c(BSA) = 6.25 × 10−7 mol L−1.

mum scatter collision quenching constant, Kq of various kinds of
quenchers with biopolymer is 2 × 1010 L mol−1 s−1 [31]. However,
the rate constants for the quenching of BSA caused by alpinetin are
greater than the Kq for the scatter mechanism. This confirms that
the fluorescence quenching is not the result of dynamic collision
quenching, rather a consequence of static quenching [29,32].

Therefore, the quenching data were expressed via the modified
Stern–Volmer equation [33]:

F0

�F
= 1

faKa

1
[Q]

+ 1
fa

(2)

where �F is the difference of fluorescence in the absence and pres-
ence of the quencher at concentration [Q], fa is the fraction of
accessible fluorescence, Ka is the effective quenching constant for
the accessible fluorophores.

The dependence of F0/�F on the reciprocal value of the quencher
concentration 1/[Q] is the linear with slope equal to the value of
1/faKa. The value of 1/fa is fixed on the ordinate. The constant Ka is
the quotient of an ordinate 1/fa and slope 1/faKa. The correspond-
ing values of Ka at three different temperatures are summarized
in Table 2. The values of Ka increased with the rising tempera-
ture, which indicated that the binding is endothermic reaction [34],
and the capacity of alpinetin binding to BSA is enhanced with the
increasing temperature.

3.3. Thermodynamic analysis and the nature of the binding forces

The interaction forces between small molecules and
biomolecules mainly include hydrogen bonds, van der Waals
force, hydrophobic force, and electrostatic interactions. The signs
and magnitudes of thermodynamic parameters for protein reac-
tions can be account for the main forces contributing to protein
stability. If the enthalpy change (�H) does not vary significantly
over the temperature range studied, then its value and that of
entropy change (�S) can be determined from the van’t Hoff
equation:

log Ka = − �H

2.303RT
+ �S

2.303R
(3)

In Eq. (3), R is gas constant. The temperatures used were 298, 304
and 310 K. The values of �H and �S were obtained from the slope
and intercept of the linear van’t Hoff plot based on log Ka versus 1/T.
The free energy change (�G) was then evaluated from the following
equation:
�G = �H − T �S (4)

Table 2 lists the thermodynamic parameters for the interaction of
alpinetin with BSA. The values of �H and �S were 22.10 kJ mol−1

and 166.04 J mol−1 K−1, respectively, which indicated that the
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Table 2
Modified Stern–Volmer association constants Ka and relative thermodynamic parameters of the BSA–alpinetin system.

T (K) Ka (×104 L mol−1) Ra �H (kJ mol−1) �G (kJ mol−1) �S (J mol−1 K−1) Rb

298 6.338 0.9999 22.10 −27.38 166.04 0.9975
304 7.416 0.9988 −28.38
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310 8.957 0.9950

a R is the correlation coefficient for the Ka values.
b R is the correlation coefficient for the van’t Hoff plot.

ormation of BSA–alpinetin was mainly an endothermic and
ntropy-driven reaction. The negative value of �G reveals that the
nteraction process is spontaneous. The positive �H and �S values
ndicate that hydrophobic force plays a major role in the binding of
lpinetin to BSA [35].

.4. Identification of the binding sites of alpinetin on BSA

For the static quenching interaction, if it is assumed that there
re independent binding sites to a set of equivalent sites on a
acromolecule. The apparent binding constant and the number of

inding sites can be determined according to the following equa-
ion [36]:

og
F0 − F

F
= log Kb + n log[Q] (5)

here Kb and n are the apparent binding constant and the number
f binding sites for BSA–alpinetin system, respectively. Thus, the
ntercept and slope value of the plot, log (F0–F)/F versus log[Q] give
he Kb and n values. From Eq. (5), the values of Kb and n at 298 K were
btained to be 6.180 × 104 L mol−1 and 1.001, respectively. The high
inear correlation coefficient R (0.9997) indicated that assumptions
nderlying the derivation of Eq. (5) were convincible. The value of
approximately equal to 1 suggested that there was one class of

inding sites for alpinetin towards BSA.

There are two distinct drug-binding sites, sites I and II in serum

lbumin, which are located within specialized cavities in subdo-
ains IIA and IIIA, respectively [37,38]. They present the similar

hemical properties, bringing some difficulties to some extent for
ompletely characterizing the specific binding sites of ligands to

ig. 4. Effect of site markers to BSA–alpinetin system (T = 298 K, �ex = 280 nm). (A) c(BSA
C) c(BSA) = c(digitoxin) = 6.25 × 10−7 mol L−1; c(alpinetin)/(×10−5 mol L−1), a–j: 0, 0.26, 0.
−29.38

BSA. Sudlow et al. [39] have suggested that site I of serum albu-
min showed affinity for warfarin, phenylbutazone, etc., and site II
for ibuprofen, flufenamic acid, etc. The binding of digitoxin was
found to be independent of sites I and II [40,41]. In order to identify
the alpinetin binding site on BSA, competition experiments were
performed with warfarin, ibuprofen and digitoxin as per Sudlow’s
classification of the binding sites.

The fluorescence spectra of BSA–warfarin/ibuprofen/digitoxin
system with various concentrations of alpinetin are shown in Fig. 4
at 298 K with excitation wavelength of 280 nm. As shown in Fig. 4A,
with the addition of warfarin to the BSA solution, the fluorescence
intensity was significantly lower than that of without warfarin, and
the maximum emission wavelength of BSA had an obvious red
shift. In contrast, there was no obvious variety with the addition
of ibuprofen or digitoxin (shown in Fig. 4B and C). Then, alpinetin
was added to the solutions of BSA and site markers in equimo-
lar concentrations. It can be seen that the fluorescence intensity
change of BSA with the increasing concentration of alpinetin in the
absence (Fig. 2) and presence (Fig. 4B and C) of ibuprofen/digitoxin
were almost the same. On the contrary, the fluorescence intensity
in the case of warfarin (Fig. 4A) differed but decreased dramatically
at the same condition, which indicated that alpinetin was signifi-
cantly displaced by warfarin. In addition, the fluorescence peak of
the alpinetin at approximately 436 nm in the presence of ibupro-
fen/digitoxin was higher than that of the system in the presence of

warfarin, implying the formation of a new fluorescence substance.

In order to compare the effect of probes on BSA–alpinetin system
more directly, the experiment data were analyzed by the modified
Stern–Volmer equation (shown in Fig. 5), and the binding constants
of BSA–alpinetin system in the presence of different site markers

) = c(warfarin) = 6.25 × 10−7 mol L−1; (B) c(BSA) = c(ibuprofen) = 6.25 × 10−7 mol L−1;
51, 0.77, 1.02, 1.28, 1.54, 1.79, 2.05, 2.31, respectively.
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ig. 5. The results of site markers competitive experiments of BSA–alpinetin system.

ere calculated (Table 3). Obviously, warfarin could significantly
nfluence the binding of alpinetin to BSA, whereas ibuprofen or dig-
toxin had a lesser effect on the binding of alpinetin to BSA. Above
vidences revealed that the binding site of alpinetin to BSA mainly
ocated within subdomain IIA (site I).

.5. Energy transfer between alpinetin and BSA

The binding distance (r) between a protein residue (donor) and a
ound drug molecule (acceptor) can be calculated from the Föster’s
heory [42]. The efficiency of energy transfer (E) is related to the
istance (R0) between donor and acceptor by:

= 1 − F

F0
= R6

0

R6
0 + r6

(6)

here r is the distance between donor (BSA) and acceptor
alpinetin) and R0 is the critical distance when their transfer effi-
iency is 50%. It is given by the following equation:

6
0 = 8.79 × 10−25K2n−4�J (7)

here K2 is the spatial orientation factor of the dipole, N is the
efractive index of medium, � is the quantum yield of the donor,
nd J is the overlap integral of the fluorescence emission spectrum
f the donor with the absorption spectrum of the acceptor (shown
n Fig. 6), which can be calculated by the equation:

=
∫ ∞

0
F(�)ε(�)�4d�
∫ ∞

0
F(�)d�

(8)

here F(�) is the fluorescence intensity of the fluorescence donor
t wavelength �, and ε(�) is the molar absorption coefficient of the
cceptor at wavelength �. In the present case, K2 = 2/3, N = 1.336,
nd � = 0.118 [43]. Thus, According to Eqs. (6)–(8), we were able
o calculate the following parameters, J = 1.19 × 10−14 cm3 L mol−1,

0 = 2.53 nm, E = 0.160, and r = 3.32 nm. The donor to acceptor dis-
ance is less than 8 nm, and 0.5R0 < r < 1.5R0, which indicates the
nergy transfer from BSA to alpinetin occurred with great possibil-
ty [44]. In accordance with prediction by Förster’s non-radiative
nergy transfer theory, these results again indicate the presence of

able 3
inding constants of competitive experiments of BSA–alpinetin system.

Site marker Ka (×104 L mol−1) Ra SDb

Blank 6.338 0.9999 0.012
Digitoxin 5.060 0.9994 0.024
Ibuprofen 4.655 0.9997 0.017
Warfarin 3.806 0.9998 0.020

a R is the correlation coefficient.
b SD is the standard deviation.
Fig. 6. Spectral overlaps of the fluorescence spectra of BSA (a) with the absorption
spectra of alpinetin (b). c(BSA) = c(alpinetin) = 2.0 × 10−6 mol L−1.

static quenching mechanism in the interaction between alpinetin
and BSA.

3.6. Conformational investigations

The synchronous fluorescence spectra present the informa-
tion about the molecular microenvironment in the vicinity of the
fluorophore. The shift in position of maximum emission wave-
length in the synchronous fluorescence spectra corresponds to the
changes of polarity around the fluorophore. When the D-value (��)
between excitation wavelength and emission wavelength were set
at 15 or 60 nm, the synchronous fluorescence can provide the char-
acteristic information of tyrosine residues or tryptophan residues
in BSA [45], respectively. By investigating the synchronous fluo-
rescence spectra of tyrosine residues or tryptophan residues, we
could explore the conformational changes of BSA. The synchronous
fluorescence spectra of BSA upon addition of alpinetin at �� = 15
and 60 nm are shown in Fig. 7. It can be seen that a slight red
shift (from 283.6 to 286.8 nm in Fig. 7B) of maximum emission
wavelength of tryptophan residues was observed, whereas the flu-
orescence band of tyrosine residues blue shifts slightly from 289.2
to 286.4 nm (Fig. 7A). The former indicated that the conformation of
BSA was somewhat changed, leading to the polarity around tryp-
tophan residues strengthened and the hydrophobicity weakened
[46]. The latter suggested that the polarity around tyrosine residues
was decreased and the hydrophobicity increased [45,47].

In order to gain more information in physicochemical prop-
erties of alpinetin, the FT-IR spectroscopic measurements were
performed on BSA and the BSA–alpinetin complexes. It can be
reflected in the FT-IR spectra if the protein secondary structure
changed in the BSA–alpinetin complexes. Infrared spectra of pro-
teins exhibit a number of amide bands, which represent different
vibrations of the peptide moiety. Among these amide bands of the
protein, the protein amide I in the region 1600–1700 cm−1 (mainly
C O stretch) and amide II band in the region 1500–1600 cm−1

(C–N stretch couple with N–H bending mode) both have a rela-
tion ship with the secondary structure of protein, and the amide
II band absorbance intensity has been reported to be proportional
to the amount of protein absorbed, and is believed not to be very
sensitive to the conformation of the protein [48,49]. Fig. 8 shows
the FT-IR spectra of free BSA in Tris–HCl buffer and the difference
spectra after binding with alpinetin. From Fig. 8, it can be seen
that the peak position of the amide I band move from 1652 to
1645 cm−1 and amide II band shift from 1545 to 1513 cm−1 in BSA
infrared spectra after addition of alpinetin. The second derivative

of the FT-IR spectra for free BSA and the spectra for BSA binding
with alpinetin are shown in Fig. 9. The peak positions of amide
I bands in BSA infrared spectra shifted: 1614–1618, 1640–1644,
1666–1678 and 1687–1695 cm−1 after interaction with alpinetin.
The changes of these peak positions and peak shapes demonstrated
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Table 4
Secondary structure analysis for amide I region in free BSA and its alpinetin complexes at pH 7.4.

Systems �-Helix (%) �-Antiparallel (%) �-Sheet (%) �-Turn (%) Random coil (%)

Free BSA 49 4 7 14 26
BSA–alpinetin 31 6 12 13 38

Fig. 7. The synchronous fluorescence spectra of BSA in the presence of alpinetin
(T = 298 K, pH 7.4). c(BSA) = 6.25 × 10−7 mol L−1; c(alpinetin)/(×10−5 mol L−1), a–j: 0,
0.26, 0.51, 0.77, 1.02, 1.28, 1.54, 1.79, 2.05, 2.31, respectively. (A) �� = 15 nm and
(B) �� = 60 nm.

Fig. 8. FT-IR spectra of free BSA (a) and difference spectra
[(BSA–alpinetin)–alpinetin] (b) in buffer solution in the region of 1800–1400 cm−1,
c(BSA) = 5.13 × 10−5 mol L−1, c(alpinetin) = 9.61 × 10−5 mol L−1, pH 7.4.
Fig. 9. Second-derivative resolution enhancement of free BSA (A) and its alpinetin
complexes (B).

that the secondary structure of BSA has been changed because of
the interaction of alpinetin with BSA.

Fig. 10 shows a quantitative analysis of the protein secondary
structure of BSA before and after the interaction with alpinetin
in Tris–HCl buffer. Based on the literature [50,51] in which the
component bands of amides I were attributed according to the well-
established assignment criterion, the data obtained from Fig. 10
are summarized in Table 4. It was found that the free BSA con-
tained major amounts of �-helix 49% (1652 cm−1), �-sheet 7%
(1616 cm−1), �-turn structure 14% (1666 cm−1), �-antiparallel 4%
(1687 cm−1) and random coil 26% (1640 cm−1). Upon alpinetin
interaction, a major decrease of �-helix from 49% to 31% and minor
decrease of �-turn from 14% to 13% with increases in random coil

from 26% to 38%, �-sheet from 7% to 12% and �-antiparallel 4–6%.
The decrease in �-helix structure and increase in random coin and
�-sheet suggested a partial protein unfolding in the presence of
alpinetin [52].
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ig. 10. Curve-fitted amide I region (1700–1600 cm−1) of free BSA (A) and its
lpinetin complexes (B).

. Conclusions

Fluorescence, UV–vis absorption and FT-IR spectroscopic meth-
ds were applied to investigate the interaction between BSA and
lpinetin in physiological buffer solution (pH 7.4). The quenching
echanism of fluorescence of BSA by alpinetin was a static quench-

ng by forming the BSA–alpinetin complexes. The positive values of
hermodynamic parameters (�H and �S) suggested that alpinetin
ould bind to BSA mainly through hydrophobic force. Site marker
ompetitive experiments indicated that the binding of alpinetin to
SA primarily took place in subdomain IIA. The binding distance r
as 3.32 nm based on Förster theory, which indicated that there
as a non-radioactive energy transfer between BSA and alpinetin.

xperimental results obtained from synchronous fluorescence and
T-IR spectra demonstrated that the binding of alpinetin to BSA
nduced some microenvironmental and conformational change of
SA.
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