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Abstract Three independent techniques have been used to investigate the interaction be-
tween bovine serum albumin (BSA) and xanthoxylin (XT). UV-Vis absorption spectroscopy
measurements showed that there is a XT-BSA complex formed with an overall binding con-
stant of K = 1.01 × 105 L·mol−1. Spectroscopic techniques including synchronous fluores-
cence and Fourier transform infrared (FT-IR) were used to assess the structural effects of
XT binding on BSA. The FT-IR experiments showed that there is a decrease of the amount
of α-helix from 50.2 to 48.1% and an increase of the β-sheet from 32.9 to 36.9% in the
XT-BSA complex. In addition, XT binds to site I of the protein with a distance of 2.07 nm
between tryptophan residues and XT.

Keywords Bovine serum albumin · Xanthoxylin · Conformational change · Energy
transfer

1 Introduction

Xanthoxylin (XT), 2-aceto-3,5-dimethoxyphenol, is a common phenol present in plants of
the Rutaceae family that exhibits remarkably potent antioxidation and antibiotic properties
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[1, 2]. XT is a natural material that has been used as a heart regent. It has a spontaneous
pulsatile effect on cultured mice embryo heart cells [3]. XT and its derivatives have direct
inhibition effects on intestinal, uterus and bladder muscle contractions that are caused by
some drugs [4]. As a consequence, the study of the binding interaction of xanthoxylin with
proteins of biological interest appears to be one of the necessary steps toward a fundamental
understanding of the biological activity of these chemicals.

Serum albumin as one of the most abundant carrier proteins plays an important role in
the transport and disposition of many drugs in blood [5–7]. Bovine serum albumin (BSA) is
well suited to these initial studies since it has been extensively characterized. Many drugs
and other small bioactive molecules can bind reversibly to albumins, whereby the latter
molecule serves as a carrier. Serum albumins are effective for increasing the solubility of
hydrophobic drugs in plasma and modulating their delivery to cells in vivo and in vitro.
Protein-drug interactions play an important role in a variety of biological processes. Studies
of this aspect may provide information about structural features that determine the thera-
peutic effectiveness of drugs, and have become an important research field in life sciences,
chemistry, and clinical medicine. Information on the interaction of serum albumin and a par-
ticular drug can give rise to a better understanding of the absorption and distribution of that
drug. In a previous study using the fluorescence quenching of BSA, we identified an effec-
tive interaction between BSA and XT [8]. In order to gain a multidisciplinary insight into
the detailed molecular and conformational changes from the XT-BSA interaction, UV-Vis
absorption, synchronous fluorescence and infrared spectra bond-resolving technology was
used in the present work.

2 Materials and Method

2.1 Materials

Bovine serum albumin was purchased from Sigma. The samples were dissolved in a
0.05 mol·L−1 phosphate buffer solution (PBS), pH = 7.40, containing 0.1 mol·L−1 NaCl.
All of the chemicals were of high-purity grade and were used without further purification.
XT was extracted from Blumea balsanifera DC according to the literature method [9]. The
1.5 × 10−3 mol·L−1 XT stock solution was prepared in ethanol.

2.2 Methods

The UV spectra were recorded on a Cary 100 UV-Visible spectrophotometer (Varian).
Quartz curettes of 1 cm pathlengths were used. The absorbance titrations were performed
by keeping the concentration of BSA constant (4.0 × 10−6 mol·L−1) while varying the con-
centration of XT from 0 to 1.25 × 10−5 mol·L−1. An equal amount of XT was titrated into
the reference cell at the same time. Absorbance titration data were used to determine the
binding constant [10]. By assuming that there is only one type of interaction between XT
and BSA, Eqs. 1 and 2 are established

BSA + XT→
←BSA : XT (1)

K = [BSA : XT]
[BSA][XT] (2)

where K is the binding equilibrium constant.
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Let [BSA : XT] = cB, then

K = cB

(cBSA − cB) − (cXT − cB)
(3)

where cBSA and cXT are the analytical concentration of BSA and XT in the solution, respec-
tively.

According to the Lamber–Beer law, Eq. 3 can be deduced [11]:

A0

A0 − A
= εBSA

εB
+ εBSA

εBKcXT
(4)

where A0 and A are the absorbance of BSA at 279 nm in the absence and presence of XT, and
εBSA and εB are the molar extinction coefficient of BSA and the bound drug, respectively.

The double reciprocal plot of 1/(A0 −A) versus 1/cXT is linear and the binding constant
(K) can be estimated from the ratio of the intercept to the slope.

All fluorescence spectra were recorded on a RF-5310PC spectrofluorophotometer (Shi-
madzu) equipped with a xenon lamp and 1.0 cm quartz cells. Typically, 3 mL of a solution
containing an appropriate concentration of BSA was titrated by successive additions of xan-
thoxylin solution. Titrations were preformed manually by using micro syringes.

FT-IR spectra were recorded on a Perkin Elmer instrument with a germanium attenuated
total reflection (ATR) accessory, a DTGS KBr detector, and a KBr beam splitter ratio. Ref-
erence spectra (for exactly the same solution but without the protein) were recorded under
identical conditions. Second-derivative spectra were obtained with the derivative function of
the original spectra.

3 Results and Discussion

3.1 Binding Studies Using UV Absorption Spectra

UV-Vis absorption studies were performed to ascertain changes of the secondary structure of
BSA and to analyze the interaction affinity between XT and BSA. It is well known that the
absorption of a chromophore is shifted in directions and magnitudes that depend on whether
it is transferred to a more hydrophilic or more hydrophobic environment. These shifts are
ascribed to a change of π–π∗ transition brought about by changes in the polarizability of
the solvent [12, 13]. There are hypochromicities for both of the absorption bands at 210 and
279 nm (Fig. 1). The hypochromicities and blue shift from 279 to 275 nm indicate that the
environment of the tryptophanyl residues of BSA has changed, and the peptide’s strand is
extended more while the hydrophobicity decreased.

As show in Fig. 1, the absorbance at 279 nm is reduced by 50.1% when the concentration
of XT is 1.25 × 10−5 mol·L−1. The data from absorbance titrations were used to construct
the plot of 1/(A0 −A) versus 1/(cXT) (Fig. 2). The double reciprocal plot is linear and gives
a binding constant of 1.01 × 105 L·mol−1 for XT-BSA binding.

3.2 Conformation Investigation

The synchronous fluorescence spectra can provide information about the molecular mi-
croenvironment in the vicinity of the fluorophore functional groups. It is well known that
the fluorescence of BSA comes from the tyrosine, tryptophan, and phenylalanine residues.



394 J Solution Chem (2009) 38: 391–401

Fig. 1 Absorption spectra of BSA (4.0×10−6 mol·L−1) in the absence and presence of increasing amounts
of XT. From curves a to f , the concentration of XT was varied from 0 to 1.25×10−5 mol·L−1 at increments
of 2.5 × 10−6 mol·L−1

When the �λ values between the excitation and emission wavelengths were stabilized at 15
and 60 nm, the synchronous fluorescence give characteristic information about the tyrosine
and tryptophan residues, respectively [10, 14]. The shift in the position of the fluorescence
emission maximum corresponds to the changes of the polarity around the chromophore
molecule. A blue shift for λmax means that the amino acid residues are located in a more
hydrophobic environment, and are less exposed to the solvent, whereas the red shift of λmax

implies that the amino acid residues are in a polar environment and are more exposed to the
solvent [15–17].

To explore the structural change of BSA from addition of XT, we measured synchronous
fluorescence spectra of BSA with various concentrations of XT while the BSA concentra-
tion was unchanged. The synchronous fluorescence spectra were measured at �λ = 15 nm
and �λ = 60 nm. As shown in Fig. 3, the effect of XT on the fluorescence intensity of the
tyrosine (Fig. 3A) and tryptophan residues (Fig. 3B) of BSA indicated that the main con-
tributions to the fluorescence intensity of BSA resulted from tryptophan residues, because
the fluorescence intensity of the tryptophan residues was much stronger than for the tyrosine
residues. It is also observed from Fig. 3 that, upon the addition of the XT, there is an obvious
red shift of the maximum emission wavelength of the tyrosine residues from 304 to 308 nm
(Fig. 3A). On the contrary, a blue shift of the emission maximum of tryptophan residues
also occurred from 343 to 341 nm (Fig. 3B), suggesting that the interaction of BSA with
XT resulted in a more polar environment for the tyrosine residues, and a more hydrophobic
environment for tryptophan residues, which is in agreement with the result of the UV-Vis ab-
sorbance spectra. The above conclusions indicate that XT can insert into the BSA molecules
and cause molecular conformational changes for BSA.
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Fig. 2 The plot of 1/(A0 − A) versus 1/cXT for BSA-protein and BSA-XT complexes, where A0 is the
initial protein absorption band (279 nm) and A is the recorded absorption at different drug concentrations
(cXT)

FT-IR spectroscopy offers another valuable method to monitor the changes in the sec-
ondary structure of proteins [18]. In our previous research, the FT-IR spectra of XT-BSA
showed that the peak position of amide I of BSA moved from 1654 to 1656 cm−1 and the
peak position of amide II of BSA shifted from 1547 to 1549 cm−1 after addition of XT
[8]. These results indicate that XT interacts with the C=O and C–N groups in the protein
polypeptides. The interaction with XT caused rearrangement of the polypeptide carbonyl
hydrogen bonding network and also reduction of the protein α-helical structure. Accord-
ing to the curve-fitted results (Fig. 4), the secondary structure compositions of BSA in the
absence and in the presence of XT were estimated. The amount of β-sheet structure compo-
sition of BSA increased from 32.9 to 36.9%, the amount of β-turn structure increased from
12.7 to 13.9%, whereas the amount of α-helix structure decreased from 50.2 to 48.1% when
the molar concentration ratio of BSA to XT was fixed at 1:1.

3.3 Binding of Fluorescent Probes

The fluorescent probes act as specific markers for distinct binding sites for some drugs on
serum albumin. [19] An assay to determine binding sites of XT to BSA was carried out by
fluorescence displacement measurements using the following specific probes: ketoprofen
for site I [20] and ibuprofen [21] for site II. The percentage of displacement of the probe
was determined according to the method of Sudlow et al. [19]

probe displacement (%) = 102(F1/F2) (5)
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Fig. 3 Synchronous fluorescence spectra of BSA-XT: (A) �λ = 15 nm; (B) �λ = 60 nm. The BSA con-
centration was fixed at 1.0 × 10−5 mol·L−1. From a to j , the concentration of XT was varied from 0 to
4.5 × 10−5 mol·L−1 at increments of 5.0 × 10−6 mol·L−1
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Fig. 4 The curve-fit in the amide I region with secondary structure determination of the free BSA (A) and
XT-BSA complexes (B) in buffer solution in the region of 1600 to 1700 cm−1 (1.0 × 10−3 mol·L−1 BSA;
1.0 × 10−3 mol·L−1 XT) and pH = 7.40
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Fig. 5 Effect of the site maker probe on the fluorescence of BSA-XT. The concentrations of BSA and
XT were 1.0 × 10−5 mol·L−1 and 4.0 × 10−5 mol·L−1, respectively. [Q]: ", ibuprofen; �, ketoprofen.
pH = 7.40, λex = 280 nm, and λem = 344 nm

where F1 and F2 denote the fluorescence of XT plus BSA in the absence and presence of
the probe, respectively. Figure 5 showed the changes in fluorescence of XT bound to BSA
on the addition of the two probes. The relative fluorescence intensity significantly decreased
after the addition of ketoprofen but not for ibuprofen, which indicates that XT binds to the
site I of BSA.

3.4 Energy Transfer between BSA and XT

The overlap of the UV-Vis absorption spectrum of XT with the fluorescence emission spec-
trum of BSA is shown in Fig. 6. According to Förster’s non-radiative energy-transfer theory
[22], the distance between the protein residue (donor) and the bound drug (acceptor) can be
calculated by Eq. 6 [23]:

E = 1 − F

F0
= R6

0

R6
0 + r6

(6)

where E is the efficiency of energy transfer between the donor and acceptor, and R0 is
related to the properties of the donor and was calculated by the following equation

R6
0 = 8.8 × 10−25K2n−4�J (7)

where K is the orientation factor related to the geometry of the donor and acceptor and K2

is the spatial orientation factor of the dipole, n is the refractive index of the medium, � is
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Fig. 6 Spectral overlap between the absorption of XT (1.0 × 10−5 mol·L−1) and the normalized emission
of BSA (1.0 × 10−5 mol·L−1). The solid line is the emission of BSA; the dashed line is the absorption of
XT (1.0 × 10−5 mol·L−1)

the fluorescence quantum yield of the donor and J is the overlap integral of the fluorescence
emission spectrum of the donor and the absorption spectrum of the acceptor. The quantity J

is given by Eq. 8,

J = 	F(λ)ε(λ)λ4�λ

	F(λ)�λ
(8)

where F(λ) is the fluorescence intensity of the fluorescence donor at wavelength λ and
ε is the molar absorption coefficient of the acceptor at wavelength λ. In the present case,
K2 = 2/3, n = 1.36, and � = 0.15 [24]. From the data of XT, R0 was calculated to be 1.67
nm, leading to an estimate of r = 2.07 nm, the apparent distance between Trp-214 in site I
and the XT. The absolute value of the average distance r between the donor fluorophore and
the acceptor in the 2 to 8 nm range, and the fulfillment of the required condition 0.5R0 <

r < 1.5R0, converge to indicate that energy transfer from BSA to XT occurs with high
probability [25].

4 Conclusions

Under simulated physiological conditions (pH = 7.40, ionic strength 0.10 mol·L−1) in vitro,
we determined the main interaction of BSA with XT by UV-Vis absorbance spectra, FT-IR
and synchronous fluorescence spectra methods. The FT-IR results show that changes of the
microenvironment of BSA are induced by the binding of XT, with the amount of α-helix
structure decreased and the amount of β-sheet structure increased. Furthermore, according
to Förster’s non-radiative energy-transfer theory, energy transfer from BSA to XT occurs
with high probability.
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