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a b s t r a c t

Alizarin Red S (ARS), is a water-soluble, widely used anthraquinone dye synthesized by sulfonation of
alizarin. In this report, the binding of ARS to human serum albumin (HSA) was characterized by employ-
ing fluorescence, UV/vis absorption, circular dichroism (CD), and molecular modeling methods. The data
of fluorescence spectra displayed that the binding of ARS to HSA is the formation of HSA–ARS com-
eywords:
lizarin Red S
uman serum albumin
rotein unfolding

plex at 1:1 stoichiometric proportion. Hydrophobic probe 8-anilino-1-naphthalenesulfonic acid (ANS)
was employed and elucidated that the dye was located in subdomain IIIA. This phenomenon corrob-
orates the result of site-specific probe displacement experiments, which demonstrate the dye is at
indole–benzodiazepine site (Sudlow’s site II); and it is also consistent with guanidine hydrochloride
(GuHCl) induced HSA unfolding studies and molecular modeling simulations. The features of the dye,

erturb
uores
luorescence spectroscopy
olecular modeling

which led to structural p
and three-dimensional fl

. Introduction

Alizarin Red S (ARS), 1,2-dihydroxy-9,10-
nthraquinonesulfonic acid sodium salt is a water-soluble,
nthraquinone dye gained from the sulfonation of alizarin, a natu-
al dye obtained from madder and is known since third millennium
.c. [1]. ARS has been widely used in the textile industry, but it also
njoys other applications such as staining bones in mammalian
mbryos and skeletons in small invertebrate embryos. However,
RS is a recalcitrant and durable dye that is both mutagenic and
arcinogenic [1].

It is well-known that the absorption, distribution, metabolism
nd excretion (ADME) of various ligands are strongly affected by
he protein–ligand interactions in the blood plasma [2]. Charac-
erization of the molecular basis of these interactions is studied
y evaluating the binding parameters, such as binding constants,

hermodynamic functions and specific binding sites, etc. which is
ssential to understand the interactions in the biological systems
nd processes. HSA is the most abundant protein in plasma, with
concentration of about 6.0 × 10−4 M and provides about 80% of

Abbreviations: ARS, Alizarin Red S; HSA, human serum albumin; Trp, tryptophan;
rg, arginine; Tyr, tyrosine; Cys, cysteine; Phe, phenylalanine; Ser, serine; ANS, 8-
nilino-1-naphthalenesulfonic acid; GuHCl, guanidine hydrochloride; MRE, mean
esidue ellipticity; CD, circular dichroism; S.D., standard deviation.
∗ Corresponding author. Tel.: +86 10 62737071; fax: +86 10 62737071.

E-mail address: sunying@cau.edu.cn (Y. Sun).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.11.002
ations of HSA, have also been studied in detail by methods of UV/vis, CD
cence spectroscopy.

© 2010 Elsevier B.V. All rights reserved.

the blood osmotic pressure [3,4]. HSA molecule is a single chain
of 585 amino acid globular nonglycoprotein, which is composed
of three homologous �-helical domains (I, II, III), and each domain
contains ten helices, divided into a six-helix and a four-helix sub-
domains (A and B). The capability of HSA to bind aromatic and
heterocyclic ligands is largely depend on the existence of two prin-
cipal binding sites (i.e. Sudlow’s site I and site II), which are located
within specialized cavities in subdomains IIA and IIIA, respectively,
as well as some minor sites (i.e. tamoxifen and digitoxin sites)
[5,6]. Site I is known as the warfarin–azapropazone site, formed
as a pocket in subdomain IIA, and it involves the sole tryptophan
(Trp214) of the protein. Site II is known as indole–benzodiazepine
site and corresponds to the pocket of subdomain IIIA, the inte-
rior pocket comprises hydrophobic amino acid residues and the
exterior presents two important amino acid residues (Arg410 and
Tyr411) [7].

As the major soluble protein components of the circulating sys-
tem, HSA is responsible for distributing and metabolizing many
endogenous and exogenous ligands such as fatty acids, biliru-
bin, metal ions, steroids, pharmaceuticals and several dyes [8–11].
The exceptional ability of HSA to interact with these ligands is
attributed to the presence of multiple binding sites. Moreover,
the affinity of binding between the ligand and the plasma protein

can supply vital information on the pharmacological/toxicological
actions, biotransformation, biodistribution, etc. of ligands, since it
has been demonstrated that the distribution and free concentra-
tion of various ligands can be drastically changed as a result of their
binding to HSA [12,13]. Consequently, the study on the interaction

dx.doi.org/10.1016/j.jhazmat.2010.11.002
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:sunying@cau.edu.cn
dx.doi.org/10.1016/j.jhazmat.2010.11.002
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f ligand with serum albumin is of imperative and fundamental
mportance. Here, the interaction between ARS and serum albumin

as further studied using fluorescence, UV/vis, CD and molecu-
ar modeling techniques. The results have been discussed on the
inding constants, protein unfolding studies in the presence of
uHCl, the identification of specific binding sites, and the effect
f ARS on the structural changes of HSA. In addition, the exhaus-
ive binding location of ARS to HSA was also clarified via molecular

odeling approach. These discussions can serve as assistances to
etter understand the impact of ARS on serum albumin structure
nd function.

. Experimental

.1. Materials

HSA (fatty acid free < 0.05%) and ARS used in this experiment
ere purchased from Sigma–Aldrich (St. Louis, MO, USA) and
ithout further purification. All other reagents employed were of

nalytical grade and were obtained from Sigma–Aldrich. Deionized
ater was generated by a Milli-Q Plus water system from Millipore

Waltham, MA, USA). Tris (0.2 M)–HCl (0.1 M) buffer solution con-
aining NaCl (0.1 M) was used to keep the pH of the solution at 7.4.
ilutions of the HSA stock (1.0 × 10−5 M) in Tris–HCl buffer solution
ere prepared immediately before use, and the concentration of
SA was determined spectrophotometrically using E1%

1 cm of 5.30 at
80 nm [14]. The stock solution (3.0 × 10−5 M) of ARS was dissolved

n Tris–HCl buffer solution.

.2. Methods

.2.1. Steady state fluorescence measurements
Fluorescence measurements were executed with an F-4500

pectrofluorimeter (Hitachi, Japan) equipped with a 1.0 cm quartz
ell and a thermostatic bath. The HSA concentration in all the exper-
ments was 1.0 × 10−6 M. The excitation and emission slit widths

ere fixed at 5.0 nm. The excitation wavelength was set at 295 nm
o selectively excite the Trp214 residue, and the emission spectra
ere recorded in the wavelength range of 290–450 nm. Tris–HCl

uffer solutions of ARS in corresponding concentrations were sub-
racted from all measurements. The fluorescence intensities were
orrected for absorption of the exciting light and reabsorption of
he emitted light to decrease the inner filter effect using the rela-
ionship [15]:

cor = Fobs × e(Aex+Aem)/2 (1)

here Fcor and Fobs are the fluorescence intensities corrected and
bserved, respectively, and Aex and Aem are the absorption of the
ystem at the excitation and the emission wavelength, respectively.
he fluorescence intensity utilized in this paper is the corrected
ntensity.

.2.2. Site-specific probe
Binding location studies between ARS and HSA in the presence of

our site markers (phenylbutazone, flufenamic acid, digitoxin, and
emin) were performed using the fluorescence titration method.
he concentration of HSA and site markers were all stabilized at
.0 × 10−6 M, then ARS was added to site markers–HSA mixtures.
n excitation wavelength of 295 nm was selected and the fluores-
ence emission spectra of HSA were collected.
.2.3. Hydrophobic probe displacement
In the first series of experiments, HSA concentration was

ept fixed at 1.0 × 10−6 M, and ARS/ANS concentration was var-
ed from 2.5 to 22.5 × 10−8 M, HSA fluorescence was measured
aterials 186 (2011) 352–359 353

(�ex = 295 nm, �em = 332 nm). In the second series of experiments,
ARS was added to solutions of HSA and ANS held in equimolar
concentrations (1.0 × 10−6 M), and the concentration of ARS was
also varied from 2.5 to 22.5 × 10−8 M, the fluorescence of ANS was
registered (�ex = 370 nm, �em = 465 nm).

2.2.4. Molecular modeling
Molecular modeling of the HSA–ARS interaction was oper-

ated on SGI Fuel Workstation. The crystal structure of HSA
(entry codes 1HK4, resolution 2.4 Å) was downloaded from the
Brookhaven Protein Data Bank (http://www.rcsb.org/pdb). The
two-dimensional (2D) structure of ARS was downloaded from
PubChem (http://pubchem.ncbi.nlm.nih.gov). The potential of the
three-dimensional (3D) of HSA was assigned according to the
AMBER force field with Kollman all-atom charges. The initial struc-
ture of ARS was generated by molecular modeling software Sybyl
7.3. The geometry of the molecule was subsequently optimized to
minimal energy using the Tripos force field with Gasteiger–Hückel
charges, and the Surflex docking program was applied to calculate
the possible conformation of the ligand that binds to the protein
[16].

2.2.5. UV/vis absorption spectra
UV/vis absorption spectra were recorded on a Lambda-25

double-beam spectrophotometer (Perkin-Elmer, USA) at room
temperature in the range 200–300 nm using a quartz cell with
1.0 nm path length.

2.2.6. CD spectra
CD spectra were collected with a Jasco-810 spectropolarimeter

(Jasco, Japan) using a 0.2 cm path length quartz cuvette. Measure-
ments were taken at wavelengths between 200 and 260 nm with
0.1 nm step resolution and averaged over five scans recorded as a
speed of 50 nm min−1. All observed CD spectra were baseline sub-
tracted for buffer and the results were expressed as mean residue
ellipticity (MRE) in deg cm2 dmol−1 which is defined as

MRE = �obs

10 × n × l × Cp
(2)

where �obs is the CD in millidegree, n is the number of amino acid
residues (585), l is the path length of the cuvette, and Cp is the HSA
molar concentration. �-helical content was calculated on the basis
of change of MRE values at 208 nm using the following equation as
described by Greenfield and Fasman [17]:

%˛-helix = MRE208 − 4000
33, 000 − 4000

(3)

2.2.7. Three-dimensional fluorescence spectra
Three-dimensional fluorescence spectra were scanned under

the following conditions: the emission wavelength was recorded
between 200 and 500 nm, the initial excitation wavelength was set
to 200 nm with increment of 10 nm, the number of scanning curves
was 16, and other scanning parameters were identical to those of
the fluorescence emission spectra.

3. Results and discussion

3.1. Dye–HSA binding determination

3.1.1. Steady state fluorescence

Fluorescence gives information about the accessibility of ligands

to the fluorophores of protein. Changes in the fluorescence emis-
sion spectra of fluorophores are common in response to protein
conformational changes, subunit association, substrate binding, or
denaturation [15]. Fig. 1 shows the raw data for quenching of HSA

http://www.rcsb.org/pdb
http://pubchem.ncbi.nlm.nih.gov/
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Table 1
Quenching constants and binding parameters for the interaction of ARS with HSA.

T (K) KSV
a (×105 M−1) kq (×1013 M−1 s−1) Kb (×105 M−1) n �G◦ (kJ mol−1)

298 4.86 4.86 4.613 0.99 −32.31
302 4.36 4.36 3.945 0.99 −32.35
306 3.67 3.67
310 3.01 3.01

a The mean value of three independent experiments with standard deviation (S.D.) ± 0
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Fig. 1. Fluorescence emission spectra of HSA concentration 1.0 × 10−6 M in Tris–HCl
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t 295 nm. The ARS concentration was 0, 2.5, 5.0, 7.5, 10.0, 12.5, 15.0, 17.5, 20.0,
2.5 × 10−8 M from (a) to (j), (×) 22.5 × 10−8 M ARS. The inset corresponds to the
hemical structure of ARS.

rp214 residue fluorescence at pH 7.4 with the addition of ARS, and
his caused a gradual decrease in the fluorescence emission spectra
f HSA, without changing the emission maximum and shape of the
eaks. These observations indicated that there were interactions
etween ARS and HSA [18]. To further elucidate the fluorescence
uenching mechanism, Stern–Volmer equation was utilized for the
uorescence data process [19]:

F0

F
= 1 + KSV[Q ] = 1 + kq�0[Q ] (4)
n Eq. (4), F0 and F are the fluorescence intensities in the absence
nd presence of quencher, respectively, KSV is the Stern–Volmer
uenching constant, kq is the bimolecular quenching constant, �0

s the lifetime of the fluorophore in the absence of quencher (10−8 s
15]), and [Q] is the concentration of quencher. KSV was acquired
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ig. 2. Stern–Volmer plots describing Trp quenching of HSA in the presence of dif-
erent concentrations of ARS. Each data point was the mean of three independent
bservations ± S.D. ranging 0.1–0.2%.
3.221 0.98 −32.27
2.449 0.98 −31.98

.12–0.95%.

from the slope of linear regression of a plot of F0/F versus [Q]. Fig. 2
displays the Stern–Volmer plot for the HSA fluorescence quench-
ing by ARS, the Stern–Volmer plot does not show deviation from
linearity toward the y-axis at high ARS concentrations. On the con-
trary, it exhibits a good linearity and the quenching constants KSV
and kq were collected in Table 1. The value of kq is 1.0 × 103-fold
higher than the maximum value for diffusion-controlled quench-
ing in water (∼1010 M−1 s−1 [15]), which implies that there was a
non-fluorescent complex formation between ARS and HSA (static
mechanism).

3.1.2. Binding analysis
When ligand molecules that binds independently to a set of

equivalent sites on a macromolecule, the equilibrium between free
and bound molecules is given by the following equation [20]:

log
F0 − F

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

where F0 and F are the fluorescence intensities in the absence and
presence of quencher, Kb and n are the binding constant and the
number of binding site, [Q] is the concentration of quencher. Hence,
Eq. (5) was applied to determine Kb and n by a plot of log(F0–F)/F
against log[Q], and the standard free energy change �G◦ of the dye
binding to HSA was calculated from the relationship:

�G◦ = −RT ln Kb (6)

where Kb is the binding constant and R is the gas constant, the val-
ues of Kb, n, and �G◦ thus determined and also listed in Table 1. It
was found that the binding constant Kb decreased with an increase
in temperature, resulting in the destabilization of the HSA–ARS
complex. Furthermore, the number of binding site n approximately
equal to 1 indicated there is merely a single binding site in HSA
molecule for ARS [21]. The results of this aspect are discussed in
the next section.

3.1.3. Stoichiometric analysis
The stoichiometry of HSA–ARS interaction was determined by

the method of Job’s plot analysis (also known as the method of
continuous variation) [22]. It is a very useful method for the char-
acterization of complex formed by an interaction of two species.
In this method, the molar fractions of ARS and HSA were varied
while keeping the total concentration (c(dye) + c(HSA)) constant,
the fluorescence intensity was measured (�F = FHSA − Fdye+HSA) and
plotted versus the ARS molar fraction (XLigand). The results showed
that the cross point between the two straight lines occurs at a molar
fraction (Xdye) around 0.5, which suggests that the stoichiometric
proportion of HSA:ARS at 298 K and pH 7.4 is 1:1 (Fig. 3).

3.2. Allocation of binding site

3.2.1. Effect of guanidine hydrochloride (GuHCl)
After finding the interaction between HSA and ARS, the exper-
iment of GuHCl induced unfolding of HSA was employed to
characterize the ARS binding location in HSA molecule. Ahmad et al.
[23] examined the GuHCl induced unfolding of HSA and found that
at 1.4 M GuHCl, only domain III is completely unfolded, the presence
of a molten globule-like state of domain III around 1.8 M GuHCl. This
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Table 2
The binding constants of competitive experiments of HSA–ARS system.

Site marker K ′
b

a (×105 M−1) Rb

Phenylbutazone 4.667 0.9993
Flufenamic acid 0.5943 0.9996
Digitoxin 4.131 0.9985
XLigand, molar fraction

ig. 3. Job’s plot of fluorescence intensity changes as a function of molar fraction of
RS, pH 7.4, T = 298 K.

onclusion has been verified by Galantini et al. [24], who exploited
small-angle X-ray scattering and light scattering methods to dis-

uss the unfolding pattern of fatted and defatted HSA, in denaturing
onditions induced by GuHCl. In this work, samples of different
uHCl concentrations were titrated with 6.0 M GuHCl stock solu-

ion and Tris–HCl buffer of pH 7.4. The final solution mixture was
ncubated with 1.4 M and 1.8 M GuHCl for 12 h at room tempera-
ure before fluorescence measurements. Based on Eq. (5), when the
omain III is entirely unfolded, the binding constant between HSA
nd the dye drastically reduced (), particularly at 1.8 M GuHCl (), the
olten globule-like state. Therefore, the outcomes of the denatu-

ation of HSA induced by GuHCl strongly evidenced that unfolding
f domain III remarkably affects the binding of ARS to HSA, namely,
he dye bind predominantly to the region of HSA.

.2.2. Hydrophobic probe ANS
Fluorescence dye 8-anilino-1-naphthalenesulfonic acid (ANS)

s sensitive to microenvironmental changes and can examine the
tructure and interactions of proteins, so it has been utilized to
rovide information on all the hydrophobic binding sites in HSA
olecule [25]. In order to further understand the nature of the
nteraction between ARS and HSA, binding studies were carried
ut in the presence of ANS under identical conditions. The relative
uorescence intensity (F/F0) versus ligand concentration ([Ligand])
lots is shown in Fig. 4. At a ligand concentration of 22.5 × 10−8 M,

F
 / 
F

0

0 5 10 15 20 25
0.0

0.2

0.4

0.6

0.8

1.0

1.2

[Ligand] (10-8 M)

ig. 4. Fluorescence quenching profile of HSA and HSA–ANS mixture. Binding
sotherm of ARS (�) and ANS (�) induced quenching of HSA fluorescence and
uenching of HSA–ANS mixture fluorescence by ARS (�); pH 7.4, T = 298 K.
Hemin 4.083 0.9995

a The mean value of three independent experiments with S.D. ± 0.8–2.8%.
b R is the correlation coefficient.

both ARS and ANS had a similar quenching effect on HSA fluores-
cence, which indicated that ARS and ANS are bound to the same
hydrophobic cavity of HSA.

The dye, ARS, when added to HSA–ANS mixture, can compete
with ANS for hydrophobic portion, and therefore the fluorescence
intensity should decrease (Fig. 4). The reason is that ANS is essen-
tially non-fluorescent when in aqueous solution, but it will become
highly fluorescent in non-polar solvents or when it is bound to pro-
teins [26]. Furthermore, Stryer first reported [27] that the quantum
yield of ANS is about 0.002 in aqueous buffer, but near 0.4 when
bound to albumin, with almost no contribution to the unbound
probe, and the use of ANS is proposed as a hydrophobic probe for
the study of their environment polarity and the hydrophobic site
in a given protein. Although still partly controversial, consensus
exists today that there are four hydrophobic binding sites for ANS
association with HSA, but preferentially at a site in subdomain IIIA
[14,28–30]. In this work, ANS strongly quenches the fluorescence
of HSA, indicates that the binding site for ANS is in this high-affinity
site (subdomain IIIA). Also, approximately 40.13% displacement of
ANS fluorescence confirms that ARS and ANS share a common site
in HSA, that is, Sudlow’s site II (subdomain IIIA).

3.2.3. Site-specific probe
In order to further identify ARS binding sites on HSA, site marker

competitive experiments are conducted by using drugs specifically
bind to a know site or region on HSA. The first crystallographic
analyses of HSA [31] revealed that it comprises three structurally
homologous domains (I, II, III): I (residues 1–195), II (196–383),
III (384–585), each of which is composed of two subdomains (A
and B) and is stabilized by 17 disulfide bonds and 1 free thiol
at Cys34. HSA is known to contain two major binding regions for
ligands, namely, Sudlow’s site I and site II. Site I shows affinity
for bulky heterocyclic anion with a negative charge localized in
the middle of the molecule [7]. Drugs binding in site I include
warfarin, indomethacin, phenylbutazone and azapropazone. While
ligands bind to site II are aromatic carboxylic acids with negatively
charged acidic group at the end of the molecule, such as ibuprofen,
diazepam, flufenamic acid and propofol [32].

Shortly afterwards Sjöholm et al. [33] pointed out that digitoxin
binding in HSA is sovereign of Sudlow’s site I and II, and perch on
what was nominated as site III. In this research, the competitors
used included phenylbutazone, a characteristic marker for site I,
flufenamic acid for site II, digitoxin for site III, and hemin for domain
I. According to the experimental protocol, the binding constants in
the presence of the site markers were evaluated exploiting Eq. (5).
The K ′

b values are obtained directly from the intercept of Eq. (5) for
all systems which have a linear graphic are summarized in Table 2.
The results signify that the binding constant of the HSA-flufenamic
acid system was almost 12.88% of that without flufenamic acid,
while the other HSA–site marker system has only a small differ-
ence. The observation verifies that the binding of ARS to HSA is

chiefly located within domain III, Sudlow’s site II. This result cor-
roborates with the GuHCl induced denaturation of HSA and ANS
displacement experiments, and is also consistent with molecular
modeling simulations below.
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3.3. Molecular modeling

To obtain more insight into the ARS interaction with HSA, molec-
ular modeling simulations were applied to examine the binding
of ARS at the active site of HSA. The best docking energy result is
shown in Fig. 5(A). It can be seen that ARS was situated within sub-
domain IIIA in Sudlow’s site II formed by six-helices, and Tyr411,
Phe488 residues terminal benzene ring can make hydrophobic
interactions with anthracene ring of ARS (Fig. 5(B)). The interactions
between ARS and HSA are not exclusively hydrophobic interactions
in nature because there are three polar residues (Arg410, Tyr411 and
Ser489) in the vicinity of the bound ligand, acting a considerable
role in stabilizing ARS by hydrogen bonds interactions (Fig. 5(C)).
For example, Arg410 is in an appropriate position involved in mak-
ing hydrogen bonds with oxygen atom of the sulfo group side chain
in ARS. The phenomenon manifested that the formation of hydro-
gen bonds acts as an “anchor”, which extremely determines the
three-dimensional space position of ARS in the subdomain IIIA,
and stimulates the hydrophobic interactions of the anthracene ring
with the side chain of HSA [34]. In addition, there is a hydrophobic
cavity at the bottom of subdomain IIIA, and the anthracene ring of
ARS also has a tendency to conjugate with the cavity via hydropho-
bic interactions (Fig. 5(D)). The above docking results and analyses
certify the denaturation of HSA through GuHCl and fluorescence
probes studies, which place the ARS molecule at subdomain IIIA,
and suggest structural changes of HSA upon interaction with ARS.

It is noteworthy that HSA contains a single Trp214 residue in
domain II, in order to acquire information regarding the microen-
vironment of this residue, fluorescence emission spectra were
measured after excitation at 295 nm (to favor Trp excitation) [15].
In this study, the GuHCl induced unfolding of HSA, fluorescence
probes studies and molecular modeling results demonstrate the
binding of ARS to HSA principally situated within subdomain IIIA.
The observed phenomena could be explained with the fact that
subdomain IIA and IIIA share a common interface, the helices of sub-
domain IIIA being very closely to those of subdomain IIA, and ARS
in Sudlow’s site II could be adjacent to Trp214 than in subdomain
IIA [4,35], consequently, this finding provided a good structural
basis to explain the very efficient fluorescence quenching of Trp214

emission in the presence of other ligand which has analogous con-
figuration with ARS.

3.4. Alterations of HSA secondary structure

3.4.1. UV/vis absorption spectra
UV/vis absorption measurement is a very simple method

and applicable to explore the structural changes. Fig. 6 shows
the UV/vis absorption spectra of HSA from 200 to 300 nm in
Tris–HCl buffer in the presence of various ARS concentrations.
As can be seen from Fig. 6, ARS was almost non-UV absorp-

tion under the presence conditions. HSA has a strong absorption
peak at 208 nm, which represents the content of �-helical struc-
ture of HSA, and the absorbance of HSA at 208 nm decreased
with the addition of ARS. The reason may stem from the interac-

Fig. 5. Molecular modeling of ARS bound HSA. Panel (A) shows docked ARS into HSA
at subdomain IIIA. Subdomain IIIA of HSA, represented in surface colored in green,
to ARS, represented in stick, colored as per the atoms. Panels (B) and (C) depict the
amino acid residues involved in binding of ARS. The residues of HSA around ARS
have been displayed in red color. Grey color stick model shows the ARS molecule.
The hydrogen bonds between HSA and ARS represented using yellow dash line. Panel
(D) displays the vertical view of HSA subdomain IIIA. Subdomain IIIA, represented
in surface colored in green, to ARS, represented in surface colored in khaki. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.).
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T = 298 K.
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ion between HSA and ARS, and led to the structural alterations
f HSA.

.4.2. CD spectra
To further investigate the structural changes of HSA were asso-

iated with the ARS, CD spectra of HSA were recorded with and
ithout the addition of ARS. Fig. 7 expresses raw CD spectra from

he range of 200–260 nm for the HSA samples in the absence and
resence of ARS. The CD spectra of HSA exhibited two negative
ands in the UV region at 208 and 222 nm, which are typical
eatures of an �-helical protein structure [36]. A reasonable expla-
ation is that the negative peaks between 208 and 209 nm and 222
nd 223 nm are both contributed by n → �* transition for the pep-

ide bond of �-helix [17]. Moreover, the CD spectra of HSA in the
resence and absence of ARS were similar in shape, which inter-
rets that the structure of HSA was also predominantly �-helix. The
ddition of ARS to HSA induced only a decrease with the negative
otton effect and without any evident shift of the peaks, revealed

able 3
hree-dimensional fluorescence spectral characteristic parameters of HSA and HSA–ARS

Peaks HSA

Peak position �ex/�em (nm/nm) Stokes �� (nm) Inte

Rayleigh scattering peaks 250/250 → 350/350 0 383
Fluorescence peak 1 280.0/329.0 49.0 488
Fluorescence peak 2 230.0/320.0 90.0 389
Fig. 8. Three-dimensional fluorescence contour map of HSA (a) and the HSA–ARS
mixture (b). (a): c(HSA) = 1.0 × 10−6 M, c(ARS) = 0; (b): c(HSA) = 1.0 × 10−6 M,
c(ARS) = 5.0 × 10−8 M; pH 7.4, T = 298 K.

the slight changes in the protein secondary structure. The �-helical
content of HSA was calculated from Eq. (3), and the results dis-
played a reduction of �-helical structures from 45.37% to 40.67%
and 36.93% at a molar ratio of HSA to ARS of 1:1 and 1:2, respec-
tively, illustrating the destabilization of HSA secondary structure
on HSA–ARS association reaction [37].

3.4.3. Three-dimensional fluorescence spectra
Additional evidence of structural changes of HSA upon the

addition of dye was verified by three-dimensional fluorescence
spectroscopy. Fig. 8 shows the three-dimensional fluorescence con-
tour map obtained of HSA at pH 7.4 with the addition of ARS as
quencher, and Table 3 summarizes the corresponding characteris-
tic parameters. Peak a (�ex = �em) is the Rayleigh scattering peak,
peak b (�em = 2�ex) is the second-order scattering peak, and the flu-
orescence intensities of the two peaks increased with the addition

of ARS. The reason is that a HSA–dye complex come into being after
the addition of dye, it makes the diameter of the macromolecule
increased, and therefore leads to an enhanced scattering effect.
Peak 1 (�ex = 280.0 nm, �em = 329.0 nm) chiefly reveals the spectral
characteristic of Tyr and Trp residues, because HSA is excited at

mixture.

HSA–ARS

nsity F Peak position �ex/�em (nm/nm) Stokes �� (nm) Intensity F

.0 → 536.6 250/250 → 350/350 0 460.5 → 643.7

.7 280.0/329.0 49.0 465.4

.6 230.0/320.0 90.0 346.2
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80 nm, it mainly shows the intrinsic fluorescence of Tyr and Trp
esidues, and the phenylalanine (Phe) residue fluorescence can be
egligible [15]. Peak 2 (�ex = 230.0 nm, �emv = 320.0 nm) is primar-

ly caused by the transition of P → P* of HSA, and it displays the
uorescence spectral behavior of the polypeptide chain backbone
tructure C O. Analyzing from the intensity changes of peak 1 and
, they decreased obviously but to a different extent: the inten-
ity of peak 1 has been quenched of 4.77%, while peak 2 of 11.14%.
he decrease of the intensity of the two peaks in combination with
he UV/vis and CD results indicated that the binding of ARS to HSA
nduced the slight unfolding of the polypeptide chain of protein,
esulted in the structural changes of HSA and increased the expo-
ure of some hydrophobic portions which were previously buried
38]. From the above results, it was apparent that the effect of ARS
o HSA aroused some microenvironmental and structural changes
f the protein.

. Conclusions

In a word, the upshots of this task evidently declare that the
inding of ARS to HSA was the formation of HSA–ARS complex
ith a binding constant of 105 M−1, and having the stoichiometry

f 1:1. Based on GuHCl evoked HSA unfolding experiments, domain
II was assigned the high-affinity site for the binding of ARS on
SA. This was confirmed by ANS displacement, site-specific probes,
nd molecular modeling studies, which found that flufenamic acid,
s marker ligand of Sudlow’s site II (indole–benzodiazepine site),
ompeted with ARS for this site. Into the bargain UV/vis, CD and
hree-dimensional fluorescence spectra suggested that the bind-
ng of ARS to HSA caused some structural changes of HSA. Even
hough our works do not correlate directly in vivo bioassay, it
ends significant insight to the interactions of the protein with
oxic anthraquinone dye. Since HSA is the key carrier for ligands
n blood, under physiological conditions, to transport this toxic
ompound to the target tissue, where it elicits its toxicological
ction.
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