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A convenient method is proposed for precise investigation of the asynchronous structural transition of
the domains in bovine serum albumin (BSA) during unfolding process. The method is based on a site-
selective probe, alizarin red S (ARS), which has a high affinity to the subdomain IIA of BSA. BSA–ARS
complex was formed and gradually unfolded by urea from 0 to 8.0 M. The unfolding occurred in different
domains of BSA resulted in distinct alterations of the microenvironment of the bound ARS. The spectral
response of BSA–ARS complex, including the color, the UV absorption at 530 and 432 nm, and the intrinsic
ovine serum albumin
lizarin red S
synchronous unfolding
isualization
lectrochemistry

fluorescence at 342 and 310 nm with the excitation wavelength of 280 nm, showed slight changes in the
urea concentration from 0 to 4.5 M, drastic changes from 4.5 to 6.0 M, and almost no changes from 6.0 to
8.0 M. The redox behavior of bound ARS between 0.3 and 0.8 V also showed the same trend. Consequently,
a two-step, three-state transition process was monitored by naked eyes, UV–vis spectroscopy and elec-
trochemistry. It is the first report to realize the indicator of the intermediate state during the unfolding

nven
ion o
process of BSA through co
method for the investigat

. Introduction

The three-dimensional structure of a protein is responsible for
ts biological activity. Structural alterations, namely the unfold-
ng or denaturation of proteins, frequently result in the loss of
ctivity and a wide range of diseases [1,2]. Therefore, the precise
nd convenient elucidation of the folding/unfolding of a protein,
specially the complex protein contains multidomain structures in
hich each domain can unfold dependently or independently, is of

reat biological importance and one of the principal challenges for
odern biophysics [3,4].
Bovine serum albumin (BSA) is one of the most extensively stud-

ed plasma proteins due to its structural homology with human
erum albumin (HSA), which plays an important role in the trans-
ort and deposition of endogenous and exogenous ligands in bovine
lood, is a typical cofactor-free protein with multidomain struc-
ure [5]. As shown in Scheme 1, BSA consists of three homologous
omains (I, II, and III) and each domain contains two subdomains

A and B) [6,7]. The domains were reported to have different labil-
ty to unfolding [8]. Therefore, the conformational changes of the
omains in BSA are not synchronous, which makes the unfolding
rocess of BSA more complex. A large variety of techniques have

∗ Corresponding authors. Tel.: +86 020 84114919; fax: +86 020 84112901.
E-mail addresses: wuhai317@126.com (H. Wu), daizong@mail.sysu.edu.cn

Z. Dai), ceszxy@mail.sysu.edu.cn (X. Zou).

039-9140/$ – see front matter. Crown Copyright © 2011 Published by Elsevier B.V. All ri
oi:10.1016/j.talanta.2011.02.027
ient methods instead of expensive approaches. The work provides a facile
f the unfolding process of multidomain proteins.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

been developed to probe the folding/unfolding of BSA, such as fluo-
rescence [9], circular dichroism (CD) [10], dynamic light scattering
[11], UV–vis absorption [12], Fourier transform infrared [13], small-
angle X-ray scattering [14], Raman [15], mass spectroscopy [16],
nuclear magnetic resonance (NMR) [17], and electrochemistry [2].
Most of them only proposed a two-state transition [14–16]. The
characterization of the intermediate state involved in the unfolding
pathway of BSA is extremely difficult due to the lack of appropri-
ate probes and methods [3]. Although three-state transition was
revealed by CD and NMR, they are expensive and need exten-
sive technical knowledge [17–19]. UV–vis spectroscopy is a very
flexible technique that does not have special requirements. Elec-
trochemical methods are also low cost, facile operation, rapidity
with high sensitivity in probing the kinetic and thermodynamic
information on protein unfolding [20,21]. However, because BSA
has neither visible absorption nor redox-active cofactors, the elu-
cidation of the folding/unfolding of BSA using UV–vis spectroscopy
and electrochemistry is faint. Guo et al. [20] and Ahmad et al. [12]
successively investigated the urea-induced unfolding of BSA by
electrochemistry and UV difference spectroscopy respectively, but
the intermediate state during the unfolding process is obscure.

Herein, the asynchronous structural transition of the domains

in BSA during unfolding process was conveniently investigated by
naked eyes, UV–vis spectroscopy and electrochemistry using a site-
selective probe. Alizarin red S (ARS, Scheme 1) was selected as
a site-selective probe to monitor the unfolding processes of BSA.
The interaction parameters between ARS and BSA, including the

ghts reserved.
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0.2 mM ARS in 0.1 M acetate buffer solution (pH 5.05) was scanned
cheme 1. Chemical structure and schematic domains of bovine serum albumin
ith tryptophan residues and the three-dimensional structure of alizarin red S.

inding constant, binding number, and binding mode, has been
horoughly explored by fluorescence, UV–vis spectroscopy and lin-
ar sweep voltammetry due to its possible cancer induction [22,23].
he exact binding site and binding process of ARS to BSA in view
f the secondary structure of BSA has also been identified. Accord-
ng to fluorescence quenching techniques, ARS specifically binds to
he subdomain IIA of BSA with the main acting forces of hydro-
en bonds and van der Walls forces during the binding process
see details in SI, Figs. S1–S3). The formation of BSA–ARS complex
aused the color change of solution from yellow to pinkish-red. As
RS located in domain II of BSA, the unfolding occurred in different
omains caused different alterations of the microenvironment of
RS, resulting in distinguishable color changes. The conformational
hanges of domain III caused the rearrangement of domains I and II.
he slight alteration of the microenvironment of ARS in domain II
ade the color of BSA–ARS become darker. In contrast, the unfold-

ng taking place in domain II directly exposed the bound ARS to
enaturing solution, causing the dissociation of ARS from BSA–ARS
omplex by the competition between denaturant and ARS. Thus,
he original color of ARS was found in the bulk solution. Conse-
uently, the dependent unfolding of the domains of BSA induced
y denaturant was easily identified from the color change of bulk
olution. Furthermore, because of the electroactivity of ARS, the
hanges in the microenvironment surrounding ARS caused differ-
nt electrochemical responses, which allowed the investigation of
he unfolding process of BSA through electrochemical technique.
o our knowledge, it is the first report to realize the indicator of
he intermediate state during the unfolding process of BSA through
he convenient methods of naked eyes, UV–vis spectroscopy and
lectrochemical techniques, instead of expensive approaches. The
ork provides a facile method for the investigation of the unfolding
rocess of multidomain proteins.

. Materials and methods

.1. Reagents and materials

BSA (MW 67000) and ARS were obtained from Sigma and used
ithout further purification. All other chemicals were of analyt-

cal reagent grade and used as received. Acetate buffer solution

0.1 M) was prepared by mixing a stock solution of 0.2 M acetic acid,
odium acetate and sodium chloride, and the pH was adjusted to
.05. Double-distilled water was used throughout. Aqueous solu-
ions were prepared at ambient temperature.
 (2011) 881–886

2.2. Urea-induced unfolding of BSA–ARS

ARS was added dropwise into BSA solution in the molar ratio
1.5:1 to result in the formation of BSA–ARS complex. The solution
of the complex was dialyzed to remove free ARS for 90 h in acetate
buffer solution (0.1 M, pH 5.05) and the acetate buffer solution
was refreshed once per 12 h. Then the same amount of BSA–ARS
complex solution was added into the urea solutions with different
concentrations for 12 h at 4 ◦C.

2.3. Apparatus and measurements

UV measurements were performed on a UV-3150 spectropho-
tometer (Shimadzu) using 1.0 cm quartz cells. Fluorescence spectra
between 290 and 450 nm were recorded on a RF-5301PC spec-
trophotometer (Shimadzu) with a 1.0 cm quartz cuvette. The slit
widths and the excitation wavelength were 5/5 nm and 280 nm,
respectively.

Electrochemical experiments were performed with a CHI660C
electrochemical workstation (Chenghua, Shanghai, China)
equipped with a conventional three-electrode system. A glassy
carbon electrode (GCE), 3 mm in diameter, was used as working
electrode. A platinum wire and a Ag/AgCl electrode (3 M KCl)
were used as counter and reference electrodes, respectively. Cyclic
voltammetry was performed in the potential range from 0.8 to
0.3 V at a scan rate of 100 mV s−1. All experiments were carried out
at room temperature.

Circular dichroism (CD) measurements were carried out with a
J-810 spectrometer in quartz cells (Tokyo, Japan). The CD spectra
of ARS bound to BSA were recorded over a wavelength range of
200–250 nm with a scan speed of 50 nm min−1 and a band width
of 1.0 nm. Each CD spectrum was the average of three scans. BSA
was in pH 5.05 hydrochloric acid containing 0.1 M NaCl instead of
acetate buffer solution in order to avoid the high absorbance of
acetic acid in far ultraviolet.

3. Results and discussions

3.1. The specific interaction between ARS and BSA

ARS is an anthraquinone pigment with high affinity to BSA,
which has both UV–vis adsorption and electroactivity and has the
potential application as a visible and electrochemical probe for
tracking the conformational transition of BSA.

As shown in Fig. 1Aa, 2.0 �M BSA in 0.1 M acetate buffer solution
(pH 5.05) showed no UV–vis absorption from 300 to 700 nm, while
ARS showed an obvious absorption peak at 422 nm (Fig. 1Ab), which
was attributed to the absorption of anthraquinone chromophore.
With the addition of BSA into ARS solution, a dramatic decrease
of absorbance occurred with a red shift of absorption peak from
422 to 433 nm, and a new absorption peak at 535 nm appeared
and increased gradually. A distinct isosbestic point was observed at
461 nm. The results indicate that a new complex forms in solution
after the addition of BSA into ARS solution. The color of solution
changed from yellow (ARS alone) to pinkish-red (BSA-ARS com-
plex) (a and b in Fig. 1B).

Similar as UV–vis, the cyclic voltammograms (CVs) of ARS
clearly showed the changes of its electroactivity during the for-
mation of BSA–ARS complex with the addition of BSA. As shown in
Fig. 1C, a pair of redox peaks were observed from 0.3 to 0.8 V when
electrochemically at GCE (Fig. 1C, curve a). According to the previ-
ous reports [24,25], the couple of redox peaks are assigned to the
redox reaction of the side anthraquinone functionality of ARS. After
additions of different concentrations of BSA into the ARS solution,
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ig. 1. (A) UV–vis spectra of 2.0 �M BSA (a) and 60.0 �M ARS (b) in 0.1 M acetate buff
olors of 60.0 �M ARS (a), 60.0 �M ARS in the presence of 68.0 �M BSA (b), and 60.0
oncentration of BSA in 0.1 M acetate buffer solution (pH 5.05) 0.2 mM ARS (a); 0.2

he redox currents of ARS decreased significantly (Fig. 1C, curves
–e). According to Li et al. [26], the formation of a nonelectroactive
omplex between ARS and BSA resulted in the decrease of the peak
urrents of ARS.

As ARS specifically binds to BSA at subdomain IIA mainly
hrough hydrogen bonds and van der Walls forces, the unfolding
f BSA induced by denaturants, such as urea, acid and etc., changes
he microenvironment surrounding the bound ARS and even disso-
iates ARS from BSA–ARS into bulk solution. Therefore, the change
f spectral and electrochemical behaviors is in accordance with that
f the color from the solution of BSA–ARS back to ARS. As shown in
ig. 1B, with the addition of urea to BSA–ARS complex solution, the
inkish-red color turned to orange gently (Fig. 1Bc, the color of ARS

n urea is orange due to the increase of solution polarity). The results
learly indicate the possibility of investigation of BSA unfolding by
isible, UV–vis spectral and electrochemical techniques.

It is known that the interaction between small molecules and
roteins will cause the conformational changes of proteins [27].
herefore, the secondary and tertiary structures of BSA after inter-
cted with ARS were evaluated by far-UV CD and fluorescence
pectra. Fig. 2A shows the CD spectra of BSA in the presence of
RS. Two negative peaks at 222 and 208 nm, which are assigned to

he n–�* transition of the carbonyl group and the parallel exactions
f the �–�* transition of peptide, respectively [28,29], were found
o typically characterize the �-helices content of BSA. The nega-
ive peaks decreased slightly with the addition of ARS up to 2.0 �M
Fig. 2A), suggesting that the secondary structure was not greatly
ffected. Furthermore, the emission spectra of BSA decreased with
o change in the maximum emission wavelength with the addi-
ions of ARS (Fig. 2B), indicating that the microenvironment of
ryptophan (Trp) residues in BSA were not changed significantly.
he tertiary structure of BSA remained unaltered after the bind-
ng of ARS [7,30]. Therefore, the three-dimensional structure of
SA–ARS complex was similar as that of BSA, and the unfolding
rocess of BSA–ARS can be used to represent the unfolding of BSA.

.2. Visible investigation of the urea-induced unfolding of
SA–ARS complex

Fig. 3 shows the changes of the UV–vis absorbance and the colors
f BSA–ARS solution with the addition of urea from 0 to 8.0 M. When
he concentration of urea increased from 0 to 4.0 M, the UV–vis

bsorbance at 530 nm increased, while the absorbance at 432 nm
ept constant (a and b in Fig. 3A, and Fig. S5). Correspondingly,
he pinkish-red color of BSA–ARS solution became darker gradually
from a to c in Fig. 3B). The results indicate that the domain III of BSA
nfolds under these conditions. Because the stability of the domain
tion (pH 5.05) upon the additions of BSA from 2.0 to 68.0 �M. (B) The corresponding
RS in acetate buffer solution containing 6.0 M urea (c). (C) CVs of ARS with different
RS in the presence of 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09 mM BSA (b → I).

III was lower than that of the domains I and II, the domain III was
unfolded firstly under the inducement of urea, resulting in a partial
loss of the native conformation of domain I, and a rearrangement of
domains II and I [8]. The binding of ARS to the subdomain IIA of BSA
was consequently improved, causing the increase of the absorbance
of BSA–ARS complex. When the concentration of urea was in the
range of 4.5–6.0 M, the UV–vis absorbance at 530 nm decreased,
while the absorbance at 432 nm increased obviously (a and b in
Fig. 3A). The color of BSA–ARS solution turned to orange (d and e
in Fig. 3B), which was the color of ARS alone. The results suggested
that the domain II of BSA started to unfold, causing the exposure
of ARS to urea solution. The competitive hydrogen bond interac-
tions between urea and ARS made ARS dissociate from BSA–ARS
complex, leading to the loss of BSA–ARS complex and the increase
of free-ARS in bulk solution. After the concentration of urea was
higher than 6.0 M, no obvious absorbance change at 530 and 432 nm
were observed (a and b in Fig. 3A, and Fig. S5), and the color of the
solution fully changed into orange (f in Fig. 3B), which was exactly
the same as that of ARS in 6.0 M urea (c in Fig. 1B). The results
indicate that the total dissociation of ARS from BSA–ARS com-
plex achieves and BSA is completely unfolded by urea. Therefore,
the unfolding of BSA experienced an initial unfolding of domain
III, followed with the rearrangement of domain I and II, and final
unfolding of domain II. A two-step, three-state transition process
was verified.

3.3. Electrochemical investigation of the urea-induced unfolding
of BSA–ARS complex

BSA is a typical non-hemoprotein, which makes the elec-
trochemical investigation of its unfolding extremely difficult.
However, because of the electroactivity and site-selectivity of ARS,
the unfolding of BSA can be easily monitored using ARS as an elec-
trochemical probe. As shown in Fig. 4, the anodic peak current
(Ipa) of BSA–ARS changed slightly with urea concentration up to
4.0 M (Fig. 4B). During this period, the pinkish-red color of solution
became gradually darker (a in Fig. 4B), indicating the initial unfold-
ing of domain III and a partial loss of the native conformation of
domain I. The hydrophobic structure of domain II was inflected,
which made the ARS buried in BSA easily be oxidized and therefore
Ipa increased [21]. At the same time, the increase of the solution
viscosity caused by urea decreased Ipa. As a result, Ipa almost kept

constant. With increasing urea concentration from 4.0 to 6.0 M, an
obvious increase of Ipa was obtained. The color of free-ARS in solu-
tion gradually appeared (b in Fig. 4B), indicating the dissociation of
BSA–ARS occurred. Therefore, the increase of Ipa was the result of
the increased amount of free ARS in solution. When the concentra-
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Fig. 2. (A) The CD spectra of 1.0 �M BSA in 0.1 M NaCl solution with 0 (a), 1.0 (b) and 2.0 �M (c) ARS; (B) fluorescence spectra of 2.0 �M BSA in 0.1 M pH 5.05 acetate buffer
solution with the addition of 0.0, 0.4, 0.8, 1.2, 1.6, 2.0, 2.4, 2.8, 3.2, 3.6, 4.0, 4.4, 4.8, 5.2, 5.6, 6.0 �mol L−1 ARS (curves 1–16). (T = 293 K, and �ex = 280 nm).
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ig. 3. (A) UV–vis absorbance intensity of 61.0 �M BSA–ARS in 0.1 M acetate buffer
b); (B) the corresponding colors of BSA–ARS complex solutions with urea concentr

ion of urea was higher than 6.0 M, Ipa kept constant and the color
f solution fully turned to be orange (c in Fig. 4B). The complete
nfolding was achieved and the amount of free-ARS in bulk solu-
ion did not change significantly. In comparison with the method
y the catalytic oxidation of the tyrosine (Tyr) and Trp residues in
SA [20], the catalytic voltammetry depended on the permeability
f the electron mediator inside the BSA and mainly reflected the
onformational changes around Tyr and Trp. The proposed method

as based on the site-selective binding of ARS to domain II of BSA.

herefore, the unfolding of domain III in BSA only caused a slight
hange of the voltammetric response of BSA–ARS, while the unfold-
ng of domain II led to an extreme increase of current response due
o the dissociation of ARS from BSA–ARS complex. Consequently,

ig. 4. (A) Cyclic voltammograms of 61.0 �M BSA–ARS in 0.1 M acetate buffer solution (p
e), 4.5 (f), 5.0 (g), 5.5 (h), 6.0 (i), 6.5 (j), 7.0 (k), and 8.0 M (l) at the scan rate of 100 mV s
SA–ARS complex solutions with urea concentrations of 0 (a), 5.0 (b), and 8.0 M (c).
on with various urea concentrations. UV–vis absorbance at 530 nm (a) and 432 nm
of 0 (a), 2.0 (b), 4.0 (c), 5.0 (d), 6.0 (e), and 8.0 M (f).

the asynchronous structural transition of the domains in BSA could
be clearly and sensitively identified by the current alteration.

3.4. Verification of the unfolding process of BSA by fluorescence
spectroscopy

BSA has two Trp residues. Trp-134 is in the subdomain IB and
Trp-212 is in the subdomain IIA [31,32]. The change of the intrinsic

fluorescence from Trp residues in BSA can be used to reflect the
conformational transition of BSA. As shown in Fig. 5A and Fig. S6,
the fluorescence of BSA–ARS decreased gradually with blue shift at
342 nm as increasing the concentrations of urea from 0 to 4.5 M.
According to the results from visible method mentioned above, the

H 5.05) with the addition of urea concentrations of 0 (a), 1.0 (b), 2.0 (c), 3.0 (d), 4.0
−1. (B) The plots of the Ipa vs. urea concentrations and the corresponding colors of
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ig. 5. Intrinsic fluorescence intensity of 61.0 �M BSA–ARS (A) and BSA (B) in 0.1 M a
a) and 310 nm (b) with excitation wavelength of 280 nm.

omain III of BSA started to unfold under these conditions, leading
o the rearrangement of domain II and partial domain I. There-
ore, the decrease in fluorescence intensity at 342 nm (a in Fig. 5A)
as caused by the improvement of the fluorescence quenching

etween ARS and Trp-212, and the blue shift of Trp fluorescence
as the results from the interaction between the backbone of BSA

nd urea through hydrogen bond, electrostatic interactions and van
er Waals attractions [33,34]. After further increasing the urea con-
entration from 4.5 to 6.0 M, the fluorescence at 342 nm increased
oticeably with red shift. At the same time, a shoulder peak at
10 nm, which was attributed to the fluorescence of Tyr residues,
ppeared and got stronger (b in Fig. 5A, and Fig. S6). At these con-
itions, the domain II started to unfold, causing the dissociation of
RS from BSA–ARS. Therefore, the distance between Tyr and Trp
esidues increased, leading to the decrease of the energy trans-
er among ARS, Tyr and Trp. Thus, the fluorescence intensities of
rp and Tyr were both enhanced (a and b in Fig. 5A) [30,35]. The
xposure of Trp to polar environment also caused the red shift of
rp fluorescence due to the loss of the compact structure of the
ydrophobic domain II. When the concentration of urea was higher
han 6.0 M, the fluorescence intensities at 342 and 310 nm kept
o obvious change (a and b in Fig. 5A). The results were well in
greement with the observations from the visible method.

Similar as BSA–ARS complex, the unfolding of BSA induced
y urea was also tested directly by fluorescence spectroscopy. As
hown in Fig. 5B and Fig. S7, the changes of fluorescence intensity
ppeared obviously different from those of BSA–ARS complex. The
uorescence intensity of BSA showed no significant change at urea
oncentrations between 0 and 4.0 M, and decreased from 4.0 to
.0 M (a and b in Fig. 5B). The reasons were that the initial unfold-

ng of the domain III in BSA did not cause significant changes of the
ydrophobic environment around Trp and Tyr before 4.0 M urea,
hile the unfolding of domain II beyond 4.5 M urea brought Trp-

12 to be more exposed to a more polar environment, allowing
ater molecules or other amino acid residues to quench the flu-

rescence [36,37]. The results indicate that BSA–ARS complex has
he same unfolding process as BSA, but the sensitivity of probing the
nfolding process is extremely enhanced by using the site-selective
robe of ARS.

. Conclusions

ARS was used as a site-selective probe to monitor the asyn-
hronous unfolding processes of BSA in aqueous solution. Based

n the visualization of color changes, spectral and electrochemical
esponses, the unfolding process of BSA was verified to undergo
rom the initial unfolding of domain III, followed with the rear-
angement of domain I and II, and final unfolding of domain II.
hrough the use of the dual properties site-selective probe, the pro-

[
[

[
[

buffer solution with various urea concentrations. Fluorescence intensity at 342 nm

posed method can be conveniently used to estimate the unfolding
procedures of other colorless or cofactor-free multidomain pro-
teins.
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J. Mol. Struct. 704 (2004) 291–295.
36] D.M. Togashi, A.G. Ryder, D. O’ shaughnessy, J. Fluoresc. 20 (2010) 441–452.
37] W. Qiu, T. Li, L. Zhang, Y. Yang, Y.T. Kao, L. Wang, D. Zhong, Chem. Phys. 350

(2008) 154–164.


	Site-selective probe for investigating the asynchronous unfolding of domains in bovine serum albumin
	Introduction
	Materials and methods
	Reagents and materials
	Urea-induced unfolding of BSA–ARS
	Apparatus and measurements

	Results and discussions
	The specific interaction between ARS and BSA
	Visible investigation of the urea-induced unfolding of BSA–ARS complex
	Electrochemical investigation of the urea-induced unfolding of BSA–ARS complex
	Verification of the unfolding process of BSA by fluorescence spectroscopy

	Conclusions
	Acknowledgments
	Supplementary data
	References


