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Abstract

Ž .The conformational transition of disulfides in bovine serum albumin BSA induced by electrochemical redox
Ž .reaction of disulfides were monitored by in-situ circular dichroism CD spectroelectrochemistry, with a long optical

Ž .path thin layer cell and analyzed by a singular value decomposition least square SVDLS method. Electrochemical
reduction of disulfides drives the left-handed conformation of disulfides changed into the right-handed. At open
circuit, eight of the 17 disulfides were of left-handed conformation. Four of the 17 disulfides took part in the
electrochemical reduction with an EC mechanism. Only one-fourth of the reduced disulfides returned to left-handed
conformation in the re-oxidation process. Some parameters of the electrochemical reduction process, i.e. the number
of electrons transferred and electron transfer coefficient, n�8, � n�0.15, apparent formal potential, E0� �1

Ž . 0 Ž . �5 �1�0.65 �0.01 V, standard heterogeneous electron transfer rate constant, k � 2.84�0.14 �10 cm s and1
Ž . �2chemical reaction equilibrium constant, K � 5.13�0.12 �10 , were also obtained by double logarithmic analysisc

based on the near-UV absorption spectra with applied potentials. � 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ž .Bovine serum albumin BSA is a small protein
with a single polypeptide chain of molecular
weight 69 000, which is cross-linked by 17 disulfide

� �bonds 1 . The molecule also contains one free
sulfhydryl group located on the molecular sur-
face; 68% of it is in the free form and 32% of it is

� �complexed with cysteine or glutathione 2 . The
two-dimensional structure of the molecule has

� �been determined by Brown 3 . The polypeptide
chain is brought into close proximity by two disul-
fide linkages in eight places; adjacent cysteine
residues cannot cross-link because the sulhydryl
moieties are located trans to one another. Other
interactions, such as hydrogen bonding and van
der Waals forces, maintain the secondary and

� �tertiary structure of the molecule 4 . The disul-
fide bonds are very important for the tertiary
conformation of the proteins and control the bio-
logical activity of the biomolecule.

Ž .Circular dichroism CD in the wavelength
range of 250�330 nm has been used to study the
behavior of disulfides and their functions in the
tertiary structure of proteins theoretically and

� �experimentally 5,6 , which gives some informa-
tion about the screw sense of the unstained disul-
fide from its dihedral angle through a quadrant
rule. There are several methods available for CD
spectra analysis of secondary structures of pro-

� �teins 5,7 , such as singular value decomposition
Ž . Ž .SVD , multiple linear regression MLR , self-

Ž .consistent SELCON , but they cannot be used
for the CD spectra analysis of the tertiary struc-
tures. Here a singular value decomposition least

Ž .square SVDLS method which combined SVD
Ž .with the least square method LS was suggested,

and this can be used in not only the CD spectra
analysis of the secondary structures but also the
tertiary structures.

Electrochemical reduction of disulfides in BSA
at the mercury electrode shows a strong adsorp-
tion, and the number of reducible disulfides
greatly depends on experimental conditions. For

� �example, Cecil and Weizman 8 studied briefly
the polarographic reduction of BSA at a dropping

Ž .mercury electrode DME . They observed a single
wave in pH 1 solution with E at �0.26 V; the1�2

current increased with concentration of BSA till
reaching a limiting value of 0.02 �A at 2.5 �M. A
very small wave was observed at �0.8 V at 30
�M BSA in pH 9.2 solution. They estimated the
value of n�10.5 and the diffusion coefficient of
4.49�10�7 cm2 s�1 for the reduction process
using Ilkovic equation. Kuznetsov and Shu-

� �makovich 9 concluded from their study of BSA
adsorption at a mercury electrode by a.c. polar-
ography, that BSA was irreversibly adsorbed and
reversibly reduced and re-oxidized. Stankovich

� �and Bard 10 studied the electrochemical reduc-
tion of BSA at the mercury electrode by cyclic
voltammetry and double potential step chrono-
coulometry in pH 7.4 buffer solution. The pro-
posed mechanism involved the reduction of an
adsorbed monolayer of BSA. At short times, three
or four disulfide bonds were reduced. The product
remained adsorbed and might be re-oxidized. On

Ž .the coulometric time scale hours , eight or nine
of the total 17 disulfide bonds were broken and
an insoluble product which cannot be re-oxidized
was formed.

The reduction of disulfides directly influence
the tertiary conformation of BSA, which offers a
way to study the effect of denaturants on the

� �rigidity of disulfides in proteins 11 . CD spectro-
electrochemical method is suitable to investigate
the influence of reduction of disulfides on the
conformations of protein, but the strong adsorp-
tion of BSA molecule on a metal electrode sur-
face may also induce the conformational changes
as well. To reduce the influence of BSA adsorp-

Ž .tion, a glassy carbon GC electrode with a mirror
finish surface may be a suitable choice. In this
paper, in-situ CD spectroelectrochemistry with a

Ž .long optical path thin layer cell LOPTLC was
used to investigate the redox reactions of disul-
fides in BSA at GC electrode and their influence
on the secondary and tertiary conformations of
BSA.

2. Experimental

2.1. Instruments

Spectroelectrochemical experiments were car-
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ried out in a LOPTLC made in our laboratory
� �12 with a AVIV 62A DS circular dichroism

Ž .spectrometer made in USA for UV spectrum
measurement and a PAR-370 electrochemical in-

Ž .strument made in USA for electrochemical
operation. The LOPTLC is of 10.0 mm optical
path length and 0.02 mm thickness of thin layer.

Ž .A piece of GC 8 mm�8 mm inserted in one
wall of the thin layer served as the working elec-
trode, a platinum wire as an auxiliary electrode

Ž .and Ag�AgCl KCl saturated electrode as refer-
ence electrode. All potentials were reported with
respect to this reference electrode. The incidence
light passed through the thin layer being parallel
to the working electrode, so that only the bio-
molecule in the solution layer could be monitored
during the experiments.

2.2. Reagents and solutions

BSA, purchased from Sigma chemical company
Ž .USA , was used without further purification. A
0.125 mg�ml BSA in 10 mM phosphate buffer

Ž .solution pH 7.21 was prepared and saturated
with N prior to use. All the other reagents were2
analytical pure. All the solution were prepared
with double distilled water.

2.3. Data analysis method

Singular value decomposition least square
method. Singular value decomposition least

Ž .square method SVDLS was developed for the
data analysis of multiple CD spectra. The princi-
ple is briefly described.

n�m absorbance are measured at n wave-
length for m samples composed of k components
in the 1-cm optical path length of a cuvette. If the
absorbance follow Lambert�Beer’s law and addi-
tional property, each of the absorbance can be
expressed as,

Ža ��E c i�1,2, . . . n; j�1,2, . . . m;i , j i ,l j ,l

. Ž .l�1,2, . . . k 1

where E are the absorption coefficient of sam-i ,l
ple l at wavelength i, c are the concentrationsj ,l

of component j in sample l. The absorbance can
be expressed as an absorption matrix and indi-
cated as a bold uppercase letter, A ,n�m

Ž .A �E C 2n�m n�k k�m

� �According to SVD 13 , A can be decomposed
into three multiplied matrices;

Ž .A�USV 3

where U and V are the n�n and m�m orthogo-
nal matrices, respectively, and S is an n�m
matrix whose off-diagonal entries are all 0 and
whose diagonal elements are in a descending
order,

Ž .s �s � . . . �s �0 41 2 m

the s2 are the eigenvalues of matrix A. If thej
samples are composed of k components, the first

Žk eigenvalues are called the principal factors k�
.m , which can be used to describe the main

properties of matrix A, while the other eigenval-
ues are responsible for measurement error. The
multiplied matrix of submatrices from the first k
rows of U, first k columns of S and V, respec-
tively, is called abstract absorption matrix, and
indicated as, A ,n�m

Ž .A �E C 5n�m n�k k�m

where E �U S , is called abstract ab-n�k n�k k�k
sorption coefficient matrix, C is called ab-k�m
stract concentration matrix. The standard devia-

Ž .tion S.D. between A and A is,

1�2�Ž . Ž .� Ž .S.D.��� A�A � n�m�k 6

To transfer the matrices E and C into E and C,
the least square method is used. According to

� �least square method 14 ,

�1tt Ž .E�AC CC 7Ž .

�1
t tŽ . Ž .C� E E E A 8
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and concentration for each component is a non-
negative quantity,

Ž .C�0 9

Ž .According to Eq. 9 , setting the values of nega-
Ž . Ž .tive elements in C to 0, and using Eqs. 7 and 8

for several times until the S.D. becomes stable,
then E�E and C�C.

[ ]2.3.1. Double logarithmic analysis 15
If an irreversible electro-reduction reaction oc-

curs in a thin layer solution, the concentration of
Ž .reactant, c E , has an exponential relationship

with applied potential,

Ž . � Ž . Ž .c E �c exp �ka�d 10

where c� is the initial concentration of the reac-
tant, a is the electrode surface, d is the thickness
of the thin layer, k is heterogeneous electron
transfer rate constant, which can be expressed as,

0 � Ž 0 . � Ž .k�k exp �� nF E�E �RT 11

where k 0 is standard heterogeneous electron
transfer rate constant, � n is the product of elec-
tron transfer coefficient and number of electrons,
E and E0 are the applied potential and apparent
formal potential, respectively. The other symbols
have their common meanings. The normalized
concentration of the reactant is,

�Ž . Ž . Ž .c E �c E �c 12

Ž .Taking the double logarithm of 1�c E , a lin-
ear relation, called double logarithmic relation, is
obtained,

0� Ž .� Ž .LnLn 1�c E � ln k a�d �� nFE�RT
0 Ž .�� nFE �RT 13

� �For EC mechanism 15 ,

Ž . � 0 Ž Ž 0 .c E � 1�exp -k exp �� nF E�E�
.� Ž . Ž .�RT � K �1 144c

E0 can be obtained from the peak position of

Ž .differential curve of c E �E with respect to E.
� n and k can be obtained from the slope and
intercept of the double logarithmic line.

3. Results and discussion

3.1. Electrochemical reduction of BSA

The cyclic voltammograms of 0.45 mg�ml BSA
Ž .in phosphate buffer solution pH 7.21 containing

0.20 M KNO at GC electrode at 50 mV s�1 are3
shown in Fig. 1. BSA gives a small but broadened
irreversible reduction peak near �0.7 V, with

Ž .half-wave potential of �0.65 V vs. Ag�AgCl .
This peak corresponds to the reduction of disul-

� �fide groups 10 . There are no redox peaks re-
sponsible for the adsorbed BSA molecules as

� �obtained at mercury electrode 9,10 .
Ž .BSA 0.125 mg�ml in pH 7.21 phosphate buf-

fer solution was put into a LOPTLC for UV-spec-
troelectrochemical experiment. BSA shows an
absorption peak at 278 nm, which corresponds to

� �the tyrosine residues in a close proximity 16 .
The disulfide bonds have an absorption peak at
260 nm, but it is too weak to be measured. The
absorption peak at 278 nm increases with applied

Ž .Fig. 1. Cyclic voltammogram of BSA. BSA 0.45 mg�ml in
pH 7.12 phosphate buffer solution on GC electrode. Sweep

�1 Ž .rate: 50 mV s ; --- line: background.
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potential shifting to negative direction as shown
in Fig. 2. This behavior implies that the reduction
of disulfide bonds breaks the links between do-
mains, changes the environment of tyrosine
residue resulting in the increase in absorbance.
The plot of absorbance at 278 nm against applied

Ž .potential shows a sigmoid curve not shown here .
The differential curve of the absorbance�poten-
tial plot gives a one-peak curve, as shown in Fig.
3b. From the peak position, the apparent formal
potential, E0 � ��0.65 V, is estimated. The dou-
ble logarithmic plot of the spectroelectrochemical
data is an oblique line crossed with a line approx-
imately parallel to the E axis as shown in Fig. 3a.
This type of double logarithmic plot suggests that
the electrochemical reduction of BSA corre-

� �sponds to an EC mechanism 15 . The product of
the number of electron transferred and electron
transfer coefficient, � n�0.15, is estimated from
the slope of the oblique line. Using E0 �, � n and
experimental conditions in normal non-linear re-
gression for EC mechanism, the standard hetero-
geneous electron transfer rate constant, k 0 �
Ž . �5 �12.84�0.14 �10 cm s , and chemical reac-
tion equilibrium constant, K �5.13�0.12, arec
obtained with total standard deviation of 0.0504.

Fig. 2. UV-spectra of BSA with different applied potentials.
Ž .BSA 0.125 mg�ml in pH 7.12 phosphate buffer solution.

Ž . Ž .Time interval: 6 min. Applied potential: a �0.20; b �0.30;
Ž . Ž . Ž . Ž . Ž . Ž .c �0.40; d �0.50; e �0.60; f �0.65; g �0.70; h

Ž .�0.80; i �0.90 V.

� Ž .� Ž .Fig. 3. Double logarithmic plots of 1�A E for BSA. a
Ž .Double logarithmic curve; b differential curve. Experimental

conditions are the same as those in Fig. 2.

According to the peak current, i , expression ofp
� �an irreversible system 17 ,

i �0.227 nFac� k 0expp

0 � Ž .� �� nF�RT E �E 15Ž .p

where n is the number of electrons transferred, a
is the area of electrode surface, c� is the initial
concentration of BSA, E is the peak potential,p
other symbols have their common meanings. The

2 Žarea of electrode surface is 0.053 cm . i �1.87p
�6 . � Ž �6 . Ž�10 A , c �6.52�10 mol�ml , E �p

.�0.663 V can be obtained from Fig. 1. Taking
0 0 � Ž .k , � n, E and other items into Eq. 15 , the

number of electrons transferred, n�8.08, was
obtained. During the electrochemical reduction,
each disulfide has two electrons transferred, so
there are four disulfides taking part in the elec-
trochemical reduction.

3.2. The tertiary structure changes in electrochemical
reduction of BSA

Ž .BSA 1.34 mg�ml in pH 7.12 phosphate buffer
solution without other supporting electrolyte was
put into a LOPTLC for CD spectroelectrochemi-
cal experiment. At different applied potentials,
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Fig. 4. CD spectra of BSA with different applied potentials in
Ž .near UV region. BSA 0.125 mg�ml in pH 7.12 phosphate

buffer solution in a LOPTLC. Applied potential: 1, open
circuit; 2�11, from 0.0 V to �1.0 V step �0.1 V; 12�20, from
�0.9 V to 0.0 V step 0.10 V.

BSA shows a broad CD band from 290 to 260 nm,
which decreases with applied potential shifting to
�1.0 V from �0.1 V and increases with applied
potential returning to 0.0 V from �1.0 V as
shown in Fig. 4a,b.

The experimental CD spectra were treated by
the SVDLS. The two conformations and their CD
spectra are obtained with a mirror-image rela-
tionship as shown in Fig. 5. One with a totally
negative band is associated with a left-handed
screw sense of disulfides at the dihedral angles

Ž .greater than 90� Fig. 5, solid line . The other
bent to positive direction is associated with a
right-handed screw sense at the dihedral angles

Ž .less than 90� Fig. 5, dotted line . The fractional
distribution of the two conformations with ap-
plied potential show a very good mirror-image
relation with approximately 0.5 fraction at open
circuit for both conformations as shown in Fig. 6.
The fractional distribution were normalized with
respect to the changes of CD spectra, so moni-
tored only the conformational changes related to
the four disulfides taking part in the elec-
trochemical reduction. The 0.5 fraction for both
conformations at open circuit imply that 16 disul-
fides forming eight pairs, each of the latter are

Fig. 5. CD spectra of two components in BSA obtained by
Ž . Ž .SVD analysis. � � � right-handed � left-handed.

composed of one with left-handed conformation
and one with right-handed conformation. Simi-
larly, two of the four disulfides taking part in the
reduction are left-handed and the other two are
right-handed. This result is very similar to the
previous results that disulfide bonds are likely to
form an ensemble with more than two disulfides
� �18,19 . In the native BSA molecule, 16 of 17
disulfides are composed of eight two-disulfides
linkages in eight places and bring the protein

� �chain into close proximity 3 .

Fig. 6. Distribution curves of two components in BSA with
Ž . Ž .applied potential. � � � right-handed; � left-handed. �

indicates open circuit case.
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When applied potential shifting to negative di-
rection, the distribution curve of the left-handed
conformation decreases, while the right-handed
conformation curve increases. The maximum con-
version rate occurs at the formal potential of BSA
Ž .�0.65 V , which implies that the conformation
transition is driven by the reduction of disulfides.
The reduction of disulfides breaks the disulfide
pairs as well as the disulfide bonds. As a result,
the disulfide bonds with left-handed conformation
Ž .dihedral angles �90� changed to the right-

Ž .handed conformation dihedral angles �90� .
When the applied potential returning from

�1.00 V to 0.0 V, some of the reduced disulfides
are re-oxidized, and disulfide bonds can be re-
formed again, so the fraction of the left-handed
conformation increases, while one of the right-
handed conformation decreases. However, only
25% of the reduced disulfide bonds are recov-
ered, and both of the distribution curves do not

Žreturn to the original points distribution fraction
.is 0.5 . This result implies that after reduction the

bridges between domains are broken, most of the
�S groups go away from each other, where the
protein is in a loose state, so that even the poten-
tial returning to the oxidation stage, some of the
reduced disulfides can not be re-oxidized into
disulfide bonds again. It means that the sulfide
bonds in reduction are partly irreversible in struc-
ture.

4. Conclusions

As a conclusion, the electrochemical reduction
process of disulfides in BSA was studied by CD
and UV spectroelectrochemical and cyclic vol-
tammetric methods followed by the data analysis
of SVDLS. The results showed that the redox
reactions of disulfides in BSA resulted in the
conformational changes, which greatly influenced
the electrochemical activity. The main points of
this study were summarized as follows.

1. Under the experimental conditions, only two
pairs of the disulfides reduced with an irre-
versible peak at �0.70 V, which was partly
irreversible in structure.

2. The reduction induced the conformational
transition of disulfides from left-handed to
the right-handed.

3. UV spectroelectrochemical measurements
and double logarithmic plot proved to be
suitable tools for the extraction of thermody-
namic and kinetic information of the irre-
versible electrochemical reaction, which gives
not only the information of mechanism but
also the parameters of the process.

4. CD spectroelectrochemical measurement and
SVDLS data treatment were suitable for deal-
ing with the tertiary conformational transi-
tions of proteins in an electrochemical
process, which gives the number of compo-
nents, CD spectrum of each component and
its distribution fraction with applied potential.
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