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To investigate the interaction between Ractopamine (RAC), an animal growth promoter, and bovine
serum albumin (BSA), three spectroscopic approaches (fluorescence, UV-vis and FT-IR) and three dif-
ferent experiments (two mole-ratio and a Job’s methods) were used to monitor the biological kinetic
interaction procedure. The Stern-Volmer quenching constants Ksy, the binding constants K,, and the
number of binding sites n at 298, 301 and 304 K were evaluated by molecular spectroscopic approaches.
The values of enthalpy (—13.47 kj mol~") and entropy (78.39] mol~' K-1) in the reaction indicated that
RAC bound to BSA mainly by electrostatic and hydrophobic interaction. The site markers competitive
experiments indicated that the binding of RAC to BSA primarily took place in site I. The spectra data
matrix was further investigated with multivariate curve resolution-alternating least squares (MCR-ALS),
and the concentration profiles and the pure spectra for three species (BSA, RAC and RAC-BSA) existed in
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the kinetic interaction procedure, as well as the apparent equilibrium constants, were obtained.
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1. Introduction

Ractopamine (RAC), originally developed to treat respiratory
diseases, was found to have an important side effect of causing
a significant reduction in fat levels and a dramatic increase in
the amount of muscling when administered to animals in high
doses [1]. It is licensed for use as an animal growth promoter in
more than 20 countries worldwide, including the United States
and Canada, but is either not licensed or prohibited by over 150
others, including those within the European Union, because of
their well-documented adverse effects on human health, such as
cardiovascular and central nervous diseases, caused by food poi-
soning associated with the residues in livers. But RAC was the first
[3-agonist approved (2003) by the US Food and Drug Administra-
tion (FDA) for use in cattle finishing diets, and the FDA (2003)
[2] reported that supplementing RAC (10 or 20 ppm) during the
final stages of finishing did not affect palatability of beef from
mixed-breed steers and heifers [3]. Therefore, the view is very
contradictory from different countries, and generally consumers
consider chemical growth promoter residues as unwholesome and
unwelcome constituents in food. Though there are many researches
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on how to detect the quantity of RAC in animals [4,5], little work
has been done to search the poisonous and pharmacology adverse
effect [6]. Thus, because of the requirements of providing quality
assurance for the consumer and satisfying legal testing obligations,
the interaction between residues of the drug at low concentrations
and proteins can not only provide useful information for appropri-
ately understanding the toxicological action, but also illustrate its
binding mechanism at a molecular level.

In this work, the investigation of bovine serum albumin (BSA)
with RAC was carried out in aqueous solution at physiological con-
ditions using fluorescence, UV-vis and FT-IR spectral approaches.
Spectroscopic evidence regarding the drug binding mode, the asso-
ciation constant and the change of protein secondary structure
are provided. Furthermore, the chemometrics method, multivari-
ate curve resolution-alternating least squares (MCR-ALS) [7], was
applied to resolve the two-way UV-vis and fluorescence spectral
data so as to improve the understanding of complex kinetic pro-
cesses and extract the equilibrium profiles of the reacting species.

2. Material and methods
2.1. Apparatus

Fluorescence spectra for samples were measured on a
Perkin-Elmer LS-55 spectrofluorometer equipped with a thermo-
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static bath (Model ZC-10, Ningbo Tianheng Instruments Factory,
China) and a 1.0 cm quartz cuvette. The excitation and emission
slits were set at 10 nm, while the scanning rate was 1500 nm min~1.
The FL WinLab software (Perkin-Elmer) was used to correct
the measured data. The UV-vis spectra were measured on an
Agilent 8453 UV-vis spectrophotometer. FT-IR spectra were mea-
sured on a Thermo Nicolet 380 FT-IR spectrometer equipped with
a deuterated triglycine sulfate (DTGS) detector in the rage of
4000-400 cm~'. The web-based MCR-ALS programs [8] were used
to process the collected spectral data if necessary. All the measure-
ments were carried out at room temperature (25 +0.5°C).

2.2. Materials

A stock solution of 1x 10~3 molL~! Ractopamine hydrochlo-
ride (Sigma, the purity is not less than 95.1%) was prepared by
dissolving its crystals (0.0169¢g) in 50mL distilled water. BSA
(2x 1073 molL-1) was prepared by dissolving 1.36 g of the puri-
fied protein (M=68,000Da; The Bomei Biological Co. Ltd., Hefei)
in 10mL 50 x 10~3 mol L~ sodium chloride solution and stored at
4°C. Its purity was 99% based on a reference absorbance value of
0.667 at 278 nm for 1.0 g L~! pure BSA [9]. Essentially fatty acid free
HSA was obtained from Sigma Chemical Company (St. Louis, USA).
The solution of HSA (1 x 10~3 molL~1) was prepared by dissolv-
ing 0.660¢g in 10mL 50 x 10~3 molL~! sodium chloride solution
based on its molecular weight of 66,000. Warfarin (Medicine Co.
Ltd., Shanghai) and ibuprofen (Baike Hengdi Pharmaceutical Co.
Ltd., Hubei) stock solutions (2.5 x 10~3 mol L-1) were prepared by
dissolving the accurately weighed appropriate amounts of each
compound and dissolving in water above. The solution was then
diluted to the required volume with distilled water in practical
use. All experimental solutions were adjusted with the Tris-HCl
((hydroxy methyl) amino methane-hydrogen chloride) buffer of
pH 7.4. Other chemicals were of analytical grade reagents, and
doubly distilled water was used throughout.

2.3. Procedures

2.3.1. Fluorescence and absorbance spectra

Fluorescence spectra of BSA (3.33 x 10~3molL-!) and HSA
(3.33x 108 molL-1) in presence of RAC (0-1.33 x 107 mol L1,
with an interval of 1.67 x 10~8 mol L~!) were recorded at 298, 301
and 304 K. An excitation wavelength of 280 nm was chosen and the
emission wavelength was recorded from 200 to 450.5 which was
used to calculate the thermodynamic and binding parameters of
RAC and BSA/HSA systems. Synchronous fluorescence spectra (SFS)
of BSA (1.67 x 10~7 mol L~1) in the presence of RAC were measured
(Aex =200-350nm; AA=60and 15 nm)at pH 7.4, the concentration
of RAC was increased from 0 to 2.67 x 10~7 molL~! at an interval
of 3.34 x 10~ mol L1 (total 9 samples).

2.3.2. FT-IR spectroscopy

FT-IR spectra are taken via the attenuated total refection (ATR)
method with resolution of 4cm~! and 32 scans (range of 400 and
4000 cm—1). The spectra of the buffer solution was firstly collected
and then subtracted the spectra of buffer from the spectra of sample
solution to get the FT-IR spectra of the protein.

2.3.3. The experiments to get the expanding data matrix

Three separate experiments were carried out in the Tris—HCl
buffer of pH 7.4, and the experimental conditions and necessary
variables are listed in Table 1.

Experiment 1 (mole-ratio method): the concentration of BSA
was kept constant (3.33 x 10~3molL~1), and different amounts
(0-1.00 x 10~ molL~!, at 5.00x 10~ molL-! interval) of RAC
were added to the solution. Experiment 2 (mole-ratio method):

the concentration of RAC was kept constant (6.67 x 10-8 mol L)
and different amounts of BSA were added with a range of
0-6.67 x 10~ mol L1 at an interval of 3.33 x 102 mol L-1. Exper-
iment 3 (Job’s method, sometimes called continuous variation
method): the concentration of RAC was kept change from
3.33 x 10~ mol L~! to 0 and different amounts of BSA were added
in the range of 0-3.33 x 10~ molL~!. The ratios of rgac.gsa and
resa:rac Were ranged from 1.0 to 0 and O to 1.0, respectively.

The solutions used in experiments 1-3 were prepared with
3.0mL of pH 7.4 Tris—HCl buffer containing appropriate amounts
of BSA and RAC. The total added volume (BSA and RAC) was less
than 0.1 mL, so the volume variation was thus negligible. Titra-
tions were performed manually using suitable micropipettes. The
mixed solution was shaken thoroughly and equilibrated for 10 min
and then the molecular fluorescence (200-450.5 nm) and UV-vis
(200-450 nm) spectra were recorded at every 0.5 and 1 nm, respec-
tively. Thus, six data matrices DEY?, DBSA (experiment 1) DRAC, DRAC
(experiment 2) and DY}3f, DY (experiment 3) can be obtained, these
column-wise and row-wise data matrices with two different mea-
suring approaches for three different experiments were combined
and expanding data matrix was obtained.

2.3.4. Fluorescence spectra in the presence of the site markers

In order to identify the binding site of RAC on BSA, warfarin and
ibuprofen were used as the markers for sites I and II, respectively.

Method 1: the marker was added to the mixture of RAC and BSA,
the ratio of rrac:psa Was kept at 2, but the concentrations of the site
marker I (warfarin) for one series, and II (ibuprofen) for the other
series, were varied.

Method 2: site I marker of warfarin, with different concen-
tration, was added to a series of test tubes containing BSA of
3.33 x 10-8 mol L1, total six solutions with different molar ratios of
Twarfarin:Bsa (0—5) were prepared, and then RAC was added to these
six tubes at different concentrations (from 0 to 1.33 x 107 mol L ™!
at 1.67 x 10-8 mol L-! interval, total 9 times, respectively. Fluores-
cence spectra were measured as previously described. The binding
constants, K, of the RAC to BSA were then calculated according to
the double-logarithm equation.

2.4. Theoretical background for chemometrics methods

Multivariate curve resolution-alternating least squares (MCR-
ALS) has been used for the resolution of multiple component
responses in unknown mixtures. UV-vis, fluorescence, near-
infrared reflectance (NIR), HPLC and circular dichroism (CD) were
used with MCR-ALS optimization step described elsewhere [10]. A
short description of the MCR-ALS is given here.

The multivariate curve resolution model can be written as Eq.

(1):
D=cST+E (1)

The bilinear method to resolve an experimental data matrix D
(M x N) into the product of a column matrix C (M x F) usually asso-
ciated with concentration profiles, and a matrix of row profiles ST
(F x N), usually associated with spectra. The superscript “T” means
the transpose of matrix S, where pure spectra are column profiles.
E is the matrix of residuals and ideally should be close to the exper-
imental error. M is the number of spectra recorded throughout the
process and N is the number of the instrumental responses mea-
sured at each wavelength. The number of species, F, is directly
related with the number of main components in matrix D. This
number is estimated by rank analysis, using singular value decom-
position (SVD), principal component analysis (PCA), or some related
techniques based on factor analysis, such as evolving factor analy-
sis (EFA) [11] or pure-variable detection methods like SIMPLISMA
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Table 1

The experiments to build up the extension matrixes.
Experiment Ccpsa (molL~1) Crac (molL-1) Number of spectra Data matrix
1 333x10°8 0-1x1077 21 Dl“ﬁ/“‘ DgSA
2 0-6.67 x 10~8 6.67 x 108 21 D‘,jf\*,c D‘F‘AC
3 3.33x10°%-0 0-333x10°8 21 DYy Dy

For each experiment, UV-vis (200-450 nm, Nyy =251 wavelength points), and fluorescence (200-450.5 nm, N¢ = 502 wavelength points) were measured.

[12]. Once F is obtained, an initial estimate of their concentration
profiles is obtained from EFA plot and generally can be submitted
as the initial value for further calculation.

Recently, a powerful extension of MCR-ALS was developed to
deal with multiple data matrices simultaneously [7,13,14], and it
is possible to resolve several independent samples and/or several
measurement techniques by augmenting the input matrix appro-
priately. In this paper, there were three types of experiment and
two types of spectroscopic method, so a total of six data matrices
were obtained. The data arrangement evaluated by the extended
MCR-ALS analysis can be represented as following:

BSA BSA BSA BSA BSA

D uv D F C E uv E F

DS DRAC CRAC | x [STy ST+ | ERAC ERAC )
V. V. V V V

DU?/r DFBI' C ar EU%/r EFar

where the superscripts BSA, RAC and Var refer to experiments 1, 2
and 3 in Section 2.3.3, respectively. The first term is the augmented
experimental data matrix, which contains all the spectroscopic data
from the three different experiments. [CB5A, CRAC, and V2] is the
data matrix containing the recovered MCR-ALS concentration pro-
files for the three experiments and [Syy, S¢]T is the data matrix
of the recovered pure spectra for each species. The last term is
the residual variance. A number of six individual data matrices are
simultaneously analyzed using Eq. (2).

This kind of synchronous data analysis is much more vigor-
ous as compared with those described by Eq. (1) and allows for
the improvement of resolution of very complex data structures, as
those found in articles [7,15]. The approach assembles the prof-
its of both augmentations previously described and gives more
reliable solutions, eventually removing rotational ambiguities and
rank-deficiency problems. The resolution of experimental spectral
expanding data matrix D consists of several steps as described in
the literature [16].

3. Results and discussion
3.1. Principles of fluorescence quenching

Fluorescence quenching is the decrease of the quantum yield of
fluorescence from a fluorophore induced by a variety of molecular
interactions, such as excited-state reactions, molecular rearrange-
ments, energy transfer, ground-state complex formation, and
collisional quenching [17]. Dynamic quenching depends upon
diffusion, since higher temperature results in larger diffusion coef-
ficients; the bimolecular quenching constants are expected to
increase with increasing temperature. In contrast, increased tem-
perature is likely to result in decreased stability of complexes,
and thus lower the static quenching constants [18]. The possible
quenching mechanism can describe by the Stern-Volmer Eq. (3):

Fo
F
where Fy and Frepresent the fluorescence intensities in the absence
and in the presence of quencher, respectively. K is the quenching
rate constant of the bimolecular, Ksy is the dynamic quenching con-
stant, 7o the average lifetime of the bimolecular without quencher,
and [Q] is the concentration of quencher. In order to confirm the

=1+Kq70[Q] =1+ Ksy[Q] 3)

quenching mechanism, the procedure of the fluorescence quench-
ing was assumed to be a dynamic quenching process. Table 2
summarizes the calculated Ksy at each temperature studied, the
results show that the Stern-Volmer quenching constant Ksy is
inversely correlated with temperature, which indicate that the
probable quenching mechanism of RAC-BSA binding reaction is ini-
tiated by compound formation rather by dynamic collision [19].
According to the literature [17], for dynamic quenching, the max-
imum scatter collision quenching constant of various quenchers
with biopolymers is 2.0 x 1019 Lmol~! s~!. Obviously, the rate con-
stant of protein quenching procedure initiated by RAC s larger than
the Kq of the scatter procedure. This also means that in this bio-
logical kinetic system, the quenching is not initiated by dynamic
collision but from the formation of a complex, which further prove
that a complex of RAC-BSA has been born.

3.2. Binding constant and binding sites

Since the fluorescence quenching behavior of BSA deduced by
RAC was a static quenching process, the association constants Kj,
and the number of binding sites n, can be obtained from the double-
logarithm curve based on the following equation [20]:

log {(FOF;F)} =logKa, +nlog[Q] )

The fluorescence quenching intensities of BSA at 350 nm were
measured, and the corresponding results calculated by Eq. (4) were
listed in Table 2. The decreasing trend of K; with the increasing tem-
perature was in accordance with Ksy and Ky dependence on the
temperature as mentioned above, which indicates that RAC-BSA
would be partly decomposed when the temperature was increased.
The correlation coefficients are larger than 0.992, indicating that the
interaction between RAC and BSA agrees well with the site-binding
model underlined in Eq. (4), and it suggests that there is a strong
binding force between RAC and BSA. The values of n approximately
equal to 1 indicate the existence of just one high affinity of binding
site in BSA for RAC. The strong binding force and one high affin-
ity binding site are identical with the extraction information from
MCR-ALS method which is of particular significance to pave the
way for a better understanding of the drug-protein interaction.

3.3. Type of interaction force between RAC and BSA

Thermodynamic parameters for a binding interaction can be
used as a major evidence to investigate the nature of intermolec-
ular forces. If the enthalpy changes (AH) do not vary significantly
over the temperature range studied, the values of AH and AS can
be estimated from the van't Hoff equation [21]:

AH AS

and the free energy changes (AG) at different temperatures can be
calculated according to the following:
AG=AH-T AS (6)

where Kis analogous to the effective quenching constants, Kj, at the
corresponding temperature and R is the gas constant. According to
the binding constants of RAC to BSA obtained at three temperatures
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Table 2

Thermodynamic and binding parameters of RAC and BSA systems.
T (K) Ksy (x106 Lmol-') R? K (x10°% Lmol-1) n AG (kJmol-1) AH (k] mol-1) AS (Jmol-1 K1)
BSA
298 2.47 0.9962 2.86 0.9436 —36.83 -13.47 78.39
301 2.40 0.9970 2.66 0.9564 -37.14
304 2.15 0.9926 231 0.9926 -37.28
HSA
298 1.98 0.9990 5.86 0.8421 —38.61 -33.33 17.72
301 1.39 0.9963 491 0.8065 —38.17
304 1.14 0.9940 4.25 0.8592 —37.81

above, the thermodynamic parameters were obtained from Eq. (5)
and were listed in Table 2. The negative AH indicated that the for-
mation RAC-BSA complex was an exothermic reaction procedure,
and the negative sign for AG means that the binding process was
spontaneous. Ross and Subramanian [21] have characterized the
sign and magnitude of the thermodynamic parameter associated
with various individual kinds of interaction that may take place in
protein association process. Thus, from the thermodynamic charac-
teristics summarized, the negative enthalpy (—13.47 kJ mol~1) and
positive entropy (78.93] mol~1 K-1) values indicate that the elec-
trostatic and hydrophobic interactions played a major role in the
interaction and contributed to the stability of the complex.

3.4. Binding property of the RAC to HSA

BSA structure is similar to HSA in 76%. To further study the inter-
action of the drug with the serum albumin, the binding parameters
were also investigated by fluorescence spectroscopy as described
in Section 2.3.1 and the estimated parameters are listed in Table 2.
Results showed that RAC quenched the fluorescence of HSA through
static quenching mechanism. The values of n revealed the presence
of a single class of binding site on HSA for RAC. The thermody-
namic parameters indicated that the acting forces between RAC
and HSA was also mainly electrostatic interactions. The Ksy and K;
of RAC with HSA were the same order of magnitude as that of RAC
with BSA. Therefore, in this paper, BSA was selected as the pro-
tein model because of its low cost, ready availability, and unusual
ligand-binding properties [22].

3.5. Study of the conformation of BSA upon addition of RAC

The synchronous fluorescence spectra (SFS) can provide the
information on the molecular micro-environment, particularly in
the vicinity of the fluorophore functional groups [23]. To investigate
the structural change of BSA by the addition of RAC, SFS for BSA with
various concentrations of RAC were measured. According to Miller

4505 : -
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Fluorescence Intensity
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[=]
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260 270 280
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290

[24], the difference between excitation and emission wavelength
(AX=Xem — rex) reflects the spectra of a different nature of chro-
mophores, with large AA values such as 60 nm, the synchronous
fluorescence of BSA is characteristic of tryptophan residue and the
small AA values such as 15 nm is characteristic of tyrosine. The SFS
of BSA with various concentrations of RAC were recorded at AA of
60 and 15 nm (Fig. 1a and b). With the addition of RAC the intensity
of tyrosine was increased and a blue shift (Fig. 1b) was observed.
Contrary, the tryptophan fluorescence emission was decreased reg-
ularly with increasing concentration of RAC, and also there was a
blue shift (Fig. 1a). The fluorescence spectra may represent that the
conformation of BSA changed, leading to the polarity around tyro-
sine and tryptophan residues weakened and the hydrophobicity
strengthened [25].

It concludes that RAC may affect both the tyrosine and trypto-
phan residues present in BSA, through dehydrating esterification,
two products were found (Scheme 1). Because of the tyrosine prod-
uct containing two aromatic hydroxyl groups, aromatic hydroxyl
group push electronic to the benzene, so the synchronous fluo-
rescence spectra increased. Because the fluorescence quenching
mainly contributed by the tryptophan residue, the influence of
tyrosine can be negligible.

Additional evidence regarding the changes of BSA’s secondary
structures induced by RAC binding came from FT-IR spectroscopy
results. Since infrared spectra of proteins exhibit a number of amide
bands, which represent different vibrations of the peptide moiety.
For all the amide modes of the peptide group, the single most widely
used one in studies of protein secondary structure is amide I. This
vibration mode originates from the C=0 stretching vibration of the
amide group (coupled to the in-phase bending of the N-H bond and
the stretching of the C-N bond) and gives rise to infrared bands in
the region between approximately 1600 and 1700cm~! [26]. In
Fig. 2, the FT-IR spectra of the RAC-free and bound form of BSA
with its difference absorption spectrum were obtained in order to
monitor the intensity variations of these vibrations. From Fig. 2,
it is concluded that the secondary structure of BSA was changed

(b) - —284-283mm

150+

100 V/
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290

0 |
270

280
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Fig. 1. The synchronous fluorescence spectra of BSA by addition of RAC (AL =60 and AA=15nm, cgsp =1.67 x 10~ mol L', and [RAC]:[BSA]=0.0, 0.2, 0.4, .. ., 1.6 for curves

1-9, respectively).
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Scheme 1. Mechanism for the interaction of Ractopamine with BSA.

because the peak position of amide I band (1660 cm~1) and amide
11 band (1544 cm~1) in the IR spectrum of BSA has evidently shifted
to 1656 and 1541 cm™!, respectively, and their peak intensity are
also changed. The reduction of a-helices and (-sheet in favor (3-
turn and random coil structures is indicative of a partial unfolding
of the protein in the presence of RAC.

3.6. The kinetic binding procedure of between RAC and BSA with
different experiments

The interaction between RAC and BSA was studied by fluores-
cence and UV-vis spectra in pH 7.4 Tris—-HCI buffer. Fig. 3 shows
the spectroscopic data obtained from the experiments summa-
rized in Table 1. Fluorescence of BSA originates from tryptophan,
tyrosine, and phenylalanine residues, where the intrinsic fluores-
cence of BSA mainly contributes by the tryptophan residue alone.
Fig. 3a-c shows the fluorescence spectra gained from the above
three different titrations (see Section 2.3.3). Fig. 3d-f corresponds
to UV-vis spectra. Fig. 3a displays the emission spectra of BSA
in the presence of various concentrations of RAC. It is observed
that the fluorescence intensity of BSA at 350 nm decreased regu-
larly with the increasing concentration of added RAC, but when
the ratio of rgac:gsa Was nearly to 2.1, the fluorescence intensity
decreased little. An increase in the fluorescence intensity of RAC
at 310 nm assigned that RAC appeared. In addition, an isoactinic

100 . =
WA
S
=
541
—BSA
‘l‘ ----BSA-RAC
: 660 ' ]
2000 1750 1500 1250 1000

Wavenumber(cm-1)

Fig. 2. The FT-IR spectra of BSA in the absence and presence of RAC.

point formed at 340 nm, which manifested equilibrium between
the free RAC and the molecule bound to BSA. Obviously, a slight blue
shift was discovered, it might be referred to that the intermolecular
forces involved to maintain the secondary structure, which could be
altered and resulted in the conformational changes of tryptophan
and tyrosine micro-region caused by interaction of RAC with BSA
[27]. Fig. 3d presents the UV-vis spectra of experiment 1, which
shows peaks at 278 nm (curve 1) and a blue shift which floated
from 278 nm to the drugs characteristic absorbance peak (274 nm)
can be observed and the another spectral peak at 222 nm also got
more higher with the continuous addition of RAC. Fig. 3b shows
the emission spectra of RAC in the presence of BSA with various
concentrations. With the titration of BSA, the emission spectrum
of RAC (curve 1) at 310 nm disappeared in curve 10 when the ratio
of rrac:psa Was approximate to 2 and a new emission peak appear-
ing at 350 nm assigned with the addition of BSA. UV-vis spectrum
(curve 1) of experiment 2 (Fig. 3e) shows at 274 nm, there is a red
shift (from 274 to 278 nm) can be observed with the increasing of
BSA (curves 1-10, [RAC]:[BSA] = 0-2). This indicates the changes of
the environment of the tryptophanyl residues of BSA, the peptides
strand less extends, and the hydrophobicity is increased. More-
over, from curves 11 to 21 no peak change can be observed for
peak at 278 nm, which may demonstrate that the BSA-RAC kinetic
system had already reached to equilibrium. The peak at 222 nm
vanished with the addition of BSA. No apparent phenomenon can be
observed from fluorescence and UV-vis spectra of the Job’s method
(see Fig. 3cand f) and no more information can be provided directly.

3.7. Resolution of the overlapped spectra of RAC-BSA with the aid
of MCR-ALS

Generally, both for the fluorescence and the UV-vis spectra
alone (Fig. 3a-f), it is difficult to deduce the formation of a com-
plex in the kinetic binding reaction system because of the high
spectral overlap for each species. Therefore, in this work the whole
set of spectroscopic data matrices (called expanded data matrix)
was simultaneously resolved by the MCR-ALS to obtain useful
information of the biological kinetic system, including the RAC-
BSA complex, the concentration profiles, the pure spectra for each
species and the calculation of the apparent equilibrium, and to
explore the essence of the drug’s affection on BSA.

To apply MCR-ALS, the first step was to build up the expand-
ing data matrix by joining the individual data matrices in the way
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Fig. 3. Spectra obtained from different experiments. Experiment 1: (a) fluorescence (DE*) and (d) UV-vis (D53, casa =3.33 x 10-8mol L-!, RAC was added with different

concentrations, (crac =0, 0.5, 1,
and cgsp =0, 3.33,6.67, ...,

shown in Eq. (2), and the next step was to evaluate the number of
factors which could be related to chemical species by EFA method
and to estimate the initial concentration for the species existed
in the kinetic binding procedure. MCR-ALS constrained optimiza-
tion was then applied with an initial estimate of the concentration
profiles obtained from EFA for the three species postulated. The
concentrations calculated in that optimization were constrained to
be positive or zero and to give unimodel profiles. Moreover, as the
total concentration of RAC and BSA were known in the experiments,
this information was also included as a closure constraint for the
concentrations profiles.

From the finally resolved pure spectra, qualitative informa-
tion about the nature of the complex was extracted. Fig. 4a-b
shows the pure fluorescence and UV-vis spectra recovered for

, 10 x 10-8 mol L' for curves 1-21, respectively). Experlment 2: (b) ﬂuorescence (DRAC) and (e) UV-vis (DAC), crac =6.67 x 10~ mol L™
6.67 x 10*8 mol L-! for curves 1-21, respectively. Experiment 3: (c) fluorescence (D}*") and (f) absorption (D};%"), different amounts of RAC were
added in the range from 3.33 x 108 to 0 mol L~! and BSA were added in the range of 0-3.33 x 108 mol L~ ([BSA]:[RAC]=0.0, 0.05,0.1,... .,

1.0 for curves 1-21, respectively).

different species, which correspond to ST and S, respectively.
These obtained fluorescence and UV-vis spectra (dashed line) com-
pared well with the measured spectra (solid line). It should be
emphasized that the fluorescence and UV-vis spectra for the BSA-
RAC complex (see dashed line of RAC-BSA in Fig. 4a and b), and
the concentration profiles of RAC, BSA and the BSA-RAC com-
plex in the kinetic binding procedure (see the fitted curves of
BSA, RAC and RAC-BSA in Fig. 4c-e), which are difficult to obtain
by conventional methods, were obtained with the use of MCR-
ALS. In contrast, from Fig. 4b, a clear red shift of the maximum
absorbance can be observed from free BSA to BSA-RAC binding
complex and a blue shift can also be seen in the received fluo-
rescence spectrum (see Fig. 4a) of free BSA when RAC was added,
which can be ascertained that the conformation and/or the micro-
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Fig. 4. Results of the simultaneous analysis of the UV-vis and fluorescence data matrices of the three experiments. Recovered UV-vis spectra (a) and fluorescence spectra
(b). Recovered concentration profiles for experiment 1 (c), experiment 2 (d) and experiment 3 (f).

environment of BSA were affected by the binding of BSA with
RAC.

For evaluation of the pure fluorescence and UV-vis spec-
tra of RAC-BSA complex (see Fig. 4a and b) from the biological
kinetic system (see Fig. 3a-c and d-f, respectively), it is impos-
sible to get these two spectra without the use of expanded
MCR-ALS because of the high overlap spectra of the existing
species.

3.8. Estimation of the apparent formation constant (Kqpp) of the
complex

The concentration profiles recovered with MCR-ALS by the
mole-ratio method keeping cgsa Or crac constant and for the con-

tinuous variation method are shown in Fig. 4c-e. These three plots
correspond to data matrices CBSA, CRAC and CVar, respectively. The
recovered concentration profiles show the expected trends related
with the different kind of experiments performed. For experiments
1 with mole-ratio method (Fig. 4c), the concentration of the interca-
lation complex increases slowly and reach to the equilibrium when
the ratio of [RAC]:[BSA] is 2.1, while for experiments 2 (Fig. 4d), the
concentration of the intercalation complex increases sharply from
beginning to rgsa:rac ~ 0.5 and approaches to equilibrate as the
concentration of BSA increased continuously. For the Job’s method
(Fig. 4e), the concentration of the intercalation complex reaches
approximately a maximum at rgsa.rac ~0.45 and 0 at the initial
and final points of the experiment, it is similar as a transient inter-
mediate.
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Furthermore, from the estimated concentration profiles, it is
possible to calculate a value of the apparent formation constant
(Kapp) of the complex as following:

[RAC-BSA]
orw = [RACTIBSAI 7

where [RAC-BSA], [RAC] and [BSA] are the estimated concentra-
tions for the complex, free RAC and free BSA, respectively at each
point of the concentration profiles. The [RAC]:[BSA] for the complex
was 2.1 (Fig. 4c), and the value of K,pp was calculated as 3.13 x 108
(log Kapp is 6.49) according to Eq. (7). The molar ratio of [BSA]:[RAC]
for the complex is 0.5 in Fig. 4d, and Kapp was obtained as 2.76 x 10°
(log Kapp =6.43). The [BSA]:[RAC] was 0.45 (Fig. 4e), and Kapp was
3.17 x 10° (log Kapp = 6.50). Thus, the estimates of Kapp (BSA-RAC)
obtained from three different cases were similar, which indicated
that there was a strong interaction force between the RAC and
BSA molecules, and the drug will exist in the blood plasma with
a long time and play a profound poisonous effect [28]. From the
recovered concentration profiles (Fig. 4c—e), the [RAC]:[BSA] molar
ratio in the complex was approximate to 2, which indicates that
at different experimental conditions there was one binding site
per two base pairs [29]. Furthermore, as described above, almost
equal values of 6.49, 6.43 and 6.50 were obtained for the log Kapp,
and the estimate Kpp (2.90+0.25 x 10%) was in good agreement
with the one obtained by conventional method (see Section 3.2 and
Table 2).

3.9. Effect of siter, warfarin and ibuprofen, on the binding of RAC
to BSA

Crystal structure of BSA is a heart-shaped helical monomer com-
posed of three homologous domains named I, II, Il and each domain
includes two sub-domains called A and B to form a cylinder [30].
The principal regions of ligand-binding sites on albumin are located
in hydrophobic cavities in sub-domains IIA and IlIA, which exhibit
similar chemical properties [31]. These two binding cavities are also
referred to sites I and II according to the terminology proposed by
Sudlow et al. [32]. In order to identify the (3-agonist binding site on
BSA, site marker competitive experiments were carried out, using
drug which specially bind to a known site or region on BSA. From
X-ray crystallography studies, warfarin has been demonstrated to
bind to the sub-domain IIA while ibuprofen is considered as IlIA
binder [33]. Then information about the RAC-BSA binding site can
be gained by monitoring the changes in fluorescence of RAC bound
albumin that brought about by site I (warfarin) and site II (ibupro-
fen) markers.

Interaction parameters of RAC with BSA indicated a quite strong
binding site (see Table 2). In order to locate the RAC binding site on
the BSA, the displacement of RAC bound to BSA was performed
by fluorescence titration with the addition of warfarin (Section
2.3.4, method 1). The characteristic emission fluorescence of BSA
at 350 nm was quenched (see Fig. 5), thus, warfarin appeared to
bind at the same site as RAC. This observation supported site |
as the RAC binding mode on the BSA protein. A similar fluores-
cence titration was also carried out for site Il marker ibuprofen,
and no obvious effect on the binding of RAC to BSA was observed.
The displacement percentage only reached about 8% when [ibupro-
fen]/[BSA] =10, which indicated the two molecules did not share a
similar binding site on the BSA.

The influence of warfarin on the interactions of RAC-BSA was
further investigated. RAC was gradually added to the solution of
BSA and site markers held in different ratios (method 2 in Section
2.3.4). With the addition of RAC into warfarin-BSA solution, the flu-
orescence intensity at 350 nm of the BSA with different molar ratio
warfarin (fwarfarin:gsa =0, 1, 2, ..., 5) decreased gradually, indicat-
ing that the bound RAC to BSA was affected by adding warfarin. In
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Fig.5. The fluorescence spectra of the RAC/BSA system with the addition of warfarin.
TRAC:BSA = 2 (CBSA =333 x 1078 mol L71 and CRAC = 6.67 x 1078 mol Lfl ), and Cwarfarin
was added from 0 to 1.17 x 10-7 mol L-! at 1.67 x 10-8 mol L-! interval.

Table 3
The binding constants of warfarin/BSA system with the
addition of RAC at 298 K.

K, (x10° Lmol—")

28.6
6.3
5.7
5.3
4.7
3.6

T'warfarin:BSA

g WN = O

order to facilitate the comparison of the influence of warfarin on
the binding of RAC to BSA, the fluorescence quenching data of the
RAC-BSA system with the presence of site marker was also analyzed
using the double-logarithm equation. The binding constants of the
RAC-BSA system, which can be calculated from the slope values of
the plots, were listed in Table 3. Obviously, the binding constant
of the RAC-BSA system without and with warfarin was decreased
from 28.6 x 10° to 3.6 x 10° Lmol~!, indicating that warfarin could
significantly affect the binding of RAC to BSA. The above experi-
mental results and analysis indicated that the binding of RAC to
BSA mainly located within site I (sub-domain I1A).

4. Conclusion

In this paper, the interaction between Ractopamine and BSA has
been studied by fluorescence, UV-vis and FT-IR spectroscopy.

¢ Through conventional method, the intrinsic fluorescence of BSA
was quenched by RAC through static quenching mechanism.
The negative value of enthalpy change (AH) and positive value
of entropy change (AS) indicated that the electrostatic and
hydrophobic interactions played major roles in stabilizing the
complex.

A strong interaction force between the RAC and BSA molecules
showed that the drug has a long stored time in blood plasma and
a profound poisonous effect.

For competition displacement, it appeared that the binding site
of RAC on the protein was around site I. The micro-environment
and conformation of BSA were demonstrated to be changed in
the presence of RAC by SFS and FT-IR spectra.

By MCR-ALS method, the simultaneous recovery of the concen-
tration profiles (quantitative information) and the pure spectra
(qualitative information) for the analyses was possible. It led to
the successful extraction of the pure RAC, BSA and especially the
RAC-BSA complex spectra from the overlapping spectra, which
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is of particular significance, as the extraction of the RAC-BSA can
further understand the mechanism of the interaction.
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