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The mechanism of interaction between C.I. Acid Red 2 and human serum albumin was studied using
different spectroscopic methods. The binding constants for the formation of a complex between the dye
and albumin were 2.557, 2.461 and 2.383 x 10° M ! at 298, 304 and 310 K, respectively. The associated
changes in enthalpy and entropy were —4.512 kj mol~! and 88.38 ] mol~! K, indicating that hydro-
phobic interactions as well as H-bonding were the dominant intermolecular forces stabilizing the
complex. Site marker competitive experiments revealed that the binding of the dye to albumin occurred
in subdomain IIA; the distance between dye and albumin was 3.91 nm according to fluorescence reso-
nance energy transfer theory. Changes in the albumin secondary structure imparted by the dye were
confirmed using synchronous fluorescence, electronic absorption, circular dichroism and three-dimen-
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1. Introduction

Azo dyes make up the largest and most versatile class of dyes
with more than 2000 different azo dyes being currently used.
More than 8.0 x 10% kg of dyes are annually produced worldwide,
of which 60-70% are azo dyes [1,2]. They are characterized by one
or more azo groups (-N=N-) in their chemical structure and can
be used to color a large number of different substrates, such as
textiles, papers, leathers, gasoline, additives, foodstuffs and
cosmetics [3]. It has been estimated that over 10% of the dyes are
lost to the environment in the effluent during dyeing processes.
Moreover, some azo colorants have been related to bladder cancer
in humans, to splenic sarcomas, hepatocarcinomas and nuclear
anomalies in experimental animals, and to chromosomal aberra-
tions in mammalian cells [4,5]. As azo dye at any level is harmful to
human beings, so it has been classified as a kind of carcinogen by
the European Union Commission [6]. Due to their potential carci-
nogenicity, the German government has recently banned the
imports of textiles, leathers and other items dyed with azo dyes
[7]. C.I. Acid Red 2 (2-[4-(dimethylamino)phenylazo] benzoic acid,
structure shown in Fig. 1) is a well-known azo dye and has been
extensively used in textile dyeing and paper printing [8]; however,
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it causes eye and skin irritation and irritation of respiratory and
digestive tract if inhaled/swallowed. It is also a suspected carcin-
ogen and mutagen [9].

Transportation, distribution, physiological and toxicological
actions of dyes in vivo are closely related to their binding with
proteins, so the investigation of dyes with respect to protein-dye
binding is imperative and of fundamental importance. Human
serum albumin (HSA) is the most abundant protein constituent of
blood plasma and has been used as a model protein for many and
diverse biophysical and physicochemical studies [10]. He and Carter
[11] have determined the three-dimensional structure of HSA
through X-ray crystallographic measurements. The globular protein
consists of three homologous domains that assemble to form
a heart-shaped molecule, each domain contains two subdomains
(A and B), and is stabilized by 17 disulfide bridges. Aromatic and
heterocyclic ligands were found to bind within two hydrophobic
pockets in subdomains IIA and IIIA, which are consistent with site |
and site II. Site I is formed as a pocket in subdomain IIA and involves
the lone tryptophan of the protein (Trp-214). Site II corresponds to
the pocket of subdomain IIIA, which is almost the same size as site |,
the interior of cavity is constituted of hydrophobic amino acid
residues (Arg-410 and Tyr-411) [12,13]. In plasma, this protein is
able to bind, and thereby transport, various substances such as
amino acids, fatty acids, hormones, drugs and dyes [14]. It is well-
known that the remarkable binding properties of HSA accounts for
the central role in both the toxicity and rate of delivery of dyes. In
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addition, there is evidence of conformation changes of HSA induced
by its interaction with dyes, which appears to affect the secondary
and tertiary structure of HSA [15,16]. Consequently, the investiga-
tion on the interaction of dyes to HSA is of great importance. Shaikh
et al. have studied the binding of bromopyrogallol red and rose
bengal to BSA in order to investigate their high affinity to BSA
[17,18]. Yue et al. have studied the binding of C.I. Direct Yellow 9 to
HSA [19]. A spectrophotometric method has been developed for the
determination of C.I. Acid Red 2-protein adducts [20,21], yet other
parameters like mode of interaction, binding mechanism and
binding site are also important, these investigation may provide
major theoretical information for the improvement of the metab-
olism and distribution of C.I. Acid Red 2 in life sciences, biological
techniques and molecular functional design. Furthermore, to our
knowledge, the investigation of C.I. Acid Red 2 interaction with HSA
using fluorescence spectroscopy is the first report of this type of
analysis.

In this paper, the interaction between C.I. Acid Red 2 and HSA
was studied under physiological conditions by fluorescence, elec-
tronic absorption and circular dichroism (CD) spectroscopy. Great
attempts were made to investigate the binding mechanism
between them regarding the quenching mechanism, the specific
binding site, the type of binding force and the effect of C.I. Acid Red
2 on the secondary structure changes of HSA. This work cannot only
provide valuable information for the transportation and distribu-
tion of C.I. Acid Red 2, but also illustrate the mechanism of inter-
action of azo dyes with protein.
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2. Materials and methods
2.1. Materials

Human serum albumin (fatty acid free < 0.05%) and C.I. Acid Red
2 (CAS: 493-52-7) were purchased from Sigma-Aldrich Chemical
Company. All other reagents were of analytical grade reagent. Milli-
Q ultrapure water was used throughout the experiments. NaCl
(1.0 M) solution was used to maintain the ionic strength at 0.1. Tris
(0.2 M)-HCI (0.1 M) was used to keep the pH of the solution at 7.4.
Dilutions of the HSA stock (1.0 x 10~> M) in Tris-HCl buffer solution
were prepared immediately before use. The concentration of HSA
was determined spectrophotometrically using E; ¢m'* of 5.30 at
280 nm [22]. The stock solution (5.0 x 10~4 M) of C.I. Acid Red 2 was
prepared in absolute ethanol.

2.2. Fluorescence and electronic absorption spectra

Fluorescence spectra were performed on an F-4500 spectroflu-
orimeter (Hitachi, Japan) equipped with 1.0 cm quartz cell and
a thermostat bath. Fluorescence emission spectra were recorded at
298, 304 and 310 K in the range of 290-500 nm. The width of the
excitation and emission slit was set to 5.0 and 5.0 nm, respectively.
An excitation wavelength of 295 nm was chosen and very dilute
solutions were used in the experiment (HSA 1.0 x 10~% M, C.I. Acid
Red 2 in the range of 0-14.4 x 10~% M) to avoid the inner filter
effect. The quenching effect of ethanol was evaluated and the result
indicated that there was almost no influence of ethanol on the C.I.
Acid Red 2-HSA interaction.

Site marker competitive experiments: The concentration of HSA
and phenylbutazone/flufenamic acid were all stabilized at 1.0 x
107® M CI Acid Red 2 was then gradually added to the HSA-
phenylbutazone or HSA-flufenamic acid mixtures. An excitation
wavelength of 295 nm was selected and the fluorescence spectra
were recorded in the range of 290-500 nm.

The three-dimensional fluorescence spectra were performed
under the following conditions: the emission wavelength was
recorded between 200 and 500 nm, the initial excitation wave-
length 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.

Electronic absorption spectra were recorded at room tempera-
ture on a Cary-100 spectrophotometer (Varian, USA) equipped with
1.0 cm quartz cuvette. The wavelength range was from 200 to
400 nm.

CD spectra were recorded with a Jasco-810 spectropolarimeter
(Jasco, Japan) using a 0.1 cm path length quartz cell. Measurements
were taken at wavelengths between 200 and 250 nm with 0.2 nm
step resolution and averaged over five scans recorded as a speed of
50 nm min~ . All observed CD spectra were baseline subtracted for
buffer and the helicity was calculated from the molar ellipticity ([e],
deg cm? dmol™!) value at 222 nm using the following equation
[23]:

—le]p22—2,340

%a — helix = 30.300

(1)

3. Results and discussion
3.1. Effect of ethanol

The ethanol alone effect on the fluorescence spectra of HSA in
the pH 7.4 Tris-HCl buffer were measured with the excitation
wavelength at 295 nm and the results are shown in Fig. 2. As can be
seen from Fig. 2, the effect of ethanol on the fluorescence intensity



E Ding et al. / Dyes and Pigments 83 (2009) 249-257 251

n l\./l\.
—n

0.80 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16

[Ethanol] (1076 M)

Fig. 2. Effect of ethanol on the fluorescence intensity of HSA. c(HSA) = 1.0 x 107% M,
c(ethanol) = 0, 1.6, 3.2, 4.8, 6.4, 8.0, 9.6,11.2, 12.8, 14.4 x 10°® M pH = 7.4, T = 298 K.

of HSA could be negligible. In other words, there was almost no
influence of ethanol on the HSA conformation.

3.2. Fluorescence quenching mechanism

The fluorescence intensity of a compound can be decreased by
a variety of molecular interactions, such as excited-state reactions,
molecular rearrangements, energy transfer, ground-state complex
formation and collision quenching [24]. Such a decrease in
intensity is called fluorescence quenching. Fig. 3 shows the fluo-
rescence emission spectra of HSA with various amounts of C.l.
Acid Red 2 following excitation at 295 nm. This excitation
wavelength avoids excitation of tyrosine (Tyr) and selectively
excites tryptophan (Trp). As can be seen from Fig. 3, the fluo-
rescence intensity of HSA decreased regularly and there was
almost no shift of the emission wavelength with the addition of
C.I. Acid Red 2. Under the same conditions, no fluorescence of C.I.
Acid Red 2 was observed. These results implied that interaction
between dye and HSA occurs resulting in quenching the intrinsic
fluorescence of HSA [25].
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Fig. 3. The fluorescence spectra of C.I. Acid Red 2-HSA system. (a) 1.0 x 10~% M HSA;
(b—j) 1.0 x 1075 M HSA in the presence of 1.6, 3.2, 4.8, 6.4, 8.0, 9.6, 11.2, 12.8,
14.4 x 10°® M CIL Acid Red 2; (x) 14.4 x 10~ M ClI. Acid Red 2. pH = 7.4, T = 298 K.
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Fig. 4. Stern-Volmer plots for the C.I. Acid Red 2-HSA system at three different
temperatures. c(HSA) = 1.0 x 10~® M; pH = 7.4.

Fluorescence quenching of HSA results from a decrease of
fluorescence quantum yield. The Stern-Volmer equation is often
applied to describe the fluorescence quenching and analyze the
quenching mechanism [26]:

P~ 14 KeulQ) = 1+ kqrolQ] 2)

where Fg and F are the fluorescence intensities before and after the
addition of the quencher. kg, Ksy, 7o and [Q] are the quenching rate
constant of the biomolecule, the Stern-Volmer dynamic quenching
constant, the average lifetime of the molecule without quencher
(tg = 1078 s [27]) and the concentration of the quencher, respec-
tively. Fig. 4 shows the Stern-Volmer plots of Fo/F versus [Q] at three
different temperatures and the calculated Ksy and kq values are
summarized in Table 1. The results revealed that the Stern-Volmer
dynamic quenching constant Ksy and kq is inversely correlated with
increasing temperature and the values of kq; were much greater
than the maximum scatter collision quenching constant of various
quenchers (2.0 x 10'° M~! s~1 [28]), which indicated that the
probable quenching mechanism of dye-HSA interaction was not
initiated by dynamic collision but compound formation [29]. That
is, the dye is bound to HSA and a dye-HSA complex is formed,
which resulted in a fluorescence quenching of the fluorophore.

Therefore, the quenching data were examined according to the
Lineweaver-Burk equation [14]:

1 1 1
" Fo " KaFolQ) 3)

Fo—F
where K, denotes the binding constant of dye and HSA, which can
be calculated from the slope and intercept of Lineweaver-Burk
curves as shown in Fig. 5, and the corresponding results of K values
at different temperatures are listed in Table 2. The decreasing trend

Table 1
Stern-Volmer quenching constants for the interaction of C.I. Acid Red 2 with HSA at
three different temperatures.

T (K) Ksy (x 104 M) kq(x 1012 M1 s71) R? S.DP
298 1.631 1.631 0.9985 0.004
304 1516 1516 0.9989 0.004
310 1.395 1.395 0.9994 0.003

2 R is the correlation coefficient.
b SD. is the standard deviation.
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Fig. 5. Lineweaver-Burk plots for the C.I. Acid Red 2-HSA at different temperatures.
c(HSA) = 1.0 x 10 M; pH = 74.

of K, with increasing temperature was in accordance with the
dependence of Ksy on temperature as mentioned above. In previous
work, fluorescence titration experiments have shown that other
azo dyes binding to HSA have binding constants of 2.55 x 10’ M~}
[30] and 2.14 x 108 M~ [31], respectively. Moreover, most ligands
are bound reversibly and display moderate affinities for albumins
(binding constants in the range 1-20.5 x 10°> M~ ! [32]). Therefore,
in the present work, the binding constant between dye and HSA is
moderate and C.I. Acid Red 2 can be stored and carried by HSA in
the body [33].

3.3. Binding mode

The acting forces between a small molecule and macromolecule
mainly include hydrogen bonds, van der Waals forces, electrostatic
forces and hydrophobic interactions [34]. The thermodynamic
parameters, enthalpy change (AH), entropy change (AS) and free
energy change (AG) are the main characteristics to determine the
binding mode. The temperatures chosen for measurements were
298, 304 and 310 K so that HSA does not undergo any structural
degradation. The thermodynamic parameters can be calculated
from the van't Hoff equation:

—AH® AS?
+— (4)
RT R
K is analogous to the binding constants K, and R is gas constant.

The value of AH and AS were obtained from linear van’'t Hoff plot.
The value of AG was calculated from the equation:

In K@ =

AG® = AH® —T4s? (5)

From the linear relationship between In K and the reciprocal
absolute temperature (Fig. 6), the value of AH, AS and AG were
obtained and are presented in Table 2. The negative sign for AG

Table 2
Lineweaver-Burk constants K, and relative thermodynamic parameters of the C.I.
Acid Red 2-HSA system.

T(K) K,(x 10°M~ ') R? AH (k) mol~") AG (k] mol~') AS(Jmol~' K1)

298  2.557 0.9989 —4.512 —30.85 88.38
304 2.461 0.9995 —31.37
310 2.383 0.9995 —31.91

2 Ris the correlation coefficient for the K, values.
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Fig. 6. Van't Hoff plot for the interaction of HSA and C.I. Acid Red 2 in Tris-HCl buffer,
pH = 74.

means that the binding process was spontaneous and the forma-
tion of the dye-HSA complex was an exothermic reaction accom-
panied by a positive AS value. Ross and Subramanian [35] have
characterized the sign and magnitude of the thermodynamic
parameter associated with various individual kinds of interaction
that may take place in protein association processes. From the point
of water structure, a positive AS value is frequently taken as
evidence for a hydrophobic interaction. Furthermore, the negative
AH value (—4.512 k] mol~!) observed cannot be mainly attributed
to electrostatic interactions since for electrostatic interactions AH is
very small, almost zero [35]. A negative AH value is observed
whenever there is hydrogen bond in the binding. It is not possible
to account for the thermodynamic parameters of the dye-HSA
coordination complex on the basis of a single intermolecular force
model. Consequently, the negative AH and positive AS values
suggest that hydrophobic and hydrogen bond interactions play
major roles in the dye-HSA binding reaction and contributed to the
stability of the complex.

3.4. Location of binding site

When ligand molecules bind independently to a set of equiva-
lent sites on a macromolecule, the equilibrium between free and
bound molecules is given by the equation [36]:

Fp—F 1

[Qt] - Fo [Pt]

log

where Fy and F are the fluorescence intensities before and after the
addition of the quencher, K, and n are the apparent binding
constant and the number of binding sites, [Q;] and [P;] are the total
quencher concentration and the total HSA concentration, respec-
tively. Thus, a plot of log(Fo—F)/F versus log(1/([Qt]—(Fo—F)[P¢]/Fo))
can be used to determined Kp, as well as n. For the system of C.I. Acid
Red 2 and HSA, the values of Ky, and n at 298 K were found to be
2564 x 10° M~ and 1.19, respectively. The value of n was
approximately equal to 1, which implied that there was one inde-
pendent class of binding site for the dye towards HSA.

In order to further classify dye binding site on HSA, competitive
binding experiments have been carried out, using drugs that
specifically bind to a known site or region on HSA. Crystallographic
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analyses have revealed that HSA consists of a single polypeptide
chain of 585 amino acid residues and comprises of three structur-
ally homologous domains (I-11I): I (residues 1-195), Il (196-383), 11l
(384-585), that assemble to form a heart-shaped molecule, and
each domain containing two subdomains called A and B [11].
Sudlow et al. [37] have suggested that HSA has binding sites of
ligand within hydrophobic cavities in subdomains IIA and IIIA,
which are consistent with site I and site II. Site I of HSA showed
affinity for warfarin, phenylbutazone, etc., while site II for diaz-
epam, flufenamic acid, etc. In this paper, the competitors used
included phenylbutazone, a characteristic marker for site I, and
flufenamic acid for site II.

During the site marker competitive experiment, C.I. Acid Red 2
was gradually added to the solution of HSA and site markers held in
equimolar concentrations (1.0 x 10~® M). As shown in Fig. 7(A),
with addition of phenylbutazone into HSA solution, the fluores-
cence intensity was significantly lower than that of without phen-
ylbutazone. Then, after adding the dye into the above system, the
fluorescence intensity of HSA solution, with phenylbutazone held in
equimolar, decreased gradually, and the intensity was much lower
than that of without phenylbutazone, displaying that the binding of
the dye to HSA was affected after adding phenylbutazone. On the
contrary, in the presence of flufenamic acid, the fluorescence
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Fig. 7. Effect of site markers on the fluorescence of C.I. Acid Red 2 bound HSA. (A)
c(HSA) = c(phenylbutazone) = 1.0 x 106 M; (B) c(HSA) = c(fluofenamic
acid) = 1.0 x 107% M; ¢(CIL. Acid Red 2), a—j: 0, 1.6, 3.2, 4.8, 6.4, 8.0, 9.6, 11.2, 12.8,
14.4 x 1075 M, respectively. pH = 7.4, T = 298 K.

0.050

m Blank
0.045 | e Phenylbutazone
Flufenamic acid

0.040

0.035

0.030 -

(Fo -p

0.025 -

0.020 |-

0.015 -

0.010 -

0.005

1 1 1 1 1 1
0 100000 200000 300000 400000 500000 600000 700000
1/[1Q] (M)

Fig. 8. Lineweaver-Burk plots for the C.I. Acid Red 2-HSA system in the presence and
absence of site markers. pH = 7.4, T = 298 K.

intensity of the dye-HSA complex almost had no difference from
that recorded without flufenamic acid under the same conditions
(Fig. 7(B)), which indicated that site Il marker did not prevent the
binding of dye in its usual binding location. According to the Line-
weaver-Burk equation (3), the binding constants K, of the
dye-HSA system with the presence of site markers were evaluated
(Fig. 8) from the fluorescence data listed in Table 3. As shown in
Table 3, the binding constant was remarkably decreased after
addition of phenylbutazone, while the addition of flufenamic acid
results in only a small difference. These results indicate that
phenylbutazone can displace the dye but flufenamic acid has little
effect on the binding of dye to HSA. The above experimental results
and analysis demonstrated that C.I. Acid Red 2 has one reactive site
of HSA, that is, the high affinity site (Sudlow’s site I).

3.5. Energy transfer

Generally, fluorescence resonance energy transfer occurs
whenever the emission spectrum of a fluorophore (donor) overlaps
with the absorption spectrum of another molecule (acceptor). The
overlap of the absorption spectrum of the dye with the fluorescence
emission spectra of HSA is shown in Fig. 9. According to fluores-
cence resonance energy transfer theory [38], the efficiency of the
energy transfer depends on: (i) the extent of overlap of fluores-
cence emission spectrum of the donor with the absorption
spectrum of the acceptor, (ii) the relative orientation of the donor
and acceptor dipoles, and (iii) the distance between the donor and
the acceptor. Here the donor and acceptor were HSA and the dye,
respectively. The efficiency, E, can be calculated using the equation:

F RS
E=1—-— = 6_0 (7)
Fo RS +16
where F and Fj are the fluorescence intensities with and without
dye, respectively. r is the distance between acceptor and donor, and
Ry is the critical distance when the energy transfer efficiency is 50%.

Table 3

The binding constants of competitive experiments of C.I. Acid Red 2-HSA system.
Site marker Ky (x 10° M~ 1) R?
Blank 2.557 0.9989
Phenylbutazone 1136 0.9987
Flufenamic acid 2.077 0.9989

2 Ris the correlation coefficient.
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Fig. 9. Overlapping between the fluorescence emission spectrum of HSA (a) and UV/
vis spectrum of C.I. Acid Red 2 (b). c(HSA) = c(C.I. Acid Red 2) = 1.0 x 10~® M; pH = 7.4,
T =298 K.

RS = 879 x10°2k?-n"%.¢-J (8)

where k? is the spatial orientation factor of the dipole, n is the
refractive index of the medium, ¢ is the fluorescence quantum yield
of the donor and J is the overlap integral of the fluorescence
emission spectrum of the donor and the absorption spectrum of the
acceptor. J is given by

S F)e) XA

I = =5 Faa @)

where F(1) is the fluorescence intensity of the fluorescence donor of
wavelength, 4, and &(1) is the molar absorption coefficient of the
acceptor at wavelength, A. In the presence case, k? = 2/3, n = 1.336
and ¢ = 0.118 for HSA [19]. According to the equations (7)-(9), the
values of the parameters were found to be: J] = 1.064 x
107 em® M~ Ry = 2.48 nm, E = 0.061 and r = 3.91 nm. The donor-
to-acceptor distance, r < 7 nm indicated that the energy transfer
from HSA to dye occurs with high possibility. Further the value of r
was greater than Rg in this study which suggested that the dye
could strongly quench the intrinsic fluorescence of HSA by a static
quenching mechanism [39].

3.6. Conformational investigations

3.6.1. Synchronous fluorescence spectra

Synchronous fluorescence spectroscopy introduced by Lloyd
[40] has been used to characterize complex mixtures providing
fingerprints of complex samples. The synchronous fluorescence
spectra gives information about the molecular environment in
a vicinity of the Tyr and Trp residues and has several advantages,
such as sensitivity, spectral simplification, spectral bandwidth
reduction and avoiding different perturbing effects. According to
the theory of Miller [41], when the D-value (A1) between excitation
and emission wavelength is stabilized at 15 or 60 nm, the
synchronous fluorescence gives the characteristic information of
Tyr or Trp residues. The effect of C.I. Acid Red 2 on HSA synchronous
fluorescence spectra is shown in Fig. 10. It can be seen from Fig. 10
that the maximum emission wavelength kept at the position when
A2 = 15 nm, while a faint red shift can be observed when
AA = 60 nm. The faint red shift effect expresses the change in
conformation of HSA. It is also indicated that the polarity around
the Trp residue was increased and the hydrophobicity was
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Fig. 10. Synchronous fluorescence spectrum of HSA in the absence and presence of C.I.
Acid Red 2 (pH = 7.4, T = 298 K). (a) 1.0 x 1075 M HSA; (b—j) 1.0 x 1075 M HSA in the
presence of 1.6, 3.2, 4.8, 6.4, 8.0, 9.6, 11.2, 12.8, 144 x 1075 M CI Acid Red 2,
respectively.

decreased [42]. Furthermore, the fluorescence intensity decreased
regularly with the addition of dye in both figures, which further
illustrated the occurrence of fluorescence quenching in the binding
process.

3.6.2. Electronic absorption spectra

Electronic absorption spectroscopy is a very simple method and
applicable to explore the structural change and know the complex
formation. In this work, the absorption spectra of HSA with various
amounts of dye were recorded. Fig. 11 shows the absorption spectra
of HSA from 240 to 325 nm in Tris-HCI buffer solution in the
presence of different dye concentrations. It is evident that the
absorbance of HSA decreased regularly with the variation of dye
concentrations and the maximum peak position of dye-HSA was
shifted from 275 to 271 nm. A reasonable explanation for the two
observations may come from the interaction between dye and HSA.
This also indicated that the peptide strands of the HSA molecules
extend upon the addition of dye to HSA [43,44].

3.6.3. Circular dichroism

To further verify the secondary structure change of HSA when
exposed to the dye, CD was employed on HSA and the HSA-dye
complex. The raw CD spectra of HSA in the absence and presence
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Fig. 11. UV-vis absorption spectra of HSA. HSA concentration was at 1.0 x 10 M
(a) and CI Acid Red 2 concentration was at 1.6, 3.2, 4.8, 6.4, 8.0, 9.6, 11.2, 12.8,
144 x 1075 M (b—j); pH = 7.4, T = 298 K.

of dye are shown in Fig. 12. The CD spectra of the HSA exhibited
two negative bands at 208 and 222 nm, which are characteristic
features of an a-helical protein structure. [45]. A reasonable
explanation is that the negative peaks between 208 and 209 nm
and 222 and 223 nm are both contributed by n— =" transition for
the peptide bond of a-helix [46]. The binding of dye to HSA
caused only a decrease in band intensity without any significant
shift of the peaks, clearly indicating that dye induced a slight
decrease in the a-helical structure content of HSA. The «-helical
content of HSA was calculated from equation (1) and the results
displayed a reduction of a-helical structure from 35.84% to 34.57%
at a molar ratio of HSA to dye of 1:4. From the above results, it
was apparent that the effect of the dye on the HSA caused
a secondary structure change of the protein, with the loss of
helical stability.

3.6.4. Three-dimensional fluorescence spectra

Three-dimensional fluorescence spectroscopy has become
a popular technique in recent years. The outstanding advantage
of three-dimensional fluorescence spectra is that information
regarding the fluorescence characteristics can be entirely acquired

[e] (10* deg cm? dmol™")
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Fig. 12. CD spectra of the CI. Acid Red 2-HSA system. (a

1.0 x 107 M HSA;
(b) 1.0 x 1075 M HSA + 4.0 x 107 M C.I. Acid Red 2; pH = 74, T =

298 K.

by changing excitation and emission wavelength simultaneously
[47]. The three-dimensional fluorescence spectra of HSA and dye-
HSA complex are shown in Fig. 13, and the corresponding charac-
teristic parameters are listed in Table 4. As shown in Fig. 13, peak
a is the Rayleigh scattering peak (iex = Aem) and peak b is the
second-ordered scattering peak (Aem = 2Aex) [48]. The fluorescence
intensity of peak a and peak b increased with the addition of dye.
The possible reason is that a dye-HSA complex came into being
after the addition of dye, increasing the diameter of the macro-
molecule which in turn resulted in an enhanced scattering effect.
Peak 1 mainly reveals the spectral behavior of Trp and Tyr residues.
The reason is that when HSA is excited at 280 nm, it mainly reveals
the intrinsic fluorescence of Trp and Tyr residues. Beside peak 1,
there is another fluorescence peak 2 (lex = 230.0 nm, ey =
340.0 nm) that mainly reflects the fluorescence spectral behavior of
the polypeptide backbone structure of HSA [49]. The fluorescence
intensity of peak 2 decreased after the addition of dye, which
means that the peptide strands structure of HSA has been changed.
Analyzing from the fluorescence intensity changes of peak 1 and
peak 2, which decrease but to a different degree: in the absence and
presence of dye, the intensity ratio of peak 17 and peak 2 was 1.08:1
and 1.23:1, respectively. The decrease of fluorescence intensity of
the two peaks in combination with synchronous fluorescence,
electronic absorption and CD results indicated that the interaction
of dye with HSA induced a secondary structure change of HSA. The
above phenomenon and analyzing of peak 1 and peak 2 revealed
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Fig.13. Three-dimensional fluorescence spectra of HSA (A) and the C.I. Acid Red 2-HSA
system (B). (A): c(HSA) = 3.0 x 1078 M, ¢(Cl Acid Red 2) = 0; (B): c(HSA)
=3.0 x 1075 M, ¢(CI. Acid Red 2) = 3.0 x 10" M pH = 74, T = 298 K.
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Table 4
Three-dimensional fluorescence spectral characteristics of HSA and C.I. Acid Red 2-HSA system.
Peaks HSA C.I. Acid Red 2-HSA

Peak position Aex/Aem (NmM/nm) Stokes AZ (nm) Intensity F Peak position Aex/Aem (NM/nm) Stokes A (nm) Intensity F
Rayleigh scattering peaks 235/235—350/350 0 194.2 - 479.6 235/235—350/350 0 218.5—710.3
Fluorescence peak 1 280.0/342.0 62.0 928.1 280.0/344.0 64.0 861.9
Fluorescence peak 2 230.0/340.0 110.0 699.0 230.0/340.0 110.0 567.6

that the binding of C.I. Acid Red 2 to HSA induced some microen-
vironment and conformational changes in HSA.

3.7. Further considerations

Proteins with one polypeptide chain are monomeric proteins.
Proteins composed of more than one polypeptide chain are mul-
timeric proteins. In these multimeric proteins, the individual
polypeptide chains are termed monomer or subunit [50]. Hydrogen
bonds and electrostatic bonds formed between surface residues of
adjacent subunits stabilize the association of subunits. Lyophilized
HSA usually has covalent dimer structure (formed between mer-
capto residues during lyophilization). Furthermore, there is
evidence in the literature that HSA can form noncovalent dimers as
a function of concentration [51,52]. In this work, hydrogen bonds
played major roles in the dye-HSA binding reaction, and the
conformational changes occurring after the binding of dye,
affecting the association between the dimer subunits, so this could
be a state of association which changes as the HSA concentration is
changed. Similar findings have also been reported by Levi and
Flecha [53] for the binding of fluorescein-5’-isothiocyanate and
eosin-5'-isothiocyanate with bovine serum albumin. All these
aspects have to be taken into account because they affect binding
results.

4. Conclusions

This paper presents spectroscopic investigation on the interac-
tion of CI. Acid Red 2 with HSA using fluorescence emission,
synchronous fluorescence, electronic absorption, CD and three-
dimensional fluorescence spectra. The experimental results indi-
cated that the probable mechanism of C.I. Acid Red 2 interaction
with HSA is a static quenching process. The binding of C.I. Acid Red
2 to HSA was found to be spontaneous and hydrophobic and
hydrogen bond interactions played major role in the binding
reaction. A site marker competitive experiment suggested that C.I.
Acid Red 2 bound to the subdomain IIA of HSA (Sudlow’s site I). The
distance r = 3.91 nm between HSA and dye was obtained according
to fluorescence resonance energy transfer. In the conformational
investigation, synchronous fluorescence, electronic absorption, CD
and three-dimensional fluorescence spectra revealed that the
conformation and microenvironment of HSA were changed in the
presence of C.I. Acid Red 2. The binding study of C.I. Acid Red 2 to
HSA is greatly important in toxicology. This study provides
important insight into the interactions of the physiological impor-
tant protein HSA with azo dyes. Information is also obtained about
azo dye induced secondary structure changes of HSA, which may be
correlated to its physiological activity.
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