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The mechanism of interaction between C.I. Direct Yellow 9 and human serum albumin was studied using
spectroscopic methods including fluorescence spectra, UV–vis, Fourier transform infrared (FT-IR) and cir-
cular dichroism (CD). The quenching mechanism was investigated in terms of the association constants,
number of binding sites and basic thermodynamic parameters. The distance between the human serum
albumin donor and the acceptor dye was 3.64 nm as derived from fluorescence resonance energy trans-
fer. Alteration of the secondary protein structure in the presence of the dye was confirmed by UV, FT-IR
and CD spectroscopy. Molecular modeling revealed that a dye–protein complex was stabilized by hydro-
phobic forces and hydrogen bonding, via amino acid residues.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

C.I. Direct Yellow 9 (structure shown in Fig. 1) has been widely
used as a dye, biological stain and diagnostic aid. Like other dyes,
C.I. Direct Yellow 9 is successfully applied for clinical and medicinal
purposes [1]. Some dyes were found to stain certain tissues and
would destroy pathogenic organisms without causing appreciable
harm to the host. As a result, some azo, thiazine and triphenyl
methane dyes came into use as antiseptic trypanocides and for
other medicinal purposes [2]. It was also reported that certain
dyes viz., fluorescein and rose bengal were preferentially adsorbed
by cancerous cells [1]. Studying structural dynamics of dye–protein
complexes is crucial for understanding the biological effects and
functions of dyes in body.

Human serum albumin is the major soluble protein constituents
of the circulatory system, contributing significantly in the physio-
logical functions as carrier proteins [3]. The unique feature of albu-
min is its ability to bind a wide variety of compounds such as
metabolites, drugs, dyes, fatty acids, etc. [4], mainly because of
the availability of hydrophobic pockets inside the protein network
and the flexibility of the albumins to adapt its shape. The crystallo-
graphic analysis of HSA revealed that the protein, a 585-amino acid
residue monomer, contains three homologous a-helical domains
: þ86 931 8912582.
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(I–III) and a single tryptophan (Trp214) [5]. There is evidence of
conformational changes of albumin induced by its interaction
with dyes and ligands. And these changes appear to affect the sec-
ondary and tertiary structure of albumin [6]. Consequently, it is im-
portant to study the interaction of dyes with serum albumin, and
hence become an important research field in chemistry, life sci-
ences and clinical medicine.

Interaction between dye and protein governs the duration and
intensity of pharmacological effect [7]. Seetharamappa and co-
workers have studied the binding of bromopyrogallol red and
rose bengal to BSA in order to investigate that the dyes exhibit
a high affinity to BSA [2,8]. Tatikolov and Costa have studied com-
plexation of polymethine dyes with HSA [9]. In this article, we stud-
ied the binding of C.I. Direct Yellow 9 to HSA at different
temperatures utilizing the fluorescence techniques in combination
with UV–vis, circular dichroism (CD), Fourier transform infrared
(FT-IR) spectroscopic methods. The partial binding parameters of
the reaction were calculated through SGI FUEL workstations. In ad-
dition, the effect of common ions on the binding constant of C.I. Di-
rect Yellow 9–HSA was examined.

2. Materials and methods

2.1. Materials

HSA (fatty acid-free < 0.05%) and C.I. Direct Yellow 9 were used
as received from Sigma Chemical Company. A molecular weight of
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Fig. 2. The fluorescence spectra of C.I. Direct Yellow 9–HSA system. The concentration
of C.I. Direct Yellow 9 corresponding to 0, 1.66, 3.32, 4.98, 6.62, 8.26, 9.90 mM from (a)
to (g); [HSA]¼ 3.0 mM; (h) 1.66 mM C.I. Direct Yellow 9; lex¼ 295 nm, lem¼ 334 nm;
pH¼ 7.40; T¼ 298 K.
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Fig. 1. The structure of C.I. Direct Yellow 9.
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66,500 was taken for HSA. All other reagents were of analytical re-
agent grade. The double-distilled 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)–HCl (0.1 M) buffer solution containing
NaCl (0.1 M) was used to keep the pH of the solution at 7.40. Dilu-
tions of the HSA stock (3.0�10�5 M) in Tris–HCl buffer solution
were prepared immediately before use. The stock solution
(1.0�10�3 M) of C.I. Direct Yellow 9 was prepared in double-
distilled water.

2.2. Apparatus and methods

Fluorescence emission spectra between 310 and 550 nm were
recorded on a RF-5301PC Spectrofluorimeter (Shimadzu, Japan) at
25 �C with the excitation wavelength set to 295 nm, slit widths of
5 nm for both excitation and emission bandwidths. The relative
fluorescent intensity was measured in high sensitivity.

UV spectroscopy was performed on a Shimadzu UV-240 at 298 K
in the range 200–500 nm using a quartz cuvette with 1 cm
pathlength.

CD measurements of HSA solution alone and in the presence of
C.I. Direct Yellow 9 were performed using an Olis DSM 1000 (USA)
automatic recording spectrophotometer in a 1 mm cell. Each
spectrum represents the average of five successive scans. CD spec-
tra (200–300 nm) were taken at an HSA concentration of
3.0�10�6 M, and the results were taken as molar ellipticity ([q])
in deg cm2 dmol�1. The a-helical content of HSA was calculated
from [q] value at 208 nm using Eq. (1) [10]:

a-helix%[
��

L½q�208L4000
��
ð33;000L4000Þ

�
3100 (1)

FT-IR measurements were carried out at room temperature on
a Nicolet Nexus 670 FT-IR spectrometer (America) equipped with
a Germanium attenuated total reflection (ATR) accessory, a DTGS
KBr detector and a KBr beam splitter. All spectra were taken via
the Attenuated Total Reflection (ATR) method with resolution of
4 cm�1 and 60 scans. The spectra processing procedure involved
collecting spectra of buffer solution under the same conditions.
Next, the absorbance of the buffer solution was subtracted from
the spectra of the sample solution to obtain the FT-IR spectra of
the protein. The subtraction criterion was that the original spec-
trum of the protein solution between 2200 and 1800 cm�1 was fea-
tureless [11,12].

The crystal structure of HSA in complex with R-warfarin was
taken from the Brookhaven Protein Data Bank (entry codes 1h9z).
The potential of the 3D structure of HSA was assigned according
the Amber 4.0 force field with Kollman-all-atom charges. The initial
structure of all the molecules was generated by molecular model-
ing software Sybyl 6.9 [13]. The geometries of these compounds
were subsequently optimized using the Tripos force field with Gas-
teiger–Marsili charges. FlexX program was applied to calculate the
possible conformation of the ligands that binds to the protein.
According to this kind of approach, a computational model of the
target receptor was built, and partial binding parameters of the
C.I. Direct Yellow 9–HSA system were calculated through SGI
FUEL workstations.

For the research on the effects of metal ions, CuCl2, ZnCl2, NiCl2,
AlCl3, CrCl3, HgCl2 and PbCl2 were used as foreign substances. The
anions were all chloride ions, which did not affect the protein fluo-
rescence. The concentrations of metal ions were fixed at 3.0 mM.
The fluorescence spectra of C.I. Direct Yellow 9–HSA were recorded
in the presence and absence of various ions in the range 300–
500 nm upon excitation at 295 nm.
3. Results and discussion

3.1. Binding properties of C.I. Direct Yellow 9 to HSA

For macromolecules, fluorescence measurements can give some
information of binding small molecules to protein, such as the
binding mechanism, binding mode, binding constants, binding
sites and intermolecular distances. A variety of molecular interac-
tions can result in quenching, including excited state reactions, mo-
lecular rearrangements, energy transfer, ground-state complex
formation, and collisional quenching. Fig. 2 shows the fluorescence
emission spectra of HSA with various amounts of C.I. Direct Yellow
9 following an excitation at 295 nm. HSA exhibited a strong fluores-
cence emission band at 334 nm. Its intensity decreased gradually
with the addition of C.I. Direct Yellow 9. It was also observed that
an increase in the fluorescence intensity at 422 nm was assigned
to C.I. Direct Yellow 9. Under the same conditions, C.I. Direct Yellow
9 exhibited fluorescence emission in the range 400–500 nm which
did not affect HSA intrinsic fluorescence intensity (300–375 nm).
These observations may be referred to a strong binding of C.I. Direct
Yellow 9 to HSA and a radiationless energy transfer between C.I. Di-
rect Yellow 9 and HSA [14]. Moreover, the occurrence of an isobestic
point at 375 nm might also indicate the existence of bound and free
C.I. Direct Yellow 9 in equilibrium.

Quenching data were also used to quantitative analysis the
binding of C.I. Direct Yellow 9 to HSA at different temperatures
through Scatchard equation (Eq. (2)) [15]:

r
Df

[ nKLrK (2)

where r represents the number of moles of bound small molecules
per mole of protein, Df represents the molar concentration of free
small molecules, n and K are the number of binding sites and bind-
ing constant, respectively. It can be seen from Fig. 3 that the Scatch-
ard plots for the HSA–C.I. Direct Yellow 9 at different temperatures.
The satisfactory linearity of Scatchard plots indicated that C.I. Direct



Fig. 3. The Scatchard plot for the HSA–C.I. Direct Yellow 9 system at different temper-
atures. [HSA]¼ 3.0 mM; [C.I. Direct Yellow 9]¼ 3.32–14.78 mM; pH¼ 7.40; lex¼ 295 nm
and lem¼ 334 nm.
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Yellow 9 bound to a class of binding sites on HSA with the increase
of the temperature. The binding constants at four temperatures are
shown in Table 1 and are used to calculate the thermodynamics
parameters. Since higher temperatures result in larger diffusion
coefficients, the quenching constants are expected to increase
with temperature. In contrast, elevated temperature decreases
the stability of complexes and thus lowers the values of the static
quenching constants. Table 1 indicates that the quenching mecha-
nism of fluorescence of HSA by C.I. Direct Yellow 9 was most likely
a static quenching procedure.
3.2. Binding mode

Essentially, there are four types of non-covalent interaction
existing in ligand binding to proteins. These are hydrogen bond,
van der Waals force, electrostatic force, hydrophobic interaction
force. The signs and magnitudes of thermodynamic parameters
for protein reactions can account for the main forces contributing
to protein stability. If the enthalpy changes ðDH0Þ do not vary signif-
icantly over the temperature range studied, then its value can be
determined from the Van’t Hoff equation (Eq. (3)) [16]:

ln K [ LDH0=RTDDS0=R (3)

where K is the binding constant at a definite temperature and R the
gas constant. A linear plot of ln K against 1/T yields DH0 and DS0 for
the binding interaction. Consequently, the amount of free energy
change required for the binding is estimated from Eq. (4):

DG0 [ DH0LTDS0 (4)

From the linear relationship between ln K and the reciprocal abso-
lute temperature, the value of DH0 and DS0 can be obtained. The re-
sults of DG0 at different temperatures, calculated using Eq. (4), are
Table 1
Binding parameters and thermodynamic parameters of C.I. Direct Yellow 9–HAS

pH T (K) K
(�105 M�1)

Ra n DG0

(kJ mol�1)
DS0

(J mol�1 K�1)
DH0

(kJ mol�1)

7.4 289 1.17 0.9992 1.01 �28.03 47.62 �14.27
296 1.01 0.9985 1.04 �28.37
303 0.88 0.9967 1.06 �28.70
310 0.78 0.9991 1.09 �29.03

a The correlation coefficient.
presented in Table 1. As shown in Table 1, the signs for DH0 and DS0

of the binding reaction between C.I. Direct Yellow 9 and HSA were
found to be negative and positive, respectively. Thus, the formation
of the complex was an exothermic reaction accompanied by posi-
tive DS0 value. Ross and Subramanian [17] 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, as described below. From the point
of view of water structure, a positive DS0 value is frequently taken
as a typical evidence for hydrophobic interaction. Furthermore, the
negative DH0 value (�14.27 kJ mol�1) observed cannot be mainly
attributed to electrostatic interactions since for electrostatic inter-
actions DH0 is very small, almost zero [17,18]. Negative DH0 value
is observed whenever there is hydrogen bonding in the binding
[18]. The negative DH0 and positive DS0 values for the interactions
between C.I. Direct Yellow 9 and HSA indicated that both hydropho-
bic and hydrogen bond interactions played a role in the binding
reaction.

3.3. Effect of C.I. Direct Yellow 9 on the HSA conformation

3.3.1. Synchronous fluorescence studies
Synchronous fluorescence spectroscopy introduced by Llody

[19] has been used to characterize complex mixtures providing fin-
gerprints of complex samples [20]. In the synchronous spectra, the
sensitivity associated with fluorescence is maintained while offer-
ing several advantages: spectral simplification, spectral bandwidth
reduction and avoiding different perturbing effects. It is well
known that the fluorescence of HSA comes from the tyrosine, tryp-
tophan, and phenylalanine residues. According to the theory of
Miller [21], when Dl¼ 60 nm, the spectrum characteristic of the
protein tryptophan residues was observed [22]. A faint blue shift
(from 341 to 338 nm) can be observed from the synchronous fluo-
rescence spectra of interaction between C.I. Direct Yellow 9 and
HSA. The faint blue-shift effect expresses the change in conforma-
tion of HSA. It is also indicated that the polarity around the trypto-
phan residues was decreased and the hydrophobicity was
increased.

3.3.2. UV, CD, FT-IR spectral studies
UV–vis absorption measurement is a very simple method and

applicable to explore the structural change [23] and know the com-
plex formation. In the present study, we measured the UV–vis ab-
sorbance spectra of HSA with various amounts of C.I. Direct
Yellow 9. Fig. 4 shows the UV–vis absorption spectra of HSA from
200 to 500 nm in Tris buffer solution in the presence of different
C.I. Direct Yellow 9 concentrations. C.I. Direct Yellow 9 was almost
non-UV absorption under the presence experiment conditions. As
can be seen from Fig. 4, HSA has strong absorbance with a peak
at 210 nm and the absorbance of HSA increased with the addition
of C.I. Direct Yellow 9; the chromophore of HSA–C.I. Direct Yellow
9 gives a very specific pattern of the UV–vis spectrum with a slight
triple absorbance spectra at higher concentration of C.I. Direct Yel-
low 9 in the system, and the addition of C.I. Direct Yellow 9 results
in the evident shift of C.I. Direct Yellow 9–HSA spectrum towards
longer wavelength (from 212 to 216 nm). A reasonable explanation
for the two evidences may come from the interaction between C.I.
Direct Yellow 9 and HSA [24]. It also suggested that small structural
change of HSA upon interaction with C.I. Direct Yellow 9.

Further evidence of conformational changes of HSA upon addi-
tion of C.I. Direct Yellow 9 was provided by CD data. CD is a sensitive
technique to monitor conformational changes in protein upon in-
teraction with ligand. CD spectra of HSA with various concentra-
tions of C.I. Direct Yellow 9 are shown in Fig. 5. It was apparently
observed that CD spectral bands of HSA were at 208 and 222 nm,
characteristic of a-helical structure of protein. The reasonable



Fig. 4. UV absorption spectra of HSA. HSA concentration was at 3 mM (a) and C.I. Direct
Yellow 9 concentration for HSA–C.I. Direct Yellow 9 system was at 1.66, 3.32, 4.98, 6.62,
8.26 mM (b–e). A concentration of 1.66 mM C.I. Direct Yellow 9 (f) was used for C.I.
Direct Yellow 9 only. pH¼ 7.40, T¼ 298 K.
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explanation is that both the negative peaks between 208–209 and
222–223 nm are contributed to n / p* transfer for the peptide
bond of a-helical [25]. As shown in Fig. 5, the binding of C.I. Direct
Yellow 9 to HSA caused only a decrease in negative ellipticity with-
out significant shift of the peaks, indicating that C.I. Direct Yellow 9
induced a slight decrease in the a-helix structure content of the
protein. However, the CD spectra of HSA in the presence and ab-
sence of C.I. Direct Yellow 9 were similar in shape, indicating that
the structure of HSA was also predominantly a-helix. From the
above results, it was apparent that the effect of C.I. Direct Yellow
9 on HSA caused a conformational change of the protein, with the
loss of helical stability. The a-helical content of HSA was calculated
from Eq. (1). The calculated results exhibited a reduction of
a-helical structures from 54.11 to 52.88 and 51.99% at a molar ratio
of HSA to C.I. Direct Yellow 9 of 1:1, 1:2, respectively.

FT-IR spectroscopy has been proven to be a powerful tool for
providing conformational and structural dynamics information of
proteins. Infrared spectra of proteins exhibit a number of the amide
bands, which represent different vibrations of the peptide moiety.
Fig. 5. CD spectra of the HSA–C.I. Direct Yellow 9 system. (a) 3.0 mM HSA; (b) 3.0 mM
HSAþ 3.0 mM C.I. Direct Yellow 9; (c) 3.0 mM HSAþ 6.0 mM C.I. Direct Yellow 9;
pH¼ 7.40, T¼ 298 K.
Among the amide bands of the protein, amide I band ranging
from 1600 to 1700 cm�1 (mainly C]O stretch) and amide II band
z1548 cm�1 (C–N stretch coupled with N–H bending mode) have
been widely accepted as the typical ones to be used [25]. They
both have a relationship with the secondary structure of the pro-
tein. However, the amide I band is more sensitive to the change
of protein secondary structure than amide II [26]. Fig. 6 shows
the FT-IR spectra of the free HSA and its C.I. Direct Yellow 9 com-
plexes in Tris–HCl buffer solution at 298 K. As shown in Fig. 6, the
peak position of amide I band (1639.22 cm�1), amide II band
(1554.37 cm�1) shifted after addition of C.I. Direct Yellow 9 and
the intensities of the amide I increased in the spectra of free HSA.
These results indicated that C.I. Direct Yellow 9 interacted with
the C]O and C–N groups in the protein polypeptides. The C.I. Direct
Yellow 9–protein complexes caused the rearrangement of the poly-
peptide carbonyl hydrogen bonding network and finally the reduc-
tion of the protein a-helical structure.
3.4. The energy transfer between C.I. Direct Yellow 9 and HSA

Fluorescence resonance energy transfer (FRET) is a distance-
dependent interaction between the different electronic excited
states of dye molecules in which excitation energy is transferred
from one molecular (donor) to another molecular (acceptor) sys-
tem without emission of a photon from the former molecular sys-
tem. According to the Förster non-radiative resonance energy
transfer theory [27], the rate of energy transfer depends on the fol-
lowing conditions: (a) the donor can produce fluorescent light that
has sufficiently long lifetime; (b) the fluorescence emission spec-
trum of the donor and the UV absorbance spectrum of the acceptor
have more overlap; (c) the distance between the donor and the ac-
ceptor is small (1–10 nm) [28]. Here the donor and acceptor are
HSA and C.I. Direct Yellow 9, respectively. The absorption spectrum
of C.I. Direct Yellow 9 (1.0�10�6 M) was recorded in the range of
300–500 nm in the pH 7.40 Tris buffer. The emission spectrum of
HSA (1.0�10�6 M) was also recorded under the same condition.
There was a spectral overlap between the fluorescence emission
spectrum of HSA and UV–vis absorption spectrum of C.I. Direct Yel-
low 9 (Fig. 7). As the fluorescence emission of protein was affected
by the excitation light around 295 nm, the spectrum ranging from
300 to 500 nm was chosen to calculate the overlapping integral.
The efficiency (E ) of energy transfer from donor to acceptor is
Fig. 6. FT-IR spectra of free HSA (a) and difference spectra [(HSA solutionþ C.I. Direct
Yellow 9 solution)–(C.I. Direct Yellow 9 solution)] (b) in buffer solution in the region of
1800–1300 cm�1, [HSA]¼ 3.0� 10�5 M, [C.I. Direct Yellow 9]¼ 6.0� 10�5 M, pH¼ 7.40,
T¼ 298 K.



Fig. 7. Overlapping between the fluorescence emission spectrum of HSA (a) and ab-
sorption UV spectrum of C.I. Direct Yellow 9 (b). CC.I. Direct Yellow 9¼ CHSA¼ 1.0� 10�6 M.
pH¼ 7.40, T¼ 298 K.
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related to the distance (R) in this case between HSA and C.I. Direct
Yellow 9 according to Eq. (5):

E [ 1LF=F0 [ R6
0=
�

R6
0Dr6

�
(5)

where F0 and F are the fluorescence intensities without and with C.I.
Direct Yellow 9, respectively, r is the binding distance between do-
nor and receptor, and R0 is the Förster critical distance between do-
nor and acceptor, at which 50% of the excitation energy is
transferred to acceptor and can be obtained from donor emission
and acceptor absorption spectra using Eq. (6):

R6
0 [ 8:79310L25K2NL4FJ (6)

In Eq. (6), K2 is the orientation factor related to the geometry of the
donor and acceptor of dipoles; N is the average refractive index of
Fig. 8. The interaction model between C.I. Direct Yellow 9 and HSA. Only residues around 6.
stick model and the C.I. Direct Yellow 9 structure is represented by a green one. The hydroge
interpretation of the references to color in this figure legend, the reader is referred to the
medium in the wavelength range where spectral overlap is signifi-
cant. F is the fluorescence quantum yield of the donor from Trp in
HSA, and J is the overlap integral of the fluorescence emission spec-
trum of the donor and the absorption spectrum of the receptor.
Therefore,

J [
�X

FðlÞ3ðlÞl4Dl
�.�X

FðlÞDl
�

(7)

where F(l) is the fluorescence intensity of the fluorescence donor
when the wavelength is l, 3(l) is the molar absorptivity of the re-
ceptor at wavelength of l. On the basis of these relationships, J, E
and R0 can be calculated; then, the value of r also can be calculated.

The orientation factor (K2) is commonly taken as 2/3, assuming
a random orientation for both the donor and the acceptor. This
value is reasonable for the present system, as the tryptophan chro-
mophore rotates very fast in the protein. The refractive index (N ) of
water is 1.336, F¼ 0.118 [29], according to Eqs. (5)–(7), we could
calculate that R0¼ 3.26 nm; E¼ 0.34 and r¼ 3.64 nm. Obviously,
the acceptor–donor distance is less than 8 nm [30], which implied
that the energy transfer is from HSA to C.I. Direct Yellow 9 occurred
with high possibility. Further the value of r obtained this way agrees
very well with literature value of substrate binding to serum albu-
min at site II A [14].
3.5. Molecular modeling

Crystal structure analysis has revealed that HSA consists of a sin-
gle polypeptide chain of 585-amino acid residues and comprises
three structurally homologous domains (I–III): I (residues 1–195),
II (196–383), III (384–585), that assemble to form a heart-shaped
molecule, and each domain includes two subdomains called A
and B to form a cylinder and each subdomain involves 6 and 4
a-helixes, respectively, the only Trp residue (Trp214) located in sub-
domain IIA. Almost all hydrophobic amide acids are embedded in
the cylinders forming hydrophobic cavities, which play an impor-
tant role on absorption, metabolism, and transportation of
5 Å of the ligand are displayed. The residues of HSA are represented using gray ball and
n bond between C.I. Direct Yellow 9 and HSA is represented by yellow dashed line. (For
web version of this article.)



Table 2
Effects of some common ions and toxic ions (3.0 mM) on HSA–C.I. Direct Yellow 9
system

System Binding
constant
(�105 M�1)

Ra

HSAþ C.I. Direct Yellow 9 0.98 0.9987
HSAþ C.I. Direct Yellow 9þ Zn2þ 0.89 0.9980
HSAþ C.I. Direct Yellow 9þNi2þ 0.97 0.9997
HSAþ C.I. Direct Yellow 9þAl3þ 0.91 0.9967
HSAþ C.I. Direct Yellow 9þ Cu2þ 0.84 0.9994
HSAþ C.I. Direct Yellow 9þ Cr3þ 0.95 0.9936
HSAþ C.I. Direct Yellow 9þHg2þ 0.87 0.9987
HSAþ C.I. Direct Yellow 9þ Pb2þ 0.86 0.9991

a The correlation coefficient.
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biomolecule. Some studies have proved that HSA is able to bind
many ligands in several binding sites [31]. The best energy ranked
results of the binding mode between C.I. Direct Yellow 9 and HSA is
shown in Fig. 8 (only residues around 6.5 Å of C.I. Direct Yellow 9
was displayed). The docking showed that C.I. Direct Yellow 9 was
located within the binding pocket of subdomain IIA of the protein
(The Warfarin Binding Pocket), and C.I. Direct Yellow 9 were adja-
cent to hydrophobic residues Leu238, Trp214 of subdomain IIA of
HSA. Furthermore, this phenomenon provided a good structural ba-
sis to explain the very efficient fluorescence quenching of HSA
emission in the presence of C.I. Direct Yellow 9. On the other
hand, there was hydrogen interaction between –SO3 of C.I. Direct
Yellow 9 and the residues Leu219. The results indicated that the for-
mation of hydrogen bond decreased the hydrophilicity and in-
creased the hydrophobicity to make the C.I. Direct Yellow 9–HSA
system stable. The calculated binding Gibbs free energy ðDG0Þ
was �22.86 kJ/mol, which was not very close to the experimental
data (�28.03 kJ/mol) to some degree. A possible explanation may
be that the X-ray structure of the protein from crystals differs
from that of the aqueous system used in this study. Therefore, the
results obtained from modeling indicated that the interaction be-
tween C.I. Direct Yellow 9 and HSA was dominated by hydrophobic
force, and also the existence of hydrogen bonds.

3.6. The effect of common ions and toxic ions on the
binding constant

In plasma, there are some metal ions, especially the bivalent
type, which are essential in the human body. Some references
reported that Cu2þ, Zn2þ, Ni2þ, Al3þ, Cr3þ and other metal ions
can form complexes with serum albumins. The effect of common
ions on the binding constants was investigated at 298 K by record-
ing the fluorescence intensity in the range of 300–500 nm upon ex-
citation at 295 nm. The results are summarized in Table 2. In
addition, we have also investigated the influence of toxic ions
viz., Hg2þ and Pb2þ on the binding of C.I. Direct Yellow 9 to HSA.
The presence of inhibitors reduced the C.I. Direct Yellow 9–HSA
binding constants. This is likely caused by a conformational change
in the vicinity of the binding site. However, the formation of metal
ion–HSA complexes is likely to effect changes in the conformation
of the protein, which may affect C.I. Direct Yellow 9 binding kinetics
and could even inhibit C.I. Direct Yellow 9–HSA interaction. The
binding constant decreased implying that inhibitors may enhance
the toxic effects and decrease the activity of HSA.

4. Conclusions

The interaction of C.I. Direct Yellow 9 with HSA under simulated
physiological condition (pH 7.4, ionic strength 0.1) was studied by
different optical techniques and molecular modeling. The results
indicated that the probable mechanism of C.I. Direct Yellow 9 inter-
action with HSA is a static quenching process. The binding process
was exothermic and spontaneous, as indicated by the thermody-
namic parameters analyzed. The molecular docking study and ther-
modynamic analysis suggested that C.I. Direct Yellow 9 could bind
HSA through the hydrophobic force, hydrogen bond between C.I.
Direct Yellow 9 and HSA residue. On the efficiency of energy trans-
fer between the donor and acceptor, the distance between the flu-
orophore (Trp214) of HSA and the dye of C.I. Direct Yellow 9 was
estimated to be r¼ 3.64 nm. Fluorescence, UV–vis and CD spectra
showed that the C.I. Direct Yellow 9 adsorbed to HSA under the
studied conditions induced small changes in the structure of HSA.
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