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ABSTRACT: As endocrine-disrupting chemicals, a few frequently used phthalate plasticizers were banned or restricted for use
as additives in food in some countries. The interaction mechanisms between three phthalate plasticizers with human serum
albumin (HSA) were studied by fluorescence (quenching, synchronous, and three-dimensional), UV—vis absorption, circular
dichroism (CD), and Fourier transform infrared (FT-IR) spectroscopy, in combination with molecular modeling under
simulative physiological conditions, respectively. The results obtained from fluorescence quenching data revealed that the
plasticizers—HSA interaction altered the conformational strcture of HSA. Meanwhile, the alterations of HSA secondary structure
in the presence of phthalate plasticizers were investigated. The binding distances for the plasticizers—HSA system were provided
by the efficiency of fluorescence resonance energy transfer. Furthermore, the thermodynamic analysis implied that hydrophobic
forces were the main interaction for the plasticizers—HSA system, which agreed well with the results from the molecular

modeling study.
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B INTRODUCTION

Food safety remains a public concern all over the world. In the
past, phthalate esters were widely used as plasticizers in
industrial processes, to impart flexibility and resiliencing to
plastic products,’ but not as plasticizers in consumer
products,”® because this class of substances can mimic, block,
or interfere with hormones in the body and easily affect
development and reproduction of human.* However, recently
in Taiwan some phthalate plasticizers were added to a few
nutritional supplements, vitamins, foods, and beverages as an
alternative for palm oil in an effort to cut costs. Several
phthalate plasticizers, such as diethyl phthalate (DEP), dibutyl
phosphate (DBP), diisobutyl phthalate (DIBP), diethylhexyl
phthalate (DEHP), and butyl benzyl phthalate (BBP) are
classified as toxic materials due to their reproductive toxicity,®
and they have been banned or restricted in toys and some other
plastic products in the European Union, United States,
Australia, etc. and will be banned or limited in more countries
in the near future.* Phthalate plasticizers can lead to
environmental pollution and be directly uptaken by animals
via food or air and potential bioaccumulation and transfer
through the food chain® and cause harm to health of human
finally. It is reported that the phthalate plasticizers are possibly
related to asthma and airway diseases in children.” In this paper,
DEP, DBP, and DIBP (structures shown in Figure 1) served as
typical model compound to construct the study method of the
interaction mechanism of phthalate plasticizers and human
serum albumin (HSA).

Among biomacromolecules, HSA is the most crucial carrier
protein in blood plasma, accounting for approximate 60% of the
total protein, corresponding to a concentration of 42 g/L,8
which has many important physiological and pharmacological
functions.” From the three-dimensional structure of HSA, it can
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Figure 1. The chemical structures of DEP, DBP, and DIBP.

be seen that HSA is a single polypeptide chain of 585 amino
acids containing a-helical portions, and it forms from three
homologous domains (I-III) that assemble to form a heart-
shaped molecule. Each domain can be segmented into two
subdomains (A and B), which consist of six and four a-helices,
respectively. HSA is the major soluble protein constituents of
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the circulatory system and plays the major role in the transport
and deposition of a large number of small molecules, and some
works on the interaction between small molecules with HSA

. 2,10,11
have been carried out.

Consequently, the interaction
between ligands and HSA has already become an important
research field in chemistry, life sciences, nutriology, clinical
medicine, and toxicology. So the investigation of the interaction
between phthalate plasticizers and HSA is significant, which can
imply some theoretical foundation potentially for the harm to
the human body from phthalate plasticizers.

In the present work, the interactions of three phthalate
plasticizers (DEP, DBP and DIBP) with HSA were investigated
in vitro under simulative physiological conditions (pH 7.4, ionic
strength 0.1) using a multispectroscopic approach consisting of
fluorescence quenching spectroscopy, UV—vis absorption
spectroscopy, CD spectroscopy, FT-IR spectroscopy, three-
dimensional fluorescence spectroscopy, and molecular model-
ing method for the first time, and the result of each method was
compatible and complemented one another. The study
indicatied that the intrinsic fluorescence of HSA was quenched
through static quenching mechanism for the plasticizers—HSA
system. Fluorescence quenching technology showed that the
interaction between three ligands and HSA induced a change of
microenvironment of a Trp residue in HSA. The conforma-
tional changes of HSA were further proved by the UV—vis
absorption, CD, FT-IR and three-dimensional fluorescence
spectroscopy data quantitatively and qualitatively. The
identification of binding sites and the molecular modeling
method showed that the binding sites were located at site I of
HSA for three ligands, and they were bound to HSA through
the hydrophobic forces and hydrogen bonds. In conclusion, the
three phthalate plasticizers have the same main functional
group and are phthalate esters, so the interaction mechanism
between three ligands and HSA were analogous.

B MATERIALS AND METHODS

Materials. HSA was purchased from Sigma Chemical Co.
and was used without further purification; the molecular weight
of HSA was assumed to be 66500 to calculate the molar
concentrations. All HSA solutions were prepared in pH 7.40
buffer solution, and HSA stock solution (3.0 X 10~ mol/L)
was kept in the dark at 277 K. Tris (0.2 mol/L)—HCI (0.1
mol/L) buffer solution containing NaCl (0.1 mol/L) was used
to keep the pH of the solution at 7.40. NaCl (1.0 mol/L)
solution was used to maintain the ionic strength at 0.1
Dilutions of the HSA stock solution in Tris—HCI buffer were
prepared immediately before use. DEP, DBP, DIBP,
phenybutazon (PB), flufenamic acid (FA), and digitoxin
(Dig) were of analytical grade, and purchased from J&K
Scientific Ltd. (Beijing, China). The stock solutions of 5.0 X
10 M DEP, 1.0 X 10> M DBP, and 1.0 X 107> M DIBP were
prepared in anhydrous methanol, and 1.0 X 10> M PB, 1.0 X
10> M FA, and 1.0 X 10 M Dig were prepared in anhydrous
ethanol All other reagents were of analytical reagent grade, and
double distilled water was used throughout the experiments.

Fluorescence Spectroscopy. All the fluorescence spectra
were recorded on a RF-5301PC spectrofluorophotometer
(Shimadzu) at 298 K, using S nm/S nm slit widths. The
excitation wavelength was 284 nm, and the emission spectra
were recorded from 300 to 400 nm.

Synchronous Fluorescence Spectroscopy. Synchronous
fluorescence spectra of HSA in the absence and presence of
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increasing amounts of phthalate plasticizers were measured
under the same conditions with steady-state fluorescence.
UV-Vis Absorption Spectroscopy. UV—vis absorption
spectroscopy was performed on a TU-1810 UV—vis absorption
spectrophotometer (Beijing, China) equipped with 1.0 cm
quartz cells. The range of wavelength was from 190 to 300 nm.
CD Spectroscopy. CD measurements were performed
using an Olis DSM 1000 automatic recording spectropho-
tometer in a 1 mm quartz cell at room temperature. Each
spectrum represented the average of five successive scans. CD
spectra were recorded in the range of 200—260 nm. The a-
helical content of HSA was calculated from the molar ellipticity

([6]) at 208 nm using the equation'”
} X 100
(1

FT-IR Spectroscopy. FT-IR measurements were carried
out at room temperature on a Nicolet Nexus 670 FT-IR
spectrometer equipped with a germanium attenuated total
reflection (ATR) accessory, a DTGS KBr detector, and a KBr
beam splitter. All spectra were taken via the ATR method with
resolution of 4 cm™' and 60 scans. Spectra processing
procedures involved spectra of buffer being collected under
the same conditions. Then, 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 spectrum of Protein solution
between 2200 and 1800 cm™' was featureless. >

Three-Dimensional Fluorescence Spectroscopy.
Three-dimensional fluorescence spectra were performed
under the following conditions: the emission wavelength was
recorded from 220 to 500 nm, the initial excitation wavelength
was set to 220 nm with increment of 5 nm, the number of
scanning curves was 27, and other scanning parameters were
just the same as those of the fluorescence quenching spectra.

Molecular Modeling. The binding models between
phthalate plasticizers and HSA were generated by the
AutoDock software package (version 4.2).'* Preparations of
all ligands and the protein were performed with Auto Dock
Tools (ADT). The crystal structure of HSA in complex with R-
warfarin was obtained from the Protein Data Bank (PDB code
1H9Z). A docking cube with an edge of 33.75 A (a grid spacing
of 0.375 A), which encompassed the whole subdomain TIA, was
used throughout docking. On the basis of the Lamarckian
genetic algorithm (LGA),'* 100 runs were performed for
ligands with 150 individuals in the population; the maximum
numbers of energy evaluations and generations were 2.5 X 107
and 2.7 X 10% respectively; other parameters were set as the
default.'® The resulting docking solutions were subsequently
clustered with a root-mean-square deviation (rmsd) tolerance
of 2.0 A and were ranked by binding energy values.

— [0],59 — 4000)
(33000 — 4000)

o-helix (%) = {(

B RESULTS AND DISCUSSION

Fluorescence Spectroscopy. It is well-known that an
intrinsic fluorescence investigation can evaluate the changes in
the conformational strucure of HSA when small molecules bind
to it."® HSA has only three intrinsic fluorophores, phenylalanine
(Phe), tyrosine (Tyr), and tryptophan (Trp) residues. Because
the Phe residue has a very low quantum yield and the
fluorescence of Tyr residue is almost totally quenched when it
is ionized or close to an amino group, a carboxyl group, or a
Trp residue, the intrinsic fluorescence of HSA is mainly
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Figure 2. The fluorescence spectra of the plasticizers—HSA system.
[HSA] = 3.0 x 10°° M. (A) [DEP] = (a—h) (1.3-8.8) x 10~ M; (B)
[DBP] = (a=h) (2.5-17.5) X 10°° M; (C) [DIBP] = (a—h) (2.5
17.5) X 10°° M. 4., = 284 nm, A, = 334 nm; pH 7.4, T = 298 K.

contributed by the Trp residue alone.'” The fluorescence
emission spectra of the plasticizers—HSA system are shown in
Figure 2. It can be seen that the higher excess of phthalate
plasticizers caused a gradual decrease in the fluorescence
emission intensity of HSA. With the addition of phthalate
plasticizers, a slightly dual fluorescence phenomena was
observed for the three systms, respectively. The quenching of
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Figure 3. The modified Stern—Volmer plot of the plasticizers—HSA
systems at different temperatures. [HSA] = 3.0 X 10°° M. (A) [DEP]
= (1.3-10.0) x 10° M; (B) [DBP] = (2.5-20.0) X 10°° M; (C)
[DIBP] = (2.5—20.0) X 107 M. A, = 284 nm, A, = 334 nm; pH 7.4.

the fluorescence and the shift of the maximum emission
wavelength of the plasticizers—HSA complex (from 334 to 332
nm for DEP, to 331 nm for DBP, and to 329 nm for DIBP)
indicated that the binding of the three ligands to protein altered
the microenvironment of Trp residue and the conformational

dx.doi.org/10.1021/jf204380r | J. Agric.Food Chem. 2012, 60, 1135—-1145
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Table 1. Binding Constants for the Interaction of HSA and
Plasticizers

binding constants K (X10° M)

temp (K) DEP—HSA DBP—HSA DIEP—HSA
292 0.57 128 175
298 0.49 115 1.60
304 0.40 1.04 147
310 0.34 0.94 1.37

structure of HSA. Simultaneously, the blue-shift in the
fluorescence maximum spectra also suggested a reduction in
the polarity of the microenvironment of Trp residue for the
three systems.

Binding Constant and Quenching Mechanism. Data
from the fluorescence experiments can be analyzed using a
modified Stern—Volmer equation'®

F, 11 1

F-F  KQJ @)
where F, and F are the relative fluorescence intensities of
protein in the absence and presence of quencher, respectively.
[Q] is the quencher concentration, f is the fractional maximum
fluorescence intensity of protein summed up, and K is binding
constant. The plot of Fy/(F,—F) versus 1/[Q] is linear with 1/
fK as the slope and 1/f as the intercept. The binding constant K
is a quotient of the intercept 1/f and slope 1/fK.

Figure 3 is the modified Stern—Volmer plot of phthalate
plasticizers with HSA at different temperatures (292, 298, 304,
and 310 K) obtained from the fluorescence titration experi-
ment, respectively. The binding constants obtained from the
modified Stern—Volmer method are summarized in Table 1. It
can be seen from the linearity of the modified Stern—Volmer
plots in Figure 3 that three ligands bound to a single class of
binding site on HSA. As shown in Table 1, the binding
constants decreased with increasing temperature for three
ligands, which was consistent with the static type of quenching
mechanism. In this paper, the binding constants obtained from
the modified Stern—Volmer equation were applied in the
discussion of binding modes.

Binding Mode. There are essentially four types of
noncovalent interactions that can play an important role in
ligand binding to protein, such as hydrogen bond, van der
Waals force, electrostatic force, and hydrophobic interaction
force, etc. The thermodynamic parameters, enthalpy change
(AH®) and entropy change (AS°), of bindingg reaction provide
evidence for confirming binding modes.'” To obtain this
information, the temperature dependence of the binding
constants was studied at 292, 298, 304, and 310 K, respectively.
If AH® does not vary significantly over the temperature range
studied, its value and that of AS° can be determined from the
Van’t Hoff equation

InK = — AH%/RT + AS®/R 3)

where K is the binding constant at the corresponding
temperature, R is the gas constant, T is absolute temperature,
and AH® and AS° are enthalpy change and entropy change,
respectively.

According to the binding constants of the plasticizers—HSA
system obtained at the four temperatures (292, 298, 304, and
310 K), the value of AH® and AS° can be obtained from the

linear relationship between In K and the reciprocal absolute
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Figure 4. Van’t Hoff plot of the plasticizers—HSA system in Tris buffer
at pH 7.4.

temperature (Figure 4), and the free energy change (AG’) can
be obtained from the relationship

AG® = AH® — TAS® (4)

The results of the thermodynamical parameters (AH®, AS°,
and AG°) were listed in Table 2. From the Table, it can be seen
that AH® was a small negative value, whereas AS’ was a positive
value for the three ligands. The negative sign for AG’ indicated
that the formation of the plasticizers—HSA complex was

dx.doi.org/10.1021/jf204380r | J. Agric.Food Chem. 2012, 60, 1135—-1145
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Table 2. Thermodynamic Parameters for the Interaction of HSA and Plasticizers

AHC (kJ mol™) AS® (J mol K') AG® (IJ mol™)
temp (K) DEP DBP DIBP DEP DBP DIBP DEP DBP DIBP
292 216 —126 ~102 17.1 54.6 65.5 —26.6 —28.57 293
298 —26.75 —28.96 —29.7
304 ~26.85 292 —30.1
310 -269 —29.55 -30.5
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Figure 5. Synchronous fluorescence spectra of the plasticizers—HSA systems. [HSA] = 3.0 X 107° M. (A) [DEP] = (a—j) (1.3-7.3) X 10° M, Al =
60 nm; (B) [DEP] = (a—j) (1.3=7.5) X 10°° M, A4 = 15 nm; (C) [DBP] = (a—j) (2.5—15.0) X 10°° M, Al = 60 nm; (D) [DBP] = (a—j) (2.5~
15.0) X 10°° M, A1 = 15 nm; (E) [DIBP] = (a—j) (2.5—15.0) X 10°° M, A1 = 60 nm; (F) [DIBP] = (a—j) (2.5—15.0) X 10 M, A1 = 15 nm. pH
74, T = 298 K.

entropically driven, and the binding processes were sponta- from the hydrophobic contact between phthalate plasticizers
neous. Whter molecules arranged more randomly around the and HSA. In this study, AH° was a small negative value, so the
three ligands and HSA resulted in the positive AS’>® arising main source of the negative AG® value was derivied from a
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Figure 6. UV—vis absorption spectra of the plasticizers—HSA system.
[HSA] = 3.0 x 10°* M. (A) [DEP] = (a—f) (2.5-12.5) X 10° M, (g)
[DEP] = 12.5 X 10°° M; (B) [DBP] = (a—f) (2.5—12.5) X 10°* M, (g)
[DBP] = 12.5 X 10° M; (C) [DIBP] = (a—f) (2.5-12.5) X 10°° M,
(g) [DIBP] = 12.5 X 10°° M. pH 7.4, T = 298 K.

larger contribution of a positive AS® value, indicating that the
main interaction was hydrophobic contact.*** At the same
time, the negative AH° value indicated there was hydrogen
bonding in the interaction between phthalate plasticizers and
HSA.>> Meanwhile, the above results were in good agreement
with the information coming from molecular modeling.
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Figure 7. FT-IR spectra of free HSA (a) and difference spectra [(HSA
solution + plasticizers solution) — (plasticizers solution)] (b) in Tris
buffer in the region of 1800—1300 cm™. (A) (a) 3.0 X 107> M HSA,
(b) 1.2 x 10°* M DEP; (B) (a) 3.0 x 10° M HSA, (b) 12 X 107*M
DBP; (C) (a) 3.0 X 10° M HSA, (b) 1.2 X 10°* M DIBP. pH 7.4, T =
298 K.

Synchronous Fluorescence Spectra. The synchronous
fluorescence spectra are frequently used to characterize the
interaction between fluorescence probe and proteins because it
can provide information about the molecular microenviron-
ment in the vicinity of the chromophores molecules.”®
Generally, the fluorescence of protein comes from Trp, Tyr,
and Phe residues. According to Miller,** the distinction of the
difference (A1) between emission wavelength (4,) and

dx.doi.org/10.1021/jf204380r | J. Agric.Food Chem. 2012, 60, 1135—1145
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Figure 8. CD spectra of the plasticizers—HSA system. (A) (a) 3.0 X
10 M HSA, (b) 3 X 10°° M HSA + 1.2 X 10~° M DEP; (B) (a) 3.0 X
10° M HSA, (b) 3 X 100° M HSA + 1.2 X 10~° M DBP; (C) (a) 3.0 X
10° M HSA, (b) 3 X 10° M HSA + 1.2 X 1075 M DIBP. pH 7.4, T =
298 K.

excitation wavelength (4,,) reflects the spectra of a different
nature of chromophores; when A4 = 60 nm, the synchronous
fluorescence spectra of HSA are characteristic of a typical Trp
residue, while they are characteristic of a typical Tyr residue at a
AA value of 15 nm. Figure S displays the effects of addition
phthalate plasticizers with varied concentrations on the
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synchronous fluorescence spectrum of HSA when Al were
60 and 15 nm. As shown in Figure S, the fluorescence
quenching of Trp and Tyr residues was observed by the
addition of three ligands; nevertheless, the maximum emission
wavelengths were not changed obviously when A4 were both
60 nm and 15 nm. It was indicated that the polarity around Trp
and Tyr residues was changed slightly by the addition of
phthalate plasticizers to HSA.

UV-Vis Absorption Spectroscopy. In order to verify the
binding of phthalate plasticizers to HSA, the UV-—vis
absorption spectra were collected. The absorption at about
210 nm represents the a-helical structure of HSA. As shown in
Figure 6, HSA has a strong absorbance with a peak at 212 nm
and the absorbance was decreased with the addition of
phthalate plasticizers. In addition, it can also be observed that
the position of maximum absorbance peak was shifted slightly
toward a longer wavelength. These two results clearly implied
that an interaction occurred between phthalate plasticizers and
HSA and that the conformation of HSA was changed.

FT-IR Spectroscopy. Further evidence of the conforma-
tional changes of HSA upon the addition of phthalate
plasticizers was acquired by FT-IR spectroscopy. Infrared
spectra of proteins exhibit a number of so-called amide bands,
which represent different vibrations of the peptide moieties. Of
all the amide bands of the proteins, amide I, ranging from 1600
to 1700 cm™' (mainly C=0), has been widely used as a typical
one,”® and it has a relationship with the secondary structure of
HSA. Figure 7 is the FT-IR spectra of free HSA and the
difference spectra of the plasticizers-bound form of HSA. From
Figure 7 it can be seen that the peak position of the amide I
band shifted evidently from 1652.7 to 1648.9 cm™' after
addition of DEP (to 1646.9 cmi™! for DBP and to 1637.3 cm™
for DIBP). The changes of these peak positions and peak
shapes indicated that phthalate plasticizers interacted with the
C=0O0 in the protein polypeptides and caused the change of
secondary structures of the HSA.

CD Spectroscopy. CD spectroscopy is a quantitative
technique to investigate the secondary changes of proteins in
aqueous solution. CD spectra of HSA with various concen-
trations of phthalate plasticizers at pH 7.40 are shown in Figure
8. It was apparently obtained that CD spectrum of free HSA
exhibited characteristic features of the a-helical structure of
protein with negative bands in the ultraviolet region at 208 and
222 nm in buffer solution, both due to n — 7* transfer for the
peptide bond of a-helical.”® It can be seen from Figure 8 that
the binding of phthalate plasticizers to HSA decreased the band
intensity at 208 and 222 nm of HSA without any significant
shift of the peaks, indicating that there was a slight reduction of
the a-helical content in HSA. CD spectra of HSA in presence
and absence of phthalate plasticizers were similar in shape,
which implied that the structure of HSA was also
predominantly a-helical. The calculated results indicated a
small reduction of a-helix structures from 52.0 to 49.9% at a
molar ratio HSA:DEP of 1:4 and to 49.3% and to 49.1% at the
same molar ratio for DBP—HSA and DIBP—HSA systems,
respectively. The above results showed that the binding of
phthalate plasticizers to HSA induced small conformational
changes in the overall structure of HSA, which agreed with the
conclusion from UV—vis and FT-IR spectroscopy.

Three-Dimensional Fluorescence Spectra. Three-di-
mensional fluorescence spectrum has become a powerful
method for studying the interaction between a ligand with
HSA in recent years. It can extensively reflect the fluorescence

dx.doi.org/10.1021/jf204380r | J. Agric.Food Chem. 2012, 60, 1135—-1145
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information of the protein, making investigation of the
characteristic conformational changes of HSA more convenient
and credible.”® The three-dimensional fluorescence spectra of
free HSA and the plasticizers—HSA system are shown in Figure
9. From Figure 9, peak 1 (4, = 280 nm, 4., = 334 nm), which
mainly reveals the spectral characteristics of Try and Tyr
residues, is the primary fluorescence peak. Besides peak 1, there
is another fluorescence peak, 2 (1., = 230 nm, 4, = 334 nm),
that mainly exhibits the fluorescence spectral behavior of HSA’s
polypeptide backbone structure.”’” As can be seen from Figure
9, the fluorescence emission intensity of peak 1 decreased with
an increasing concentration of phthalate plasticizers, implying
that the microenvironment of Trp and Tyr residues was altered.
Peak 2 can yield the same results, suggesting that the peptide
strands structure of HSA also had been changed. The above
analysis revealed that the interaction of phthalate plasticizers
with HSA induced a conformational transformation in HSA.
The Energy Transfer between HSA and Phthalate
Plasticizers. Energy transfer between small molecules and
proteins has been widely used to study ligand—HSA interaction
and change in conformation of HSA upon binding to a ligand
under solution conditions.”® According to the Férster non-
radiative resonance energy transfer theory,” energy transfer
would happen if the following conditions exist: (a) the donor
can produce fluorescence, (b) the fluorescence emission
spectrum of the donor and the UV—vis absorption spectrum
of the acceptor overlap, and (c) the distance between the donor
and the acceptor is less than 8 nm.* The distance between the
donor (Trp residue) and the acceptor (plasticizers) can be
calculated according to the theory. The efficiency of energy
transfer (E) from donor to acceptor is related to the distance
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(Ro) in this case between HSA and plasticizing agents using the
equation

Ry’

Ry + 1 (s)
where F; and F are the fluorescence intensities without and
with plasticizing agents, respectively, r is the binding distance
between donor and receptor, and R, is the Forster critical
distance between donor and acceptor, at which 50% of the
excitation energy is transferred to acceptor and can be obtained
from donor emission and acceptor absorption spectra according
to the equation

R,® = (8.79 x 107 2)K2N 4@ (6)

where K? is the orientation factor related to the geometry of the
donor and acceptor of dipoles, N is the average refractive index
of the medium in the wavelength range where spectral overlap
is significant, ® is the fluorescence quantum yield of the donor,
and ] is the overlap integral of the fluorescence emission
spectrum of the donor and the absorption spectrum of the
receptor, which could be calculated by the equation

Y EM) e(WAAL
Y F(V)AL

J
™)

where F(1) is the fluorescence intensity of the fluorescence
donor when the wavelength is 4 and &(4) is the molar
absorbance coefficient of the acceptor at the wavelength of A.

Figure 10 is the overlap between the fluorescence emission
spectrum of HSA and the UV—vis absorption spectrum of
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Figure 10. Overlapping between the fluorescence emission spectrum
of HSA (a) and the UV—vis absorption spectrum of plasticizers (b).
[HSA] = 3.0 X 10°° M. (A) [DEP] = 3.0 X 10°° M; (B) [DBP] = 3.0
x 107° M; (C) [DIBP] = 3.0 X 10 M. pH 74, T = 298 K.

plasticizer. In the present case, K* = 2/3, ® = 0.14, and N =
1.36.%° According to eqs 5—7, we could calculate that r = 3.21
nm for DEP, r = 2.80 nm for DBP, and r = 2.33 nm for DIBP.
From this data, it was suggested that the energy transfer
phenomenon between HSA and the three ligands efficiently
occurred.

Identification of Binding Sites on HSA. The inves-
tigation of the crystal structure analysis of HSA shows that HSA
contains three structurally homologous domains, I (residues 1—
195), I (residues 196—383), and III (residues 384—585), each
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Figure 11. Effect of the site marker probe on the fluorescence of the
plasticizers—HSA system. [HSA] = 3.0 X 10°° M, [FA] = 1.0 X 1073
M, [PB] = 1.0 X 10 M, [Dig] = 1.0 x 107> M, [DEP] = (1.3-6.3) X
105 M, [DBP] = (2.5—12.5) x 10° M, [DIBP] = (2.5-12.5) X 107¢
M. 4 = 284 nm, 4, = 334 nm. pH 7.4.

of which can be divided into two subdomains (A and B).*' The
principal regions of ligand binding sites of HSA are located in
hydrophobic cavities in subdomains IIA and IIIA, which are
consistent with sites I and II, respectively, and the only Trp
residue (Trp-214) of HSA located in site 1.>*

Many ligands, such as warfarin and PB, were found to bind
preferentially to site I of HSA, while ibuprofen, FA, etc. showed
affinity for site IL. Later studies indicated that Dig binding is

dx.doi.org/10.1021/jf204380r | J. Agric.Food Chem. 2012, 60, 1135—-1145
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Table 3. Effect of Site Maker Probe for the Interaction of
HSA and Plasticizers

binding constants DBP—HSA DEP—HSA DIBP—HSA
K (x10° M) 0.49 115 1.60
PB (x10° M) 0.14 0.39 0.77
FA (x10° M) 0.48 1.06 1.57
Dig (x10° M) 041 1.23 1.65

Figure 12. The best docked result of the plasticizers—HSA system:
(A) DEP—HSA, (B) DBP—HSA, and (C) DIBP—HSA. The ligand
structure is represented using a green stick model. The hydrogen bond
between phthalate plasticizers and HSA is represented using a rose-
colored dashed line.

independent of sites I and IL,** and it binds to what was
nominated as site III. To further classify the binding site of
HSA in which phthalate plasticizers were located, competition
displacement experiments were carried out. A ternary mixture
of PB, FA, or Dig and three ligands with HSA were studied,
respectively. In this paper, the competitors used including PB, a
characteristic marker for site I; FA for site II; and Dig for site
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III. As shown in Figure 11 and Table 3, according to the
modified Stern—Volmer equation, the binding constants were
remarkably decreased after the addition of PB, while the
addition of FA and Dig did not change the binding constants
distinctly. The results calculated indicated that the interaction
between phthalate plasticizers and HSA can be affected by
addition of PB, that is to say, PB can displace all the three
ligands from the site of HSA, but FA and Dig have no effect on
the binding of them to HSA. The results probably indicated
that the three ligands had one reactive site in HSA, that is, the
high affinity site IIA (site I). Other significant evidence come
from the results of the linear modified Stern—Volmer plots
(Figure 3), which implied there was a binding site for phthalate
plasticizers in proximity of Trp residue.

Molecular Modeling Study. In order to further confirm
the binding site of HSA on which phthalate plasticizers were
located, the complementary applications of molecule modeling
also have been employed by computer methods. The best
docked result between phthalate plasticizers and HSA are
shown in Figure 12. The binding results indicated that three
ligands molecule moiety were adjacent to the hydrophobic
residues Trp-214, Ser-454, Leu-481, etc, which implied the
existence of a hydrophobic interaction between phthalate
plasticizers and HSA. At the same time, it is important to note
that the Trp-214 residue of HSA was in close proximity to
phthalate plasticizers, so all the results coming from the
molecular modeling method illuminated that phthalate
plasticizers could interact with HSA at site I. These conclusions
provided a good structural basis to explain the efficient
fluorescence quenching of HSA emission in the presence of
phthalate plasticizers and well agreed with the thermodynamic
analysis and the study to identify the binding sites.

On the other hand, there were hydrogen interactions
between the three ligands and HSA: 1-O of DEP and residue
Ser-202 of HSA; 1-O of DBP and residue Trp-214 of HSA, 1-O
of DBP and residue Ser-454 of HSA; 1-O of DIBP and residue
Trp-214 of HSA. Meanwhile, the calculated free energy of
binding (AG®) values were —21.57, —25.37, and —27.13 kJ
mol™! for DEP, DBP, and DIEP, respectively, which were very
close to the experimental data.

According to this study, the three phthalate plasticizers and
HSA can interact with each other in vitro under simulative
physiological conditions. This new assay is helpful to
understand the mechanism of the biological effects, functions,
and toxicity of phthalate plasticizers in biological processes,
implying the potential theoretical foundation for the study of
the harm from phthalate plasticizers to the human body.
Therefore, it is valuable for the food security.

ABBREVIATIONS USED

HSA, human serum albumin; DEP, diethyl phthalate; DBP,
dibutyl phosphate; DIBP, diisobutyl phthalate; PB, phenybu-
tazon; FA, flufenamic acid; Dig, digitoxin; CD, circular
dichroism; FT-IR, Fourier transform infrared; ATR, attenuated
total reflection; Phe, phenylalanine; Tyr, tyrosine; Trp,
tryptophan; PDB, Protein Data Bank
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