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Abstract Bis(2-ethylhexyl)phthalate (DEHP) is one of
the biggest selling synthetic plasticizers which can migrate
to environment and enter human body via air, water, med-
ical apparatus, and food. In this paper, three-dimensional
fluorescence (3D-FL) spectroscopy, UV—visible absorption
spectroscopy and circular dichroism (CD) spectroscopy
were employed to explore the binding of DEHP to bovine
serum albumin (BSA) at the physiological conditions. The
number of binding sites n and observed binding constant K,
was measured by fluorescence quenching method. It was
found that the fluorescence quenching was static quenching
mechanism and caused by the formation of DEHP-BSA
complex at ground state. The enthalpy change (AH"), Gibbs
free energy change (AG”) and entropy change (AS?) were
calculated at four different temperatures. Site marker
competitive displacement experiments were carried out to
identify the binding location. The results demonstrated that
DEHP bound primarily on Sudlow’s site I in domain IIA of
BSA molecule. The distance r (2.95 nm) between donor
(BSA) and acceptor (DEHP) was obtained based on For-
ster’s non-radiation fluorescence resonance energy transfer
(FRET) theory. Furthermore, the CD spectral results indi-
cated that the secondary structure of BSA changed in
presence of high concentration of DEHP, which implied
that high level of DEHP in plasma was potentially poi-
sonous. The study is helpful to evaluating the health risk of
DEHP and understanding its functional effects on protein
during the blood transportation process.
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Introduction

Bis(2-ethylhexyl)phthalate (CAS No.: 117-81-7; molecule
structure: the inset of Fig. 3), also known as di(2-ethyl-
hexyl)phthalate and commonly referred to as DEHP, is a
liquid widely added in plastics (from 1 to 40% by weight)
to make products more flexible. About 300 million pounds
of DEHP are used each year in consumer products such as
imitation leather, upholstery, toys, food packaging mate-
rials, tubing and containers for blood transfusions. Com-
pared with DEHP levels commonly found in food and
drinking water, DEHP that migrates from the plastics used
in medical apparatus (such as storage bags and tubing) used
for blood transfusions or kidney dialysis is much higher
[1]. What is more serious is that the illegal use of DEHP as
clouding agents in food and beverages, for the sake of low
cost, has been exposed recently. Food safety issues that
aroused by the use of DEHP as an additive has caused
shock and panic among thousands of people and has
attracted international attention. The risk of exposure to
DEHP varies, being greatest by food and beverages, less by
intravenous tubing and dialysis bags, still less by cosmetic
chemical, and least by air and water [2]. The US EPA
limits for DEHP in drinking water is 6 ppb. The US agency
OSHA'’s limit for occupational exposure is 5 mg/m> of air.
Excessive intake will be potential harmful [2, 3]. The
carcinogenicity of DEHP and its adverse effects on
reproductive health are well recognized by previous studies
[4-6]. DEHP has been shown to cause liver tumors in both
rats and mice receiving DEHP in their diet throughout their
entire life span [7]. Studies regarding to the effects of
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clinically relevant concentrations of DEHP on neonatal rat
cardiomyocytes indicate that application of DEHP to a
confluent, synchronously beating cardiac cell network,
leads to a marked, concentration-dependent decrease in
conduction velocity and asynchronous cell beating [8].

In spite of increasing number of animal studies con-
ducted both in vitro and in vivo, have reported toxic effects
of DEHP, it is difficult to estimate the kinds of health effects
and exposure levels that may actually affect humans until
these effects have been documented in humans. The human
toxicity of DEHP continues to be a subject of intense debate
between public health advocates, researchers and the
industry [8] because there are essentially no studies on the
health effects of DEHP in humans. Once DEHP gets into the
gastrointestinal tract, it is quickly absorbed and following
contact with blood, serum, or other albumin-containing
fluids. So the investigations on the binding of DEHP to
serum albumins are of great importance and necessity,
which can provide information on the transportation,
distribution, and toxicological behaviors of DEHP in vivo.

Serum albumins are the most abundant proteins in
plasma and the main transport proteins, which are
responsible for binding a diverse range of metabolites,
drugs and chemical contaminants [9, 10]. In this work,
bovine serum albumin (BSA) is selected as a protein model
for its low cost and ready availability. The crystallographic
analyses revealed that BSA is composed of three linearly
arranged, structurally homologous domains (I-III) and
each domain consists of two sub-domains (A, B) [11]. Two
principal binding sites of ligand in serum albumin are
located in hydrophobic cavities in sub-domains IIA and
IITA, also referred to as sites I and II, which can be marked
by warfarin and ibuprofen, respectively [12]. Meanwhile,
due to aromatic residues such as tryptophan, tyrosine and
phenylalanine in its structure, BSA molecule gives intrinsic
fluorescence, which allows this protein to be used in many
biological applications by spectroscopic methods [13].

The aim of this paper is to investigate the molecular
mechanism of the interaction between DEHP and BSA
using spectroscopy methods and molecular probe tech-
niques under physiological conditions in vitro. The inter-
action information with regard to quenching mechanism,
binding constants, binding site, binding locality, thermo-
dynamic parameters, binding power characteristics, energy
transfer and conformational changes of BSA is to obtain.

Experimental
Materials

Bovine serum albumin was purchased from Sigma (USA,
99%). DEHP, Tris, HCI, NaCl were purchased from Shanghai
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Chemical Reagent Company (China). DEHP had a purity of no
less than 99.5% and all other chemicals were of analytical
grade. Stock solutions of BSA (10~ mol L"), DEHP
(2 x 1073 mol L™Y), NaCl (0.5 mol L") and Tris—HCl buf-
fer (0.05 mol L™" Tris, 0.15 mol L' HCI) of pH 7.40 + 0.01
were prepared by directly dissolving the original reagents.
Water used to prepare solutions was double-distilled.

Procedure and measurement

The buffer, NaCl, BSA and DEHP solutions were added
with different ratios into several 10 mL colorimetric tubes,
then diluted to 10 mL and stirred well. The solutions were
let to stand for 5 min at room temperature, and then react
for 30 min at specified temperatures.

All fluorescence spectra were recorded on a LS-55
Spectrofluorimeter (Perkin-Elmer, America) equipped with
1.0 cm quartz cells and a thermostat bath. The widths of
the excitation slit and the emission slit were set to 15 and
2.5 nm with the scanning speed at 1,200 nm per minute.
Appropriate blanks corresponding to the buffer were sub-
tracted to correct the background. The UV spectra were
recorded at room temperature on a UV-2450 spectropho-
tometer (Shimadzu, Japan) equipped with 1.0 cm quartz
cells. The CD spectra were recorded in a J-810 spectro-
polarimeter (Jasco, Japan). The weight measurements were
performed with an AY-120 electronic analytic weighing
scale (Shimadzu, Japan). All pH measurements were made
with a pHS-3 digital pH-meter (Shanghai, China).

Results and discussions
3D fluorescence spectra

Fluorescence occurs when an orbital electron of a mole-
cule, atom or nanostructure relaxes to its ground state by
emitting a photon of light after being excited to a higher
quantum state by some type of energy. Fluorescence in the
life sciences is used generally as a non-destructive way of
tracking or analysis of biological molecules by means of
the fluorescent emission at a specific frequency where there
is no background from the excitation light [14—16]. Three-
dimensional fluorescence (3D-FL) spectrum can provide
abundant and all-side information on the structure of a
phosphor as it is a stereopsis containing three coordinate
axis including excitation wavelength, emission wavelength
and fluorescence intensity. The 3D-FL spectra of BSA in
and in no presence of DEHP were recorded and shown in
Fig. 1. The information of fluorescence peaks is listed in
Table 1. It is obvious that both position and stokes shift of
fluorescence peaks of BSA altered when DEHP was added,
which could be attributed to polarity changes of the region
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surrounding the major chromophore in BSA. The intensity
of all the four fluorescence peaks decreased with increasing
amount of DEHP, which is commonly known as fluores-
cence quenching and may be caused by a variety of
molecular interactions such as collisions, excited-state
reactions, molecular rearrangements, energy transfer,
ground-state complex formation, and so on [17].

Quenching mechanism analysis

Different fluorescence quenching processes can be divided
into two broad categories, either dynamic quenching or
static quenching [18]. In dynamic quenching, interaction
between quencher and phosphor takes place during the
lifetime of the excited state, in which no changes in
absorption spectra will be observed. Moreover, dynamic
quenching is caused by collision and higher temperature
will result in larger diffusion coefficients, the dynamic
quenching constants are expected to increase with
increasing temperature [19]. In order to ascertain the
quenching mechanism, the emission spectra of BSA and
BSA-DEHP systems (the concentration of BSA was
stabilized at 2 x 10~° mol L', and the concentration of
DEHP varied from 0 to 1.4 x 107> mol L™" at an incre-
ment of 2 x 107® mol L™") excited by 280 nm was picked
out from their 3D-FL spectra and composed Fig. 2.
Supposing the quenching belong to dynamic quenching,

where F and F are the fluorescence intensities in absence
and in presence of quencher, respectively, Kgy is the Stern—
Volmer quenching constant, [Q] is the concentration of the
quencher. Hence, Eq 1 was applied to determine Kgy by
linear regression of a plot of F/F against [Q] (the inset of
Fig. 2). The Stern—Volmer quenching constants Kgy, were
calculated to be 7.769, 7.735, 7.709 and 7.681 x 10*
L mol~! at 298, 304, 310 and 316 K, respectively. This
tendency is in conflict with the correlation of static
quenching with temperature, which indicates that the more
probable mechanism of DEHP-BSA interaction is static
quenching rather than dynamic quenching. Moreover, the
enhanced resonant scattering peaks in 3D-FL spectra (the
left front of fluorescence peak 1 and peak 2 in Fig. 1)
implies the presence of particle with different size, which is
most likely to be the result of chemical binding. Absorption
spectrum is an additional effective method to distinguish
static and dynamic quenching [18]. The absorption spectra
(Fig. 3) show that the absorbance of BSA-DEHP combi-
nation is weaker than that of the free BSA at equivalent
concentration (2 x 10~% mol L_l), which can not make
sense from the standpoint of dynamic quenching. Based on
the discussion with respect to the temperature effects,
scattering peaks and absorption spectra, as mentioned
above, it is safely to draw the conclusion that the

the fluorescence data at different temperatures could be = quenching of DEHP to BSA is static quenching

analyzed with the well-known Stern—Volmer equation [20]: mechanism.

Table 1 Characteristic parameters of three-dimensional fluorescence peaks

Systems and parameters Peak 1 Peak 2 Peak 3 Peak 4

BSA Peak position (dex/Aem, nm/nm) 280.0/350.0 225.0/349.0 280.0/665.0 225.0/666.0
Relative intensity 181.0 185.4 59.58 64.17
Stokes shift AZ/nm 70.0 124.0 385.0 441.0

BSA-DEHP Peak position (Zex/Aem, nm/nm) 280.0/347.5 225.0/349.5 280.0/665.0 230.0/667.5
Relative intensity 88.31 99.60 28.80 33.73
Stokes shift AA/nm 67.5 124.5 385 437.5
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Fig. 2 Emission spectra of BSA in and in no presence of DEHP
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Fig. 3 Absorption spectra of DEHP, BSA and DEHP-BSA system

Binding equilibrium and thermodynamics

In the static quenching interaction, when small molecules
bind independently to a set of equivalent sites on a mac-
romolecule, the binding constant (K;) and the number of
binding sites (n) can be determined by the following
equation [21]:

log (¥> = log K}, + nlog[Q] (2)

The dependence of log (Fo/F — 1) on the value of log
[Q] is linear with slope equal to the value of n and the value
logK,, is fixed on the ordinate. The plots and the calculated
results are shown in Fig. 4 and Table 2, respectively.
Table 2 shows the number of binding site, n, are closed to
1, which indicates one high affinity binding site has formed
between DEHP and BSA.

The enthalpy change and entropy change of DEHP-
BSA interaction are important for confirming binding
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Fig. 4 Log (Fo/F — 1)-log[Q] plots at four different temperatures

mechanism. Therefore, the temperature dependence of
binding constant was studied using the Eqs. 3 and 4:

—AH? ASY
AG’ = AHT - AS’ (4)

where AH’, AG” and AS” are enthalpy change, Gibbs free
energy change and entropy change, respectively. The plot
of logK versus 1/T (Fig. 5) enables the determination of
AHU, AS” in isobaric processes while AG’ can be calcu-
lated by Eq. 4. The results are listed in Table 2. The neg-
ative AG” and positive AS” indicate the interaction between
DEHP and BSA is spontaneous and driven by entropy.
Furthermore, according to the positive AH’ , the reaction is
an endothermic process, which can exactly give reasonable
explanations for the increasing value of binding constant
Ky, and binding sites n (Table 2). Ross and Subramanian
[22] thought that hydrophobic force might increase AH'
and AS? of a system, hydrogen bond and van der Waals
power decreased them, and electrostatic force usually made
AH? ~ 0 and AS’ > 0. Based on this rule, it can be
speculated that hydrophobic forces play the major role
during the interaction.

Site-selective binding geometry

There are two high affinity binding sites for drugs in BSA,
site I locating in subdomain IIA and site II locating in
subdomain IITA, which can be marked by anticoagulant
drug warfarin (inset of Fig. 6a) and antiinflammatory agent
ibuprofen (inset of Fig. 6b), respectively [12]. In order to
identify the binding site of DEHP on BSA, site marker
competitive experiments were carried out using these two
probes. In present experiment, DEHP was added to the
solution of BSA that had been bound by site markers held
in equivalent concentrations. Then the quenching effects
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Table 2 Observed binding constants, binding sites and thermodynamic parameters

pH T/(K) Ky (L mol™!) n R SD* AH? (kJ mol™h) AS’ JKh AG? (kJ mol™h)
7.40 298 1073 1.095 0.9998 0.0064 21.25 173.3 —-30.40
304 1033 1.109 0.9999 0.0059 —31.44
310 107485 1.129 0.9999 0.0058 —32.48
316 10733 1.142 0.9999 0.0063 —-33.52
* SD is the standard deviation for K,
12.6 | INK=-2556/T+20.85 R=0.9933 SD=0.030 DEHP, which implies that DEHP bind on different site in
protein from ibuprofen. To sum up the arguments above,
DEHP bind with high affinity to site I in subdomain ITA
1271 of BSA. The conclusion is similar to the molecular
XK docking results between DEHP and HSA reported by Xie
1261 et al. [23].
X
£ 125}
Energy transfer and binding distance
124 *
No distortion is found in the 3D-FL spectra (Fig. 1), which
123F provides evidence for non-radiation energy transfer.
According to Forster’s non-radiation fluorescence reso-
12.2 . L . L . L nance energy transfer (FRET) theory, the energy transfer
0.0031 0.0032 0.0033 0.0034 efficiency is related not only to the distance between the
T (K™ acceptor and the donor but also to the critical energy

Fig. 5 Van’t Hoff plot for the binding of DEHP with BSA

were measured and the results were shown in Fig. 6. It
can be seen from Fig. 6a that warfarin which binds spe-
cifically to site I has more powerful ability to quench the
luminescence of BSA than DEHP at equimolar concen-
tration. When DEHP was added to BSA—warfarin system,
an enhancement of the relative fluorescence intensity
could be detected, which suggested that warfarin had been
partially replaced by DEHP. In other word, DEHP had
competed with warfarin for the site I in the subdomain
ITA of BSA. On the other hand, in Fig. 6b, the binding of
ibuprofen on site II in subdomain IIIA of BSA molecules
seems to have no obvious influence on the binding of

transfer distance [24]:
R6

E=_—"— 5

R + r® ®)
where E is the efficiency of transfer between the donor and
the acceptor, Ry is the critical distance when the efficiency
of transfer is 50%, which can be calculated by the equation
[25]:

RS =18.8 x 107 (K*¢pN~*J) (6)

where K? is the space factor of orientation; n is the
refracted index of medium; ¢ is the fluorescence quantum
yield of the donor; J is the effect of the spectral overlap
between the emission spectrum of the donor and the

(b)
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absorption spectrum of the acceptor, which could be
calculated by the equation [24-26]:

I Fp(2)ea(o) 2 d),

T R

(7)

where Fp(Z) is the corrected fluorescence intensity of the
donor in the wavelength range Ay to 4, and g5(4o) is the
extinction coefficient of the acceptor at 1y. The efficiency
of transfer (E) could be obtained by the equation [25, 27]:

F

E=1- s (8)

In the present case, K = 2/3, N=136 and ¢ = 0.15
[28]. J could be obtained by integrating the UV absorption
spectrum of DEHP and fluorescence emission spectrum of
BSA (Fig. 7). According to the Eqgs. 5-8, it is found that
J=311 x 107%cm® L mol ™' E = 0.108; Ry, = 2.08 nm;
and the binding distance r = 2.95 nm. The distance r is
shorter than 8 nm and in the range of 0.5—1.5R,, which exactly
falls in with Forster’s premise and comes back to prove the
probability of energy transfer from BSA to DEHP [29].

Conformation investigation

Synchronous fluorescence spectroscopy is a useful method
to study the microenvironment of amino acid residues by
measuring the emission wavelength shift because the shift
in wavelength of emission maximum A, corresponds to
the changes of polarity around the chromophore [30].
When the D-value (A1) between excitation and emission
wavelength were stabilized at 60 and 15 nm, the syn-
chronous fluorescence gives the characteristic information
of tryptophan residues and tyrosine residues respectively.
The synchronous fluorescence spectra of tryptophan
(Fig. 8) and tyrosine (the inset of Fig. 8) were selected out
from 3D-FL spectra. It shows the emission maximum ;..

0.15
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=
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Fig. 7 Absorption spectrum of DEHP and fluorescence emission
spectrum of BSA
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Fig. 8 Synchronous fluorescence spectra of tryptophan (A4 =
60 nm) and tyrosine (A4 = 15 nm)

of tryptophan residues shifts towards short wavelength
(also called blue shift) while that of tyrosine residues shifts
towards long wavelength (also called red shift), which
means the polarity of tryptophan decreases after interac-
tions with DEHP while tyrosine is just the reverse.

To further investigate the details of conformational
changes of BSA, circular dichroism (CD) spectrum method
was performed. CD spectrum is a sensitive technique to
monitor the conformation of peptides and proteins because
the structural characterization of proteins depends greatly
on the remarkable sensitivity of CD in far-UV region [31].
CD spectrum of BSA exhibits two negative bands at 208
and 222 nm which reflect the characteristic of a-helix in
the advanced structure of protein as these two negative
peaks are both contributed to n — n* transfer for the
peptide bond of o-helical. CD results can be expressed in
terms of mean residue ellipticity (MRE) in deg cm?® d
mol ™" according to the following equation [32]:

5000 -
- —— BSA only (210°mol-L")
'-'3 0+ —— DEHP-BSA (15:1)
£
T -5000 -
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£
2 -10000
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2
I -15000 -
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Fig. 9 The CD spectrum of BSA and DEHP-BSA system
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Table 3 Fractions of different secondary structures

Molar ratio [DEHP]:[HSA] H(r) (%) H(d) (%) S() (%) S(d) (%) Trn (%) Unrd (%)
0:1 40.2 19.6 2.9 3.0 12.9 20.8

15:1 36.9 19.6 35 3.7 15.1 21.9

H(r) regular o-helix, H(d) distorted o-helix, S(r) regular f-strand, S(d) distorted f-strand, Trn turns, Unrd unordered structure

Observed CD(m®)
MRE = 9
Conl % 10 ®)

where C;, is the molar concentration of the protein, n the
number of amino acid residues and / is the path length
(0.1 cm). The a-helical contents of free and combined BSA
were calculated from MRE values at 208 nm using the
equation [33]:

—MREsp3 — 4,000 (10)
33,000 — 4,000

where MRE,g is the observed MRE value at 208 nm,
4,000 is the MRE of the fS-form and random coil confor-
mation cross at 208 nm and 33,000 is the MRE value of a
pure o-helix at 208 nm. Using Eq. 10, the o-helicity in the
secondary structure of BSA was determined and results
were pasted on Fig. 9 and the estimates for the secondary
structural elements analyzed using SELCON3 software are
listed in Table 3. In Table 3, a reduction of the w«-helix
from 59.8% (free BSA) to 56.5% was observed (at molar
ratio of 15:1). Then combining the discussion of binding
forces and synchronous fluorescence spectra above,
hydrophobic forces leaded to the loosening and unfolding
of the protein skeleton, in which process the microenvi-
ronment of the tryptophan (Trp-212) became more hydro-
phobic but tyrosine (Tyr-263) was more hydrophilic. It
once again, indicated that DEHP was buried in the
hydrophobic cave around site I in subdomain ITA of BSA.
The entering compelled Tyr-263 to move out from original
cave and more expose to solvent, which indicated that the
combination of DEHP to BSA could destroy the secondary
structure of BSA and following affect its physiological
function. Nevertheless, this effect was not obvious until the
concentration of DEHP reached 3 x 107> mol L™".

a-helix(%) =

Conclusions

In present paper, three-dimensional fluorescence (3D-FL)
spectroscopy, UV—vis spectroscopy and circular dichroism
(CD) spectroscopy were used to investigate the interaction of
DEHP with BSA in vitro. Under physiological conditions,
DEHP and BSA formed new complex by hydrophobic
interactions at ground state, accompanied with static fluo-
rescence quenching and non-radiation energy transfer hap-
pening within a single molecule. The binding constants K,

are of the order 10° L mol ™" and one high affinity binding
site has formed between DEHP and BSA. Site-selective
competitive binding investigation indicated that the binding
site located in Sudlow’s site I in sub-domains IIA of BSA and
the distance r between DEHP and Trp-212 in BSA was cal-
culated to be 2.95 nm according to Forster’s non-radiation
fluorescence resonance energy transfer (FRET) theory. The
interaction was a spontaneous as well as an entropy-driven
process based on the thermodynamic parameters obtained
under atmospheric pressure conditions. The large K, (10>4%3
L mol™") at 310 K indicated that the degree of reversibility
was not pronounced around body temperature, which gave a
hint that DEHP could be transported and stored in blood. A
reduction of the a-helix from 59.8% (free BSA) to 56.5%,
along with changes of other elaborate second-order struc-
tures contents was detected when the concentration of DEHP
reached 3 x 107> mol L™". These surveys provided com-
prehensive basic data for understanding the binding mech-
anism of DEHP with albumin and were expected to give
useful clues to the clarification of the ways of albumin acting
as a detoxifier for DEHP.
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