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a b s t r a c t

The interactions between bisphenol A (BPA)/acrylamide (AA) and bovine serum albumin
(BSA)/deoxyribonucleic acid (DNA) was investigated by the equilibrium dialysis, fluorophotome-
try, isothermal titration calorimetry (ITC) and circular dichroism (CD). The bindings of BPA and AA to BSA
and DNA responded to the partition law and Langmuir isothermal model, respectively. The saturation
mole number of AA was calculated to be 24 per mol BSA and 0.26 per mol DNA-P. All the reactions were
eywords:
ovine serum albumin
eoxyribonucleic acid

ntermolecular interaction
isphenol A
crylamide

spontaneous driven by entropy change. BPA stacked into the aromatic hydrocarbon groups of BSA and
between adjacent basepairs of DNA via the hydrophobic effect. The interactions of AA with BSA and DNA
induced the formation of hydrogen bond and caused changes of their secondary structures. At normal
physiological condition, 0.100 mmol/l BPA reduced the binding of vitamin B2 to BSA by more than 70%,
and 2.8 mmol/l AA by almost one half. This work provides an insight into non-covalent intermolecular
interaction between organic contaminant and biomolecule, helping to elucidate the toxic mechanism of
harmful chemicals.
. Introduction

Serum albumin is the major transport protein in circulation
ystem. It is the well-known model protein and is called a mul-
ifunctional plasma carrier protein for its ability to bind a wide
ariety of ligands. These include inorganic cations, organic anions,
mino acids, vitamins and, perhaps most important, physiologi-
ally available insoluble endogenous compounds, e.g., fatty acids,
ilirubin, and bile acids [1–6]. In fact, not only endogenous lig-
nds but also exogenous compounds bind to HSA, e.g., commonly
sed drugs such as warfarin, camptothecins and inorganic poly-
ers such as polyoxometalates [7–9]. The binding mechanism

as been investigated, e.g., arazine, ochratoxin, methyl parathion,
nd arsenic [10–13]. Concerning to DNA, whose conformation
nd sequence preference is critical to replication, transcription
nd DNA chromatin compaction [14], it is reported that DNA

s subject to the effect of organic chemicals, too, whether it is
ndogenous ligands or exogenous compounds. As the target of
any drugs and also most likely of a large number of environ-
ental pollutants [15–18], DNA has been extensively studied on
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the binding mechanism, e.g., minor groove binding, major groove
binding, and (bis)intercalation. For example, Distamycin A can
bind in the minor groove of duplex DNA primarily at AT-rich
sequences as a monomer or as a side-by-side antiparallel dimer
[19].

In fact, the involvement of any substances is likely to affect the
activity of biomolecules [20,21]. Thousands of natural and synthetic
organic chemicals are causing environmental pollution. Bisphenol
A (BPA) and acrylamide (AA) extensively used in industry and dis-
tributed in the environment [22–24] have caused great concerns in
recent years. Extensive investigations indicated that both of them
have adverse effects on wildlife and human health [25–37]. BPA is
listed as one of the most widely spread endocrine-disrupting chem-
icals and AA found in the carbohydrate-rich foods classified as a
probable human carcinogen [38–41]. Considering different chem-
ical structures and consequently different solubility in water, it’s
necessary to investigate the structure-effect of the toxicity mech-
anism of BPA and AA. Elucidation of the intermolecular interaction
such as protein–protein and DNA–ligand binding, enzyme cataly-

sis, and inhibition is crucial to understanding of cellular processes
[42–45] using X-ray crystallography, NMR and surface plasmon res-
onance biosensors [46–49]. In this work, the equilibrium dialysis,
fluorophotometry, isothermal titration calorimeter (ITC) and CD
were used to characterize the bindings of BPA and AA to BSA and
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ig. 1. (A) The device designed for equilibrium dialysis. (B) Effect of dialysis time
–0.40 mmol/l AA at pH 7.4 in 0.15 mol/l NaCl.

NA in order to reveal the comparative toxicity from molecular
tructure.

. Material and methods

.1. Instruments and materials

A Model F-4500 fluorospectrophotometer (Hitachi High-
echnology, Tokyo, Japan) was used for determination of BPA
nd fluorescence measurement of BPA–BSA, BPA–DNA solutions.
Model Lambda-25 spectrometer (Perkin-Elmer, USA) was used

o determine the AA concentration during the equilibrium dialy-
is. The Isothermal Titration Calorimeter (ITC) experiments were
arried out on a Model VP-ITC system (MicroCal, USA). A Model J-
15 CD spectropolarimeter (Jasco Instruments, Tokyo, Japan) with
econdary structure estimation-standard analysis software was
sed to determine the conformation of BSA and DNA. The Model
C 30–5K semi-permeable membranes (Molecular Weight Cut Off
kDa, Shanghai Green Bird STD, China) were used for equilibrium
ialysis.

0.100 mmol/l BSA (Sigma, A7906) and 3.7 mmol/l DNA-P (P:
hosphorus content) (Shanghai Chemical Reagents, China) were
repared in deionized water as a stock solution. The precise con-
entration of protein and DNA was determined by UV. 0.400 mmol/l
PA and 100 mmol/l AA were prepared by dissolving BPA and
A (purity 99%, Sigma–Aldrich Reagents) in deionized water.
.1276 mmol/l vitamin B2 (VB2) was prepared by dissolving vita-
in B2 (purity 99%, Shanghai Chemical Reagents, China) in

eionized water. The above solutions were all stored at 4 ◦C.
Britton–Robinson (B–R) buffer (pH 7.4) containing 0.040 mol/l

hosphoric acid, acetic acid and boric acid was used.

.2. Determination of BPA and AA

All studied were carried out in a 10-ml calibrated flask contain-
ng 2 ml B–R buffer and a known volume of 0.400 mmol/l BPA or
00 mmol/l AA. The solution was diluted to 10.0 ml with deion-

zed water and mixed thoroughly. After 5 min at room temperature,
he fluorescence intensity of BPA solutions were measured at the
xcitation wavelength (�ex 277 nm) and the emission wavelength
�em 306 nm) by fluorospectrophotometry and the absorbance of
A solution at 220 nm with spectrophotometer.
.3. Dialysis assay of the BPA/AA–BSA/DNA interactions

A schematic diagram of equilibrium dialysis was shown in
ig. 1A. To find equilibrium dialysis time of BPA or AA solutions,
ecovery of BPA and AA in the mother liquor containing: 1–0.08 mmol/L BPA and

12.5 ml of solution containing 2.5 ml of B–R buffer, 0.15 mol/l NaCl,
a known volume of BPA or AA and deionized water was pipeted
into dialysis bags (1). 37.5 ml of the dialysate solution containing
0.15 mol/l NaCl, 7.5 ml of B–R buffer and deionized water was added
to the dialysis cup (3). The temperature (2) of the water bath (4) was
kept constant at 25 ◦C by adjusting the thermostat magnetic stirrer
(5). 2.5 ml of the dialysis solution (3) was collected every 2 h from
the sampling tube (6) and the concentration of BPA or AA was deter-
mined by the above spectrophotometric method until equilibrium
dialysis was confirmed to have been attained at 10 h (Fig. 1B). Then
several dialyses containing varying concentrations of BPA or AA
solutions were conducted continuously for 10 h and concentrations
of BPA or AA were measured once at the end of the equilibration
period, 10 h. Thus, the standard curve of BPA or AA for equilibrium
dialysis was made for correction of BPA or AA loss resulting from
the absorption of semi-permeable membranes. For characteriza-
tion of the BPA/AA with BSA/DNA interactions, B–R buffer, NaCl, a
known volume of BSA or DNA solution (cM0) and a known BPA or AA
(cL0) were added in dialysis bags (1). The water bath (4) was kept at
37 ◦C. Using the same method, the equilibrium dialysis of BPA or AA
with BSA or DNA was confirmed to be attained at 10 h, too. 2.5 ml
of the dialysis solution (3) was collected and the concentrations of
BPA or AA (cL) determined. The binding ratio (�) of BPA or AA was
calculated by the relation [50].

� = cL0 − 4cL

cM0
(1)

2.4. Fluorescence measurement of the BPA–BSA/DNA solutions

The B–R buffer (2.00 ml) and 0.400 ml of 0.100 mmol/l BSA
were mixed with 0–144 �mol/l of BPA. The solutions were diluted
to 10 ml with deionized water and their fluorescence intensities
were measured at 280 nm (�ex) and 250–450 nm (�em). Using
the same method, 2.5 ml of 0.400 mmol/l BPA were mixed with
0–0.280 �mol/l BSA or 0–0.290 mmol/l DNA-P, respectively. Their
fluorescence intensities were measured at 277 nm (�em) and
306 nm (�ex) and the fluorescence intensity corrected by a BSA
solution without BPA.

2.5. ITC characterization of the BPA/AA–BSA/DNA interactions

ITC experiments were carried out as follows. The BPA solu-

tion (0.250 mmol/l) or AA solution (2.50 mmol/l) was injected
about 27 times in 10-�l increments at 270-S intervals into the
isothermal cell containing BSA (0.002 or 0.010 mmol/l) or DNA-P
(0.050 or 0.500 mmol/l). The cell temperature was kept at 37 ◦C. In
each experiment, an exothermic heat pulse was detected follow-
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ig. 2. Plots of � versus cL for the BPA/AA–BSA/DNA solutions at pH 7.4 and 37 ◦C in
2). (B) AA solutions contained 0.02 mmol/l BSA (1) and 0.67 mmol/l DNA-P (2).

ng every injection. Its magnitude progressively decreases until a
lateau is reached indicating the saturation of binding. The heat

nvolved at each injection was corrected for the heat of dilution,
hich was determined separately by injecting the BPA or AA solu-

ion into the B–R buffer and then divided by the number of moles
njected and then analyzed. The N, enthalpy change (�H), and
ntropy change (�S) of the reaction were calculated by the Gibbs
ree energy (�G) equation

.6. CD measurement of BSA and DNA

The B–R buffer (1 ml), 0.04 ml BSA (0.100 mmol/l) were mixed
ith 0, 4.80, 8.00 �mol/l BPA or 0, 32, 100 �mol/l AA in three flasks

The solutions were diluted to 10.0 ml with deionized water. Each
ample was allowed to equilibrate for 15 min before measurement.
D spectra were taken on a spectropolarimeter with a 0.1 cm light
ath cell at 25 ◦C. The mean residue ellipticity (�) of BSA was mea-
ured between 190 and 250 nm. From � curves, the relative contents
f secondary structure forms of BSA including �-helix, �-pleated
heet, �-turn and random coil, were calculated. The 110 �mol/l
NA-P containing 0, 53 and 67 �mol/l BPA and 84 �mol/l DNA-P
ontaining 0, 20 and 70 �mol/l AA were measured with the same
ethod.

.7. Effects of BPA and AA on the physiological function of BSA

The fluorescence of VB2 was measured at 440 nm (�ex) and
25 nm (�em) with fluorospectrophotometer. The equilibrium dial-
sis for VB2 as well as that for VB2–BSA solution was confirmed to
e attained at 10 h, too. The VB2 standard curve for equilibrium dial-
sis was made at 25 ◦C in the same way as that of BPA introduced
bove.

Concerning the effects of BPA and AA on the BSA’s physiological
unction, i.e., transport VB2, 12.5 ml of a solution containing 2.5 ml

f B–R buffer, 0.15 mol/l NaCl, 0.02 mmol/l BSA, 0.041 mmol/l VB2
nd a known BPA or AA were pipeted into dialysis bags (Fig. 1A-
). After dialysis for 10 h at 37 ◦C, 2.5 ml of the dialysis solution
Fig. 1A-3) was collected and the VB2 concentration determined.
he binding number of VB2 was calculated.
ol/l NaCl. (A) BPA solutions contained 0.02 mmol/l BSA (1) and 0.34 mmol/l DNA-P

3. Results and discussion

3.1. Characterization of the BPA/AA–BSA/DNA interactions

By measuring a series of BPA or AA solutions containing known
concentrations of BSA and DNA, � was calculated. The Pesavento
partition and Langmuir isothermal models were used to fit the
experimental data [51].

� = Kow × cL (2)

and

1
�

= 1
N

+ 1
KNcL

(3)

where Kow is the partition coefficient, and K the adsorption con-
stant. By regressing plots of � versus cL, all plots are shown in Fig. 2.
The good linear relationships indicated that the bindings of BPA and
AA to peptide chains and DNA duplex obeyed the two models above.
It indicates that the more BPA is added, the more BPA will bind to
BSA and DNA. Therefore, there will be no saturation during the BPA
binding process.

� (Fig. 2B) approaches the following maximum: 16 for AA bind-
ing to BSA (curve 1) and 0.2 for AA to DNA-P (curve 2). From the
intercepts and gradients of the regression lines (Fig. 2B), N of AA
was calculated to be 24 per mol BSA and 0.26 per mol DNA-Py. The
binding of AA to BSA and DNA obeyed the Langmuir isothermal
model so the interactions of AA with BSA and DNA responds to a
chemical monolayer adsorption.

In common, electrostatic attraction plays an important role in
the binding of ligands to protein. Concerning the drug-binding
mechanism of DNA, the binding of distamycin to DNA is associated
with electrostatic interaction [47]. However, this is not the case in
this study. From the dissociation constants (KR) of the side groups
(R) of basic and acidic amino acid residues (AARs) of BSA (KR = 10.53
for Lys, 6.00 for His, 12.48 for Arg, 3.65 for Asp, and 4.25 for Glu),
only the side groups of Lys and Arg residues will be protonated and
positively charged in neutral media. Therefore, electrostatic attrac-

tion cannot be the main contributor. The hydrophobic stack, e.g.,
�–� accumulation, will be formed between the benzene ring of
BPA and many aromatic residues (Phe, Tyr and Trp) of BSA. In addi-
tion, the –NH2 of AA have affinity for the polar amino acid residues
of BSA and G, T and A bases of DNA duplex. Thus, hydrogen bonds,
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ig. 3. Effects of pH (A), electrolyte (B) and temperature (C) on � . Solutions cont
–0.02 mmol/l BSA and 2.4 mmol/l AA; 3–0.36 mmol/l DNA-P (A and C) and 0.24 mm
.67 mmol/l DNA-P.

.g., N· · ·H· · ·N and N· · ·H· · ·O may be formed when AA interacts
ith BSA and DNA.

.2. Effects of pH, electrolyte and temperature

The stability of non-covalent interaction is always affected by
H, ionic strength and temperature [52,53]. With increasing pH, �
or BPA–BSA/DNA and AA–BSA increases whereas that for AA–DNA
ecreases (Fig. 3A). It implies that the acidic media are more favor-

ble for AA binding to DNA. Concerning the isoelectric point of DNA
t pH 4–4.5, it is more likely that H-bonds are formed between
NH2 of AA and C O, N– of DNA’s bases. Moreover, several –NH2
roups of AA will be positively charged in acidic media, which
s favorable for the electrostatic attraction between the negative

ig. 4. The fluorescence spectra of the BSA–BPA (A and B) and DNA–BPA (C) solutions at p
nd 144 �mol/l. (B) 0.1 mmol/l BPA and variable BSA (curve 1–8): 0.00, 0.04, 0.08, 0.12, 0.
.000, 0.037, 0.073, 0.110, 0.146, 0.180, 0.220, 0.260 and 0.290 mmol/l.
: 1–0.02 mmol/l BSA and 0.192 mmol/l BPA (A and C) and 0.144 mmol/l BPA (B);
PA (A and C), 0.18 mmol/l DNA-P (B) and 0.14 mmol/l BPA (B); 4–0.8 mmol/l AA and

phosphate group and –NH2
+ of AA. This is probably another reason

that � for the AA–DNA interaction increases in acidic media. How-
ever, in neutral and alkali media DNA turns to be anions and the
attack to nucleophilic groups of bases by –NH2 of AA is inhibited
to some degree, possibly affecting the formation of H-bonds and
leading to the decrease of � . From � in alkali media, there may be
hydrophobic effect between AA and DNA.

From Fig. 3B, � of BPA decreases with increasing sodium chlo-
ride while that of AA increases obviously and then decreases. � for

BSA–BPA/AA reaches the maximum at 0.15 mol/l sodium chloride,
implying that the normal physiological condition is favorable for
transmission of endogenous pollutants by serum albumin. � for
DNA–AA approaches the maximum at 0.4 mol/l sodium chloride,
indicating the increase of ionic strength is favorable for AA bind-

H 7.4. (A) 4 �mol/l BSA and variable BPA (curve 1–9): 0, 18, 36, 54, 72, 90, 108, 126
16, 0.20, 0.24 and 0.28 �mol/l. (C) 0.1 mmol/l BPA and variable DNA-P (curve 1–9):
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ig. 5. The molar ellipticity CD spectra of the AA/BPA–BSA/DNA solutions: (A) 0.4 �
00 �mol/l; (B) 110 �mol/l DNA-P containing BPA (curve 1–3): 0, 53 and 67 and 84
.4.

ng to DNA. Moreover, the involvement of Na+ in the interaction
f the phosphate group did not have much effect on AA binding to
NA. It implies that electrostatic attraction is not the main force

hat connects AA to DNA.
High temperature often affects on non-covalent interactions

54]. Frpom Fig. 3C, � reaches the maximum at about 40 ◦C for
PA solutions. It indicates that the normal physiological conditions
37 ◦C) may be favorable for the binding of BPA. � for BPA–BSA
hanges slightly with heating, which may result from the combina-
ion of the hydrophobic interaction and H-bond formed between
PA and the peptide chain. In contrast, � for AA–BSA decreased
hile that for AA–DNA increased obviously. Temperature increase
ill lead to the increase of distance between the peptide chain and

rganic molecules, which may help the increase of � for AA–BSA.

.3. Identification of target amino acid residues

Serum albumin contains Trp, Phe and Tyr residues and its intrin-
ic fluorescence intensity depends on the degree of exposure of
hese residues to the polar, aqueous solvent and their proximity
o specific quenching groups such as protonated carboxyl, pro-
onated imidazole and deprotonated �-amino groups [55]. Two

odels have been proposed for the quenching of protein fluores-
ence, static quenching and synthetic dynamic quenching [56]. The
lassical relation, i.e., Stern–Volmer equation often employed to
escribe the collisional (dynamic) quenching process:

F0

F
= 1 + Kq�0[Q ] (4)

here F0 is the fluorescence intensity of BSA, F that of BSA in the
resence of AA or BPA, �0 the lifetime of BSA at 10−8 s [Q] the
A or BPA concentration and Kq the quenching rate constant at
.0 × 1010 l/(mol s) as the highest limit for dynamic quenching. In
tatic quenching, the quencher will bind to Phe, Tyr, especially Trp
esidues of BSA, change the microenvironments of these residues
nd even alter the secondary structure of BSA. The fluorescence
pectra of BSA and BPA with the addition of BPA and BSA were

btained (Fig. 4), respectively. From Fig. 4A, a gradual decrease in
he fluorescence intensity of BSA was observed accompanied by a
light blue shift (6 nm) in the emission wavelength, which indicated
PA bound to Trp (W) residues and the microenvironment around
rp (W), Phe (F) and Tyr (Y) residues in BSA was changed conse-
l BSA containing BPA (curve 1–3): 0, 4.8, 8.0 �mol/l and AA (curve 4–6): 0, 32 and
/l DNA-P containing AA (curve 4–6): 0, 20, and 70 �mol/l. All solutions were at pH

quently. Thus, interaction between BPA and BSA result in static
quenching of the intrinsic protein fluorescence, especially that of
Trp residue, W214 of BSA. This was confirmed by the fluorescence
spectra of BPA quenched by BSA shown in Fig. 4B. Slight blue shift
was also observed along with the decreasing in the fluorescence
spectra of BPA, the trough of which provides strong evidence of
BPA–BSA static quenching again. BSA contains three hydropho-
bic cavities and all hydrophobic amino acid residues were present
there and their hydrophobic environment is favorable for organic
molecule to enter there [57]. When interacting with BSA, BPA may
enter these cavities and interact with amino acid residues, espe-
cially with Trp, via hydrophobic �–� stack formed between the
benzene ring of BPA and aromatic hydrocarbon groups of BSA such
as Phe, Tyr and Trp.

The Stern–Volmer equation can also be applied for the fluores-
cence quenching of BPA by DNA (Fig. 4C). The fluorescence intensity
of BPA decreased with the addition of DNA, but no wavelength shift
was observed. This indicates that BPA binds to DNA by intercalat-
ing between adjacent basepairs of DNA and �–� stack is enhanced
consequently, although the interaction between BPA and DNA is
weaker than that of BPA and BSA.

3.4. Variation of the secondary conformation of BSA and DNA

When organic compounds such as pollutants, drugs or toxicants
interact with protein or DNA, the internal non-covalent bonds of the
peptide chain or DNA duplex are often disrupted, possibly changing
the original conformation or even their special function. CD spec-
trometry is often used to evaluate the secondary structure of DNA
[44] and protein [48]. From CD spectra of the BPA/AA–BSA/DNA
solutions (Fig. 5), the fractions of �-pleated sheet, �-helix, �-turn
and random forms were calculated (Table 1). With the addition of
BPA or AA, the CD spectra of BSA changed obviously. The �-pleated
sheet fraction of BSA decreases from 20.2% to 0%, whereas the �-
helix and �-turn content increases from 22.8% to 27.7% and 26.5% to
34.5%, respectively, in the presence of AA. Similarly, with the addi-
tion of BPA, BSA secondary structure changes from 20.2% �-pleated

sheet down to only 4% and 22.8% �-helix up to 27.3% and 26.5%
�-turn to 32.8%. Obviously the disappearance of �-pleated sheet
results in the increase of �-helix and �-turn content. Although the
non-covalent bonds between BPA/AA and BSA in neutral solution
are weaker than that in acidic solution [58,59], the addition of BPA
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Table 1
Change of the secondary structure of BSA (0.4 �mol/l) in the presence of AA and BPA at pH 7.4 (n = 3).

Factor BSA BPA (�mol/l) AA (�mol/l)

4.8 8 32 100

o
a
a

h
T
c
t
b
o
(
t
f
n
h

3
i

B
g
v
e
m

F
w
a
d
w

�-Helix (%) 22.8 ± 2.2% 25.9 ± 1.9%
�-Pleated sheet (%) 20.2 ± 2.5% 16.9 ± 2.4%
�-Turn (%) 26.5 ± 3.0% 27.5 ± 1.5%
Random coil (%) 30.5 ± 3.1% 29.7 ± 1.7%

r AA causes obvious secondary conformation change in BSA. The
ddition of BPA or AA transforms some �-pleated sheet into �-helix
nd �-turn.

The CD spectra of DNA show a signal characteristic of a B-form
elix with a negative band at 245 nm and a positive band at 275 nm.
he decrease in band amplitudes at 275 nm (Fig. 5B 1–3) and slight
hange of the shape of the positive band were observed upon addi-
ion of BPA, which indicates BPA binds to DNA by intercalating
etween adjacent basepairs and induces a conformational change
f DNA. In contrast, the enhancement of CD spectra at 275 nm
Fig. 5B 4–6) in the presence of AA and shape change of the posi-
ive band suggest AA binds to the minor groove of DNA, resulting
rom the combination of H-bonds formed between –NH of AA and
ucleophilic nitrogen or oxygen atom of A, T, G bases of DNA and
ydrophobic �–� interactions via vinyl groups.

.5. Thermodynamic characterization of the BPA/AA–BSA/DNA
nteractions

From Fig. 6, all �H are much less than 60 kcal/mol [60] so the

PA/AA–BSA/DNA interactions are non-covalent, involving hydro-
en bond, hydrophobic effect, e.g., �–� stack, dispersion force and
an der Waals force. Moreover, all the reactions are driven by
ntropy change and thus spontaneous on account of the confor-
ational change of biomolecules induced by the reactions.

ig. 6. ITC titration curves of (A) BPA–BSA, (B) AA–BSA, (C) BPA–DNA, (D) AA–DNA inter
as conducted by injecting (10 �l every time): (A and C) 0.25 mmol/l BPA into the ITC c

nd D) 2.5 mmol/l AA into the ITC cell (1.4685 ml) containing (B) 0.01 mmol/l BSA or (D) 0
ilution, which was estimated by a separate experiment by injecting the BPA or AA into t
ere plotted as a function of the BPA–BSA, AA–BSA, BPA–DNA, AA–DNA molar ratio. The
27.3 ± 2.4% 25.6 ± 1.2% 27.7 ± 1.2%
4 ± 3.5% 17.7 ± 1.4% 0

32.8 ± 2.3% 26.4 ± 2.3% 34.5 ± 2.3%
35.9 ± 1.8% 30.3 ± 2.0% 37.7 ± 3.0%

From Fig. 6A and C, the heat released from the BPA–BSA/DNA
interactions exhibits a saltatory decrease toward 0. It indicates that
BPA binding is affected easily by the dilution and mixing of the
solutions, which result in the weak binding of BPA and subsequent
dissociation of BPA from BSA or DNA. The impossibility for BPA
binding to reach a plateau indicates the occurrence of hydrophobic
interactions between BPA and aromatic hydrocarbon groups (Phe,
Tyr and Trp) of BSA and consequent partition mode of BPA binding.
On the contrary, the heat released from both AA–BSA (Fig. 6B) and
AA–DNA (Fig. 6D) interactions approaches 0 when cL0/cM0 > 15 and
0.3, respectively, implying the plateau is being reached. Therefore,
AA binds to BSA and DNA via H-bonds.

On account of the three-dimensional conformation of BSA, it’s
very likely that the binding modes for AA–BSA are on the surface
(Ni = 8) and inside the cavity (Ni = 15). First, AA binds to the BSA
surface via H-bonds between C O, –NH2 of AA and many polar
residues of BSA. The reaction is exothermic. After the binding sites
of BSA surface have been occupied, AA enters the cleft of BSA easily.
So the inside binding is endothermic. Due to the small cavity where
the inside binding occurs and consequent effect on BSA conforma-
tion, entropy change is much more obvious than that of outside

binding. It indicates BSA conformation is changed due to AA bind-
ing.

According to the thermal dynamic parameters, the binding of
AA to DNA-P probably also respond to a two-step sequential inter-
action: minor groove binding (Ni = 0.1) and major groove binding

actions at pH 7.4 and 37 ◦C (n = 3, RSD = 1.0%, 1.4%, 1.2% and 1.6%). The experiment
ell (1.4685 ml) containing (A) 0.002 mmol/l BSA or (C) 0.05 mmol/l DNA-P, and (B
.5 mmol/l DNA-P. The titration profile was integrated and corrected for the heat of

he B–R buffer. The corrected heat was divided by the moles of injectant, and values
titration curve was fitted by a nonlinear least squares method.
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Fig. 7. Cartoon illustrating the possible bin

Ni = 0.15). The �H value integrated in the first step is almost the
ame as that of −T�S. It suggests that the reaction was driven by
oth �H and �S, accompanied by the formation of H-bonds [48,44],
hich are the most likely groups, e.g., –NH2 of AA and nucleophilic
itrogen or oxygen atom of A, T and G bases of DNA such as C O,
N C, and the hydrophobic interaction. In the second step, both
H and �S are positive. Therefore, the reaction was driven by
S, which may result from the hydrophobic stack of AA binding

n DNA groove and the conformation change of DNA duplex. The
inding process may be accompanied by the electrostatic interac-
ion between AA and the phosphate group of DNA. Moreover, the
act that �H is positive when cL0/cM0 is 1:1 indicates that the reac-

ion is endothermic and the increase of temperature is favorable
or the interaction, which is in agreement with the result of equi-
ibrium dialysis. In short, Minor groove binding is comparatively
rmer while major groove binding is weaker.

ig. 8. Effect of BPA (1) and AA (2) on the physiological function of BSA to transport
B2. All solutions contained 0.02 mmol/l BSA and 0.04 mmol/l VB2 at pH 7.4 and
7 ◦C in 0.15 mol/l NaCl.
ites of BPA and AA in BSA (A) and DNA (B).

3.6. Binding illustration

Fig. 7 illustrates that both BPA and AA interact with BSA and
DNA. There are altogether 5 aromatic residues (Phe, Tyr and Trp)
regions (AR) where hydrophobic stack can be formed between BPA
and BSA (Fig. 7A), including AR1, AR2, AR3, AR4 and AR5 that con-
sist of many F and Y. AR1 (F70, 127, 165, 134, 157, 102 and 149
and Y30, 161, 138 and 140), AR2 (F309, 326, 374 and 377 and Y334,
341, 319 and 353) and AR5 (F511, 507, 509 and 568) distributed on
the external surface of BSA. After that, BPA enters the cavity of BSA
and interacts with the aromatic residues of AR3 (F211 and W214)
and AR4 (F395, 206, 403 and 488 and Y192 and 411). In a high con-
centration media, BPA not only interacts with Phe, Tyr and Trp via
hydrophobic stack, but also accumulates in AR1–AR5 regions. Thus,
more and more BPA molecules bind to BSA. Therefore, BPA interacts
with BSA in a partition mode. Because the aromatic amino acids are
covered up by hydrophobic stacking, especially by the interaction
of BPA with Trp, W214, the intrinsic fluorescence of BSA quenched
(Fig. 4A) obviously whereas that of BPA decreases slightly (Fig. 4B)
due to the high ratio (>70%, Fig. 2A) of BPA. Similar to the interac-
tion with BSA, BPA intercalates parallel between adjacent basepairs
of DNA, resulting in hydrophobic stack (Fig. 7B). With increase of
BPA, a super hydrophobic region where hydrophobic groups gather
is formed in the center of DNA duplex. Because of the intercalation
of BPA with basepairs of DNA, the CD spectra of DNA was reduced
and the fluorescence intensity of BPA decreases obviously in the
presence of DNA because of BPA hydrophobic stacking.

In contrast, AA can interacts with various polar amino acid
residues of BSA via H-bond owing to its high polarity. When inter-
acting with G, T and A bases and gathering in the major and minor
groove of DNA duplex, AA runs parallel with the side chain of DNA,
resulting in the more disperse electron clouds of basepairs and con-
sequent enhancement of CD spectra of DNA, which is contrary to
that of BPA–DNA.

3.7. Effects of BPA and AA on the physiological function of BSA

The relationship between structural transformation of protein
and its functioning is of great significance in organisms. Dur-
ing interaction process, a small organic compound may bind to

the peptide chain, regulating its three-dimensional structure and
even changing its corresponding function [61–62]. Although non-
covalent binding is often weak and non-specific, a combination of
many non-covalent bonds may alter the conformation and func-
tion of the protein [63]. Serum albumin is the major plasma carrier
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rotein in blood [1–3,7–9]. It is responsible for the maintenance of
oth the oncotic pressure and the pH of blood [4,64]. The effects
f BPA and AA on BSA function to transport VB2 were illustrated in
ig. 8. With the addition of BPA and AA, the binding ratio of VB2 to
SA decreases obviously. It indicates the inhibition of BSA carriage
apacity by the pollutants. At the normal physiological condition,
.100 mmol/l BPA reduces the binding ratio of VB2 to BSA by more
han 70%, and 2.8 mmol/l AA by almost one half. This could be
ttributed to the competition of VB2 binding sites in BSA by pol-
utants. Therefore, non-covalent binding of the organic compound
everely affects the physiological function of protein.

. Conclusions

The interactions of BPA and AA with BSA and DNA were char-
cterized using various methods and important results obtained
oncerning, e.g., binding number, binding energy, and type of bind-
ng. The interactions above obeyed the Pesavento partition and
angmuir isothermal models, respectively. The saturation binding
umbers of AA were calculated to be 24 on BSA and 0.26 on DNA-P.
ll the reactions are driven by entropy change and spontaneous.
ydrophobic effect is the main contributor that induce BPA bind-

ng to BSA and the intercalation of BPA between adjacent basepairs
f DNA duplex. And hydrogen bond promotes the interaction of AA
ith BSA and groove binding of AA to DNA. The secondary structure

f both BSA and DNA changed in the presence of BPA and AA, with
he binding ratio of VB2 to BSA being reduced by more than 70%
nd almost one half, indicating that the transport function of BSA
as inhibited consequently.
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