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bstract

The interaction of epicatechin with bovine serum albumin (BSA) was studied by isothermal titration calorimetry. The binding constant (K)
nd associated thermodynamic binding parameters (n, �H) were determined for the interaction at three solution concentrations of BSA using a
inding model assuming independent binding sites. These data show weak non-covalent binding of epicatechin to BSA. The interaction energetics

aried with BSA concentration in the calorimeter cell, suggesting that the binding of epicatechin induced BSA aggregation. The free energy (�G)
emained constant within a range of 2 kJ mol−1 and negative entropy was observed, indicating an enthalpy driven exothermic interaction. It is
oncluded that the non-covalent epicatechin–BSA complex is formed by hydrogen bonding.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Consumption of plants and plant products that are rich in
olyphenols, such as cocoa, wine, tea and berries, has been
elated with protective effects against cardiovascular disease and
ertain forms of cancer [1,2]. Polyphenols have been found to act
s free radical scavengers and have been widely studied for their
ntioxidant activity in vitro [3–5]; however, questions remain
oncerning their in vivo activity, especially regarding their
bsorption, metabolism and bioavailability [6–11]. Current lit-
rature suggests that factors such as protein binding may impair
olyphenol absorption and bioavailability and even mask their
ntioxidant activity [12–14]. Non-covalent protein–polyphenol
ssociation is a well known phenomenon; however, it is only
elatively recently that any considerable data from modern bio-
hysical techniques (i.e., NMR spectroscopy, mass spectrome-
ry, etc.) has been obtained in the area of how the structure of

ither the protein or the polyphenol may affect the interaction
15–27].
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Isothermal titration calorimetry (ITC) is an attractive
pproach for the study of biomolecular interactions such as
he interaction of polyphenols with proteins. ITC sensitively

easures changes in enthalpy during a titration experiment in
hich ligand is added to a protein solution in a calorimeter cell
eld under isothermal conditions [28]. It is a universal tech-
ique since enthalpy changes will occur during any interaction
hat leads to the formation of a complex, and only differential
canning calorimetry and ITC are able to directly determine
nteraction enthalpy. Furthermore, from a single experiment
TC allows the determination of association constant (K), sto-
chiometry (n), free energy (�G), enthalpy (�H) and entropy
�S) of binding, and therefore provides a wealth of important
ata, even for low affinity interactions [29]. Principal advan-
ages of ITC are that it can be used to characterise interactions
n solution and without chemical modification or immobili-
ation of either interacting species. This sets the technique
part from surface plasmon resonance, which requires surface
ttachment, and fluorescence methods that often require label-
ng or are specific to proteins that contain a fluorophore that

s accessible to a quencher. ITC can also be applied to sys-
ems where the complex formed is insoluble, as is often the
ase for protein–polyphenol systems. This is a distinct advan-
age over many solution based techniques, including capillary
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Fig. 1. Chemical structure of (−)-epicatechin.

lectrophoresis (CE), where complex insolubility can be prob-
ematic [24].

Our earlier research has demonstrated the potential for
pplying ITC analysis to the study of protein–polyphenol
nteractions through a study of the binding of two contrasting
annins, i.e., flexible tara gallotannins and more rigid ellagi-
annins (from myrabolan), to model proteins [21]. ITC data
evealed differences in the binding data depending on the
rotein type, but could only be used for a qualitative study of
inding due to the complexity of the tannin samples, which
omprised a mixture of polyphenolic compounds of varying
olecular weights. Here, we investigate the interaction of

picatechin as a model compound with bovine serum albumin
BSA). Serum albumins are the major soluble protein con-
tituents of the circulatory system and have many physiological
unctions; arguably the most important of these is as a depot
nd transport protein for a variety of compounds. BSA has been
ne of the most extensively studied of this group of proteins,
articularly because of its structural homology with human
erum albumin (HSA). (−)-Epicatechin ((2R,3R)-2-(3,4-
ihydroxyphenyl)-3,4-dihydro-1(2H)-benzopyran-3,5,7-triol;
ig. 1) is a flavonoid, which are a group of natural prod-
cts reported to have neuroprotective, cardioprotective and
hemopreventive actions [30].

. Experimental

.1. Chemicals

Bovine serum albumin (BSA, ≥99% purity) and (−)-
picatechin were purchased from Sigma (Poole, Dorset, UK).
ll buffers were prepared with UHQ water (Elga Purelab UHQ;
.82 × 105 � m at 25 ◦C) and all samples were degassed prior to
se in the calorimeter. Sample solutions were prepared in 0.1 M
hosphate buffer pH 7.4, 6.8 or 6.0, or 0.05 M citrate buffer pH
.0, as appropriate.

.2. Isothermal titration calorimetry

The instrument used in these studies was a CSC Nano ITC
eries III (Calorimetry Sciences Corp., Lindon, UT, USA). In

typical experiment, BSA solution (0.05, 0.2 or 0.5 mM) was

laced in the 1.001 cm3 sample cell of the calorimeter and epicat-
chin solution (10 mM) was loaded into the injection syringe.
hese concentrations were chosen to obtain a complete bind-
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p
a
s
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ng isotherm, which requires the concentration in the injection
yringe to be approximately 10 times the concentration of bind-
ng sites in the cell [31]; estimated from published frontal analy-
is CE data [24]. Epicatechin was titrated into the sample cell as
sequence of 20 injections of 10 �l aliquots. The time delay (to
llow equilibration) between successive injections was 3 min.
he contents of the sample cell were stirred throughout the
xperiment at 100 rpm to ensure thorough mixing. Raw data
ere obtained as a plot of heat (�J) against injection number.
hese raw data were then integrated to obtain a plot of observed
nthalpy change per mole of injectant (�Hobs, kJ mol−1) against
olar ratio.
Control experiments included the titration of 10 mM epicate-

hin into buffer, buffer into BSA and buffer into buffer; controls
ere repeated for each buffer system used and at each BSA

oncentration. The last two controls resulted in small and equal
nthalpy changes for each successive injection of buffer, and
herefore, were not further considered in the data analysis [31].
orrected data refer to experimental data after subtraction of the
picatechin into buffer control data.

.3. Data analysis

ITC data were analysed using the BindWorksTM (Version
.1.3, Applied Thermodynamics, Hunt Valley, MD, USA) ITC
ata analysis program. Data fits were obtained using an inde-
endent binding model for which the analytical solution for the
otal heat measured (Q) is determined by the formula:

= V�H

[
[L] + 1 + [M]nK −

√
(1 + [M]nK − [L]K)2 + 4K[L]

2K

]

here V is the volume of the calorimeter cell, �H the enthalpy,
L] the ligand concentration, [M] the macromolecule concen-
ration, n the molar ratio of interacting species and K is the
quilibrium binding constant [32]. The goodness of fit was deter-
ined by calculation of χ2 from the following formula:

2 =
N∑

i=1

[yi − f (xi)]2

σ2
i

here N is the number of data points, yi the actual value, f(xi)
he theoretical value and σi is the measurement error. The data
ts were acceptable in each case since the χ2 values were less

han the critical values for the appropriate degree of freedom.
ree energy, �G, was determined from the binding constant
�G = −RT ln K, where R is the gas constant and T is the absolute
emperature in Kelvin) and entropy, �S, from the second law of
hermodynamics (�G = �H − T�S).

. Results and discussion

The interaction of epicatechin with BSA was studied with
arying pH (5, 6.0, 6.8 and 7.4) and BSA concentration in the

alorimeter cell (0.05, 0.2 and 0.5 mM). The resulting data at
H 7.4 are plotted as observed molar enthalpy change (�Hobs)
gainst molar ratio (epicatechin:BSA) in Fig. 2. The data (not
hown) at the other pH values studied showed no effects of
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Fig. 2. Integrated plots of molar enthalpy change (�Hobs, kJ mol−1) against
m
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Table 1
Binding and thermodynamic parameters for the interaction of epicatechin with
BSA at three different BSA solution concentrations

0.05 mM BSA 0.2 mM BSA 0.5 mM BSA

n 4.0 ± 0.4 3.3 ± 0.3 3.7 ± 0.4
K (M−1) 291 ± 15 213 ± 11 107 ± 6
�H (kJ mol−1) −37 ± 2 −45 ± 2 −61 ± 3
�G (kJ mol−1) −14 ± 1 −13 ± 1 −12 ± 1
�
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79–106.
olar ratio (epicatechin:BSA) at pH 7.4: (�) 0.05 mM BSA; (�) 0.2 mM BSA;
�) 0.5 mM BSA.

H on the interaction. This is supported by earlier data on
olyphenol–protein complexation by Papadopoulou et al. [27]
nd by Charlton et al. [17], and suggests that electrostatic inter-
ctions are not a major factor in forming the epicatechin–BSA
omplex.

It is apparent from Fig. 2 that the interaction between epi-
atechin and BSA is exothermic and, from the shape of the
inding isotherms, that the interaction is weak [29]. A marked
ffect of BSA concentration on the magnitude of �Hobs is
bserved, although the general shapes of the plots are simi-
ar. The magnitude of �Hobs was clearly greater at higher BSA
oncentration at any given molar ratio, although it does appear
hat it would be possible to extrapolate the binding isotherms
o a common saturation point. However, although the titration
lot at the lowest concentration of BSA (0.05 mM) approaches
ero enthalpy at high molar ratios, the actual binding saturation
as not reached within the experiment. Similar isotherms have
een exhibited for binding of gallotannins and ellagitannins to
SA [21], surfactant interactions with hydrophobically modi-
ed polymers [33] and for the binding of non-ionic surfactants

o BSA [34]. It is therefore our hypothesis, especially in view of
he apparently high molar ratio required for binding saturation
>60 epicatechin molecules per molecule of BSA), that epicate-
hin “non-specifically” adsorbs to the surface of the BSA rather
han binding to specific receptor sites on the protein.

The increasing exothermicity of the interaction with increas-
ng BSA concentration in the calorimeter cell suggests that
igand-induced aggregation of BSA occurs [35]. This infer-
nce would support current hypotheses which suggest a surface
dsorption mechanism leading to protein aggregation and even-
ual precipitation [17,25,26]. These models suggest that the
rotein becomes coated with polyphenol until a stage at which
nter-complex polyphenol bridges form to induce aggregation
f the non-covalent polyphenol–protein complexes.

The binding isotherms were further analysed by fitting the
ata to a binding model to yield the binding constant, K, and the

inding parameters, n and �H. The results of this analysis of the
ata are shown in Table 1 along with the derived parameters, �G
nd �S. These data showed agreement in the values of K and n
S (J mol−1 K−1) −78 ± 4 −105 ± 5 −166 ± 8
2 5.9 4.8 4.1

ith previously published data on this interaction from frontal
E analysis [24]. It can be seen that it was not possible to fit the

ame binding model to the data at different BSA concentrations,
ith the value of K decreasing with increasing BSA concen-

ration and �H increasing exothermically with increasing BSA
oncentration. However, the free energy (�G) was similar at
ach concentration and was negative, which is a requirement for
spontaneous biomolecular interaction [31]. In each case, the

ntropy term (�S) was negative, indicating that the interaction
as driven by enthalpy as opposed to entropy. Negative entropy

ndicates an increase in molecular order, which would occur
pon aggregation and may also imply a role for hydrogen bond-
ng in the formation of the complex. Indeed, Krı́ž et al. [36] also
eported negative entropy from ITC data for the complexation of
atechin by �-cyclodextrin, which involves hydrogen bond for-
ation. The binding enthalpies imply that the interaction was

on-covalent since the enthalpies are too low for covalent bond
ormation to have occurred (200–400 kJ mol−1).

In conclusion, it is noteworthy that although our data for
he interaction of epicatechin with BSA is in agreement with
ur findings for the interactions of higher molecular weight
allotannins and ellagitannins with BSA, we did not observe
ny interaction with gelatin by ITC (data not shown), which
as shown to have a stronger interaction than BSA with gal-

otannins and ellagitannins [21]. The absence of any interaction
ith gelatin, which is rich in hydrophobic proline residues, sug-
ests that epicatechin is not driven to interact with proteins by
ydrophobic forces. It is therefore more likely that hydrogen
onding is important, which is implied by our data and has
een suggested by earlier literature for the binding of more polar
olyphenols with BSA [37].
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