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a b s t r a c t

Though many different methods have been applied to protein-tannin interactions, divergent results are
often reported. To better understand the origin of these differences, we compare here haze/aggregates
formation and thermodynamic parameters occurring for protein-procyanidin interactions. Proteins well
referenced for interaction with polyphenols, namely a polypeptide of extended structure that resembles
salivary proteins (poly-L-proline (PLP) and a standard globular protein (bovine serum albumin (BSA))
were used. Flavan-3-ols of three degrees of polymerization were tested, (-)-epicatechin (EPI), a dimer
(DP2) and a procyanidin (DP8). The interactions were tested in identical conditions for both methods.
The association constants determined by isothermal titration calorimetry (expressed as constitutive unit)
varied with the following scale: PLP-DP8 >> BSA-DP8 z BSA-DP2 z PLP-DP2 > BSA-EPI (no affinity
detected for PLP-EPI). However aggregates formed more readily for highly polymerized procyanidins DP8
with BSA thanwith PLP, and the scale (with 10 mmol/L of constitutive unit of polyphenol and 0.07 mmol/
L of proteins) was: BSA-DP8 > BSA-DP2 >> PLP-DP8 > PLP-DP2 z PLP-EPI, with no haze formation for
BSA-EPI. However the impact of polyphenol concentration on haze formation and precipitation was
different for the two proteins.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Interactions between proteins and polyphenols are well known
and have been measured by many methods. The aggregates/haze
formation was the first method used for interactions amongst
tannins and proteins (Hagerman& Butler,1981). New,more specific
methods are now proposed, such as isothermal titration calorim-
etry (ITC) measuring changes of energy caused by reversible in-
teractions (Frazier et al., 2010; Frazier, Papadopoulou, & Green,
2006; Frazier, Papadopoulou, Mueller-Harvey, Kissoon, & Green,
2003; McRae, Falconer, & Kennedy, 2010; Pascal et al., 2007;
Poncet-Legrand, Gautier, Cheynier, & Imberty, 2007). ITC allows
working in solution with known concentrations of compounds,
defining thermodynamic parameters and strengths of interactions.
However, it does not distinguish specific from non-specific
mment citer ce document 
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Technology, 63, 376-382. 

ualit�e des Produits d'Origine
on Cedex 9, France. Tel.: þ33
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interactions and is not sensitive to sample turbidity during the
titration, or to weak interactions obtained with flavan-3-ols
monomers and pectins (Watrelot, Le Bourvellec, Imberty, and
Renard (2013)). Moreover, interpretation can be difficult because
polyphenoleprotein interactions do not follow the classical “lock
and key” model, due to stacking and cooperativity (Baxter, Lilley,
Haslam, & Williamson, 1997; Cala et al., 2010). It has been
applied mostly for affinity betweenwine tannin (procyanidins with
galloyl groups) and salivary proteins (McRae & Kennedy, 2011;
Pascal et al., 2007; Rinaldi, Jourdes, Teissedre, & Moio, 2014). One
question is therefore how to relate the ITC affinities and energy to
the older studies that have used aggregation.

Proline rich-proteins (PRPs) represent 70% of salivary proteins
(Bennick, 1982). Their composition is 40% proline, 21% glycine and
17% glutamine (Mehansho, Butler, & Carlson, 1987), and are un-
structured (Williamson, 1994). Their interactions with tannins, and
notably procyanidins (condensed tannins) has been studied in
relation to astringency, i.e. in-mouth precipitation of salivary pro-
teins by tannins (Hagerman & Butler, 1981; Ma et al., 2014). Bovine
serum albumin (BSA) is a globular protein frequently used in
:
on of microcalorimetry and haze
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protein-polyphenol interaction studies (Ferrer-Gallego, Gonçalves,
Rivas-Gonzalo, Escribano-Bail�on, & de Freitas, 2012; Frazier et al.,
2006, 2003; Prigent et al., 2009).

Polyphenols such as flavan-3-ols (monomers and procyanidin
oligomers) with various degree of polymerization (DP) strongly
influences interactions with proteins (Sun et al., 2013). Protein-
polyphenol associations may be influenced by either protein
structure or composition (Bohin, Vincken, van der Hijden, &
Gruppen, 2012) and external conditions such as ionic strength
(Rawel, Meidtner, & Kroll, 2005), pH (Prigent et al., 2003), alcohol
(King, Dunn,& Heymann, 2013), protein to polyphenol ratio (Pascal
et al., 2007), or polyphenol structure and composition.

Procyanidins are characterized by their constitutive units, type
of linkages and DP (Hemingway & Karchesy, 1989). Procyanidins of
apple parenchyma are archetypes of the procyanidin class, being
constituted of (-)-epicatechin (90% of constitutive units) present in
extension and terminal units and a few (þ)-catechin present only as
terminal units (Sanoner, Guyot, Marnet, Molle, & Drilleau, 1999).
Those monomers are linked by carbonecarbon inter-flavan bonds
(corresponding to B-type procyanidins) mostly between C4 and C8,
with variable number of constitutive units (defined as the number-
average degree of polymerization DPn).

The objective of this study was to connect the formation of
aggregates/haze to energy, affinity or stoichiometry obtained by ITC
for analysis of polyphenoleprotein interaction, using a protein and
a polypeptide (BSA and PLP respectively) and procyanidins differing
by their DP, and hence their potential of interaction.

2. Material and methods

2.1. Chemicals

Methanol, acetonitrile, and acetone of chromatographic quality
were from Biosolve (Distribio, Evry, France), hexane of analytical
quality from Merck (Darmstadt, Germany), ethanol from Fisher
Scientific (Strasbourg, France), toluene-a-thiol from SigmaeAldrich
(Deisenhofen, Germany).

Chlorogenic acid (purity 95%), (þ)-catechin (purity 98%),
(-)-epicatechin (purity 90%), bovine serum albumin (Mw ¼
66,430 Da, purity � 98%) and poly-L-proline (Mw¼ 6900 Da, purity
98%) were from SigmaeAldrich, 4-Coumaric acid (purity 90%) from
Extrasynthese (Lyon, France) and phloridzin (purity 99%) from
Fluka (Buchs, Switzerland).

2.2. Plant material preparation

Apples (Malus � domestica Borkh.) cv. “Kermerrien” were har-
vested at commercial maturity in 2011 in the experimental orchard
of the Institut Français des Productions Cidricoles (IFPC, S�ees,
France). “Golden delicious” apples were collected in July 2010 in the
orchard of Mrs H. Girardin (Avignon, France) to have high flavan-3-
ols contents as described by Renard, Dupont, andGuillermin (2007).
Fruits weremechanically peeled and cored as described by Sanoner
et al. (1999); cortex tissues were freeze-dried and stored at �20 �C.

2.3. Procyanidins extraction and purification

Hexane, methanol and aqueous acetone extracts of apple poly-
phenols were obtained by successive solvent extractions of freeze-
dried apple as described (Watrelot et al., 2013).

2.3.1. Dimer DP2
Methanolic extracts from “Kermerrien” were centrifuged

(16,000 g, 15 min, 4 �C) and the supernatant was purified by semi-
preparative HPLC as follows.
Comment citer ce document :
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First, polyphenols were purified on a reverse phase of silica gel
Lichrospher 100 RP 18 12 mm (Merck, Darmstadt, Germany) with a
Hibar 205� 25 mm column. Polyphenols were eluted at 15 mL/min
at 35 �C, using a gradient of A water/acetic acid (97.5/2.5, mL/mL)
and B acetonitrile. The gradient was: 0e5 min, 0e30% B; 5e20 min,
30-30% B; 20e22 min, 30e90% B; 22e27 min, 90-90% B;
27e35 min, 90-0% B. Polyphenols were collected, concentrated and
freeze-dried.

Next, the polyphenols were dissolved at 150 mg/mL in a 5/95,
mL/mL mixture of A (methanol/water/acetic acid, 95/3/2, mL/mL/
mL) and B (acetonitrile), and eluted on a Luna 5 mm HILIC 200A
AXIA packed, 250 � 21.2 mm (Phenomenex, Torrence, CA, USA)
with a method adapted from Robbins et al., (2009). Monomers and
oligomers were separated using the gradient: 0e3 min, 95% B;
3e57 min, 32.4% B; 57e60 min, 0% B; 60e67min, 0% B; 67e70min,
95% B. The dimer was collected from 13 to 17 min after the
beginning of the gradient. The purified fraction was named DP2.

2.3.2. Procyanidins DP8
Freeze-dried aqueous acetone extracts from “Golden delicious”

were dissolved in acidified water (water/acetic acid 97.5/2.5, mL/
mL) and injected on a C18 SPE column with 20 mL of solid phase
(Bond Elut, Agilent, Les Ulis, France). After washing the column
with purified water (Milli-Q, Millipore) to discard non polyphenolic
compounds, then ethanol/water (10/90, mL/mL) to discard mono-
mers, procyanidins were eluted by acetone/water/acetic acid (39/
60/1, mL/mL/mL). This purified fraction was designated as DP8.

2.4. Analysis of procyanidins

Procyanidins were measured by HPLC-DAD after thioacidolysis
as described by Le Bourvellec et al., (2011). Analyses were per-
formed using an Ultra Fast Liquid Chromatography Shimadzu
Prominence system (Kyoto, Japan) including two pumps LC-20AD
Prominence liquid chromatograph UFLC, a DGU-20A5 Prominence
degasser, a SIL-20ACHT Prominence autosampler, a CTO-20AC
Prominence column oven, a SPD-M20A Prominence diode array
detector, a CBM-20A Prominence communication bus module and
controlled by LC Solution software (Shimadzu, Kyoto, Japan). The
DP n of procyanidins was calculated as the molar ratio of all the
flavan-3-ol (thioether adducts plus terminal units) to (-)-epi-
catechin and (þ)-catechin terminal units.

2.5. Determination of thermodynamic parameters of protein-
procyanidin associations

A TAM III microcalorimeter (TA instruments, New Castle, USA)
was used. Purified procyanidins (10 mmol/L in (-)-epicatechin
equivalent), (-)-epicatechin (10 mmol/L) and proteins (0.07 mmol/
L) were dissolved in the same citrate/phosphate buffer pH 3.8, ionic
strength 0.1 mol/L, filtered on 0.45 mm membrane. Physico-
chemical conditions (25 �C, pH 3.8 corresponding to the apple pH
and ionic strength 0.1 mol/L) were chosen from previous experi-
ments (Watrelot et al., 2013). All solutions were degassed prior to
measurements. The reference cell was filled by water. To obtain a
hyperbole curve, as recommended for low affinity systems,
different concentrations were tested (0.05 mmol/L protein with
10 mmol/L polyphenol and 0.07 mmol/L protein with 5 mmol/L
polyphenol). The protein solution was placed in the 850 mL sample
cell of the calorimeter and the procyanidin solutionwas loaded into
the injection syringe and titrated into the sample cell by 25 in-
jections of 10 mL aliquots. The duration of each injection was 20 s,
the separating delay 5 min. The contents of the sample cell were
stirred throughout the experiment at 90 rev/min. Experiments
were done in duplicates.
 of microcalorimetry and haze
ly-L-proline and bovine serum
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Table 1
Characterization of procyanidins DP2 and DP8 from Kermerrien and Golden deli-
cious respectively (mg/g of dry matter).

DPn Procyanidins Dihydrochalcones Hydroxycinnamic acids

Extension Terminal PLZ XPL CQA PCQ

EPI EPI CAT

DP2 2 464 333 79 0 0 8 0
DP8 8 562 64 21 1 0 25 1
SD 0.5 43.4 1.1 0.4 0.1 nd 7.1 nd

DPn: average degree of polymerization of procyanidins; CAT: (þ)-catechin; EPI:
(-)-epicatechin; PLZ: phloridzin; XPL: phloretin xyloglucoside; CQA: caffeoylquinic
acid; PCQ: para-coumaroylquinic acid; SD: pooled standard deviation; nd: not
defined.

A.A. Watrelot et al. / LWT - Food Science and Technology 63 (2015) 376e382378
Raw data obtained as a plot of heat flow (mJ/s) against time (min)
was integrated peak-by-peak and normalized using Nanoanalyze
software v2.4.1 (TA instruments software) to obtain a plot of
observed enthalpy change per mole of injectant (DH, kJ/mol)
against the molar ratio (epicatechin/protein). Titration of procya-
nidin fractions into buffer (controls) were subtracted from titration
experiments. The experimental data were fitted to a theoretical
titration curve using Nanoanalyze, with DH (enthalpy change), Ka

(association constant), and n (number of binding sites per mole-
cule) as adjustable parameters, from the relationship

Qi ¼
nPtDHV0

2

2
41þ At

nPt
þ 1
nKaPt

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1þ At

nPt
þ 1
nKaPt

�2
� 4

At

nPt

s 3
5 (1)

where Pt was the protein concentration in mol/L, At was the total
(-)-epicatechin concentration in mol/L, V0 was the volume of the
cell, and Qi was the total heat released for injection i. The one set of
independent binding sites was chosen because analyses were
expressed in constitutive unit equivalent and results were correctly
fitted using that model.

The thermodynamic parameters were calculated from the van't
Hoff equation:

DG ¼ �RTlnKa ¼ DH � TDS (2)

where DG was free enthalpy, Ka was the association constant, DH
was the enthalpy and DS was the entropy of reaction.

The goodness-of-fit and confidence intervals were measured by
the statistic system of the Nanoanalyze software. For a confidence
level of 95%,100 trials were carried out with a standard deviation of
2 on the independent model (Eq. (1)).

2.6. Haze/aggregate formation by protein-procyanidin interactions

Formation of aggregates during protein-tannin interactions was
identified by spectrophotometry. This experiment was done in
triplicates. Systematic variation of ratios was carried out on a 96-
well microplate at 25 �C, by a serial dilution of procyanidins (0,
0.5, 1, 2, 4, 6, 8 and 10 mmol/L (-)-epicatechin equivalent) along the
lines and a serial dilution of proteins (0, 0.01, 0.02, 0.03, 0.04, 0.05,
0.06 and 0.07 mmol/L) along the columns. Solutions were prepared
in citrate/phosphate buffer at pH 3.8 and ionic strength 0.1 mol/L.
Equal amounts (50 mL) of procyanidins and proteins solutions were
stirred for 20 s by the microplate reader before each measurement.
Absorbances at 650 nmwere recorded for each well using a SAFAS
flx-Xenius XM spectrofluorimeter (SAFAS, Monaco). Control wells
contained only proteins or procyanidins in buffer. After recording,
microplates were centrifuged 10 min at 2100 g (20 �C) and super-
natants of control well (procyanidins at 10 mmol/L in buffer
(named S1)) and of wells containing procyanidins at a concentra-
tion of 10 mmol/L with proteins at a concentration of 0.07 mmol/L
(named S2) were analyzed as described in x 2.4. to identify changes
in number-average degree of polymerization ðDDPn ¼ S2� S1Þ.

3. Results

3.1. Procyanidins characterization

The methanolic extract of “Kermerrien” yielded dimers with a
purity of almost 90% after two purification steps (Table 1). The
dimer preparation included procyanidins B2 ((-)-epicatechin-
Comment citer ce document 
Watrelot, A., Renard, C., Le Bourvellec, C. (2015). Comparis

formation to quantify the association of B-type procyanidins to
albumin. LWT - Food Science and Technology, 63, 376-382. 
(-)-epicatechin) and B1 ((-)-epicatechin-(þ)-catechin), the latter
representing 15% of total procyanidins. After thioacidolysis,
(-)-epicatechin represented 91% of total flavanol unit and
(þ)-catechin only 9%, in good agreement with quantification of B2
and B1 dimers. Less than 1% polyphenolic contaminant (caffeoyl-
quinic acid) was detected.

The purified extract from “Golden delicious” contained more
than 670 mg/g polyphenols, mainly procyanidins (83% of total
polyphenols), plus traces of hydroxycinnamic acids, mainly caf-
feoylquinic acid. The rest (33%) of the extract might be organic acids
or sugars, or structural water (Table 1). The major constitutive unit
was (-)-epicatechin both in extension and terminal units (97%);
(þ)-catechin (3% of units) was present exclusively in terminal units
(Watrelot et al., 2013). The average degree of polymerization was 8,
hence the purified fraction was designated DP8.

3.2. Interactions using ITC

Titration of BSA by flavan-3-ol monomer ((-)-epicatechin) and
procyanidins DP2 and DP8 showed strong exothermic peaks (Fig. 1
A). After subtraction of respective controls, the peak areas were
plotted against the polyphenol-to-protein molar ratio and the
resulting curvewas fittedwith the independent model (Eq. (1)) and
confidence intervals of thermodynamic parameters were calcu-
lated by the software (Table 2). Energy generated at the beginning
of titration by (-)-epicatechin was about �4 kJ/mol, strangely lower
at �1 kJ/mol by DP2 and higher at �7 kJ/mol by DP8 (Fig. 1 A).
Stoichiometry values of 5, 13 and 61 expressed as (-)-epicatechin
unit were obtained for (-)-epicatechin, dimer and procyanidins
DP8, respectively (Table 2). However, the confidence interval of the
stoichiometry for (-)-epicatechin and BSAwas high (2.4) because of
the non-sigmoidal curve, which means that result must be taken
with caution. Molar ratio ((-)-epicatechin/BSA) showed that
5 moles of (-)-epicatechin were able to bind to 1 mole of BSA. The
stoichiometry value of 13 when expressed in (-)-epicatechin
equivalent indicated that approximately 6 moles of dimer bind to
1 mole of BSA. For procyanidins DP8, again expressed as (-)-epi-
catechin units, the stoichiometry was higher than 60 (-)-epi-
catechin units per mole of BSA, which might be due to the fact that
binding sites were not yet saturated at the end of the titration.
However it is not possible to directly translate this in moles of
procyanidin molecules as DP8 contained individual molecules of
different DPs. With the approximation using DPn, the stoichiom-
etry value was ca. 9.

The affinity for (-)-epicatechin (Ka ¼ 459 L/mol) was similar to
that observed by Frazier et al. (2006). Affinity constants between
2200 and 2300 L/mol of monomer unit were similar for DP2 and
DP8. However, conclusions differed if affinity constants were
expressed per procyanidin molecule. Though these results must be
interpreted with care due to polydispersity, affinity increased with
:
on of microcalorimetry and haze
 poly-L-proline and bovine serum
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Fig. 1. Isothermal titration calorimetry (25 �C, pH 3.8 and ionic strength 0.1 mol/L) of
bovine serum albumin (BSA) (A) and poly-L-proline (PLP) (B) titrated by flavan-3-ols of
various average degree of polymerization (in duplicates): A (-)-epicatechin (EPI); -
procyanidin DP2 and : procyanidins DP8. Fitted data.

A.A. Watrelot et al. / LWT - Food Science and Technology 63 (2015) 376e382 379
DP and Ka value between BSA and DP8 was similar to that obtained
between BSA and sorghum procyanidins (Frazier et al. (2010)).
Negative enthalpy from�24 kJ/mol to�2 kJ/mol for (-)-epicatechin
and dimer respectively showed exothermic interaction (Table 2).
However, the confidence interval of enthalpy for (-)-epicatechin e

BSA interactionwas very similar to the enthalpy value (�24 ± 18 kJ/
mol). Free enthalpy (DG) was negative which indicated a sponta-
neous interaction, and similar with all procyanidins. The entropy
term (DS) was negative in the case of (-)-epicatechin (�29 J/mol/K).
Conversely, the entropy term was positive for the dimer and DP8
(58 and 38 J/mol/K respectively) (Table 2).

The titration of poly-L-proline (PLP) by (-)-epicatechin led to
endothermic peaks. After subtraction of control ((-)-epicatechin in
buffer) no curve was obtained and no titration could be observed
(Fig. 1 B). Though Baxter et al., (1997) could measure a low
Comment citer ce document :
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Table 2
Thermodynamic parameters of interactions between flavan-3-ols monomer (EPI) or procy
proteins.

BSA

EPI DP2* DP8* DP2 DP8

n 5 ± 2.4 13 ± 1.3 61 ± 0.7 6 ± 0.8 9 ± 0.1
Ka (L/mol) 459 ± 54 2,248 ± 457 2,379 ± 126 3,865 ± 1,008 16,964 ±
DH (kJ/mol) �24 ± 18.0 �2 ± 0.6 �8 ± 0.1 �4 ± 1.3 �57 ± 0.4
DG (kJ/mol) �15 �19 �19 �25 �24
DS (J/mol/K) �29 58 38 55 �112

BSA: bovine serum albumin; PLP: poly-L-proline; EPI: (-)-epicatechin; n: stoichiometry;
dissociation constant for PLP and (-)-epicatechin complexes, here
no thermodynamic parameters were obtained (Table 2). However,
titration of PLP by the DP2 showed strong exothermic peaks with
energy generated of �2 kJ/mol. Titration of PLP by procyanidin DP8
showed two phases (Fig. 1 B). During the first six injections endo-
thermic peaks were obtained. From the seventh injection,
exothermic peaks appeared and energy generated increased up
to �3 kJ/mol. Then, from the thirteenth injection, energy generated
decreased, corresponding to saturation of binding sites. Due to
signal complexity, the last part of data were fitted by an indepen-
dent model to obtain thermodynamic parameters presented in
Table 2. Using the independent model, stoichiometry expressed as
(-)-epicatechin unit for DP2was higher than for DP8, with 1mole of
PLP able to bind with 26 moles of constitutive unit of the dimer
(13 moles of dimer DP2) but only with 22 moles of constitutive
units of DP8. Again with the approximation of monodispersity,
3 moles of DP8 would bind with 1 mole of PLP. The low stoichi-
ometry for association between PLP and procyanidin DP8 could be
due to the polyphenol conformation and would explain the
complexity of the microcalorimetry signal. Affinity constants for
DP8 was more than 25 times that of DP2, whether when expressed
as constitutive unit or procyanidin unit, but could be influenced by
a cooperative effect such as stacking of procyanidins DP8 on PLP
and pre-existing PLP-DP8 complexes. Association constant of DP8 -
PLP was in agreement with Poncet-Legrand et al. (2007) between
DP4 and PLP, probably because in our study the procyanidin con-
centration was expressed in monomer equivalent and higher
(10 mmol/L) than DP4 used by Poncet-Legrand et al. (4 mmol/L)
expressed in molecule. Enthalpy was similar whatever the degree
of polymerization of procyanidins (�3 kJ/mol) and the free
enthalpy was negative corresponding to a spontaneous reaction. In
both cases, the entropy term (DS) was positive (53 and 78 J/mol/K
for DP2 and DP8 respectively), suggesting hydrophobic interactions
(Table 2). A two-sets of independent binding sites model was also
tested: the enthalpy for the first part of the signal was negative
(�32 kJ/mol) with a positive entropy while the second part of the
signal had a positive enthalpy (8 kJ/mol) and positive entropy (not
shown).

3.3. Haze/aggregates formation

Absorbance at 650 nmwas used as a marker of haze formation,
because neither proteins nor procyanidins absorb at this wave-
length. Absorbance at 650 nm in wells with (-)-epicatechin or DP2
was null whatever their concentration (Figs. 2A, C, 3A, C). Absor-
bance at 650 nm for DP8 alone was 0.1 whatever the concentration
(Figs. 2E and 3E): DP8 alone formed a slight haze, as observed by
Watrelot et al. (2013) for procyanidins DP9. This confirmed that
procyanidins of low degree of polymerization (in DP8) self-
associate in colloidal aggregates (Poncet-Legrand et al., 2006).

Whatever the concentrations of (-)-epicatechin and BSA,
absorbance at 650 nm stayed null (Fig. 2 A and B). Interaction
 of microcalorimetry and haze
ly-L-proline and bovine serum
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anidins (DP2 and DP8) (expressed as constitutive unit* and as procyanidin unit) and

PLP

EPI DP2* DP8* DP2 DP8

e 26 ± 1.0 22 ± 0.2 13 ± 0.4 3 ± 0.02
1,140 e 1,971 ± 212 51,180 ± 4,067 3,930 ± 326 362,500 ± 26,350

e �3 ± 0.2 �3 ± 0.1 �5 ± 0.3 �25 ± 0.8
e �19 �27 �20 �32
e 53 78 50 21

Ka: affinity constant; DH: enthalpy; DG: free enthalpy; DS: entropy.
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between (-)-epicatechin and BSA did not cause haze formation. An
increase of absorbance at 650 nm was obtained with BSA at
0.07 mmol/L and the dimer DP2 from 4 mmol/L of the dimer.
Absorbance increased until 0.7 at 10 mmol/L of DP2 (Fig. 2C), and
increased from 0.01 mmol/L of BSA when concentration of dimer
DP2 was fixed at 10 mmol/L in (-)-epicatechin equivalent (Fig. 2 D).
With low concentrations of dimer (�4 mmol/L), association with
the globular protein caused neither haze nor aggregates formation.
However, with BSA and dimer �4 mmol/L, haze was formed,
probably due to cross-linking of proteins by dimers. Absorbance at
650 nm in wells containing DP8 and BSA at 0.07 mmol/L increased
sharply from 0.5 mmol/L up to 4 mmol/L of DP8 in (-)-epicatechin
equivalent from 0 until 0.9, then stabilized until 10 mmol/L of DP8
(Fig. 2 E), maybe due to sedimentation of DP8-BSA complexes.
Moreover, absorbance at 650 nm at 10 mmol/L of DP8 increased
steadily from 0.1 until 0.9 with the increase of BSA concentrations
(Fig. 2 F).

The DPn of the non-coprecipitated procyanidins (present in
supernatants after interactionwith BSA) decreased by 2.5 (Table 3).
This lower DPn indicated preferential association of BSA with
highly polymerized procyanidins, as observed by Watrelot et al.
(2013) between commercial pectins and procyanidins DP9 or DP30.

Association between PLP and (-)-epicatechin led to a very slight
increase of absorbance at 650 nm (Fig. 3 A and B) up to 0.1 from
8 mmol/L of (-)-epicatechin with 0.07 mmol/L of PLP. It was too
small to be a haze. Moreover, association of PLP with the dimer DP2
showed a very slight increase of absorbance at 650 nm starting
Comment citer ce document 
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Fig. 2. Optical density at 650 nm after interactions between bovine serum albumin and fla
ionic strength 0.1 mol/L (in triplicates). Variations of optical density of (-)-epicatechin (A), pr
equivalent) with bovine serum albumin at 0 and 0.07 mmol/L. Variations of optica
procyanidin DP2 (D) and procyanidins DP8 (F) at 0 and 10 mmol/L (in (-)-epicate
from 0.5 mmol/L in (-)-epicatechin equivalent (Fig. 3C). Then
absorbance at 650 nm stabilized at 0.09, whatever the concentra-
tions of protein and polyphenol (Fig. 3C and D). Absorbance at
650 nm with procyanidins DP8 and PLP increased more than pro-
cyanidins DP8 alone, up to 0.2 (Fig. 3 E and F). Haze formation was
more marked in the presence of both compounds. In the case of
DP2 and DP8, standard deviation was greater because haze formed
was non-homogenous and the result of soluble aggregates.

After association between PLP and DP8, the degree of poly-
merization of procyanidins not coprecipitated with proteins, was
decreased (7.8 against 8.9 initially). This decrease, though less
marked than with BSA, notified that the more polymerized pro-
cyanidins bind preferentially with PLP.

4. Discussion

Individual interaction experiments were consistent with the
preexisting literature. Energy generated by the titration of BSA by
(-)-epicatechinwas similar to that shown by Frazier et al., (2006) at
pH 7.4. Frazier et al. (2010) observed that the higher the DP, the
higher the energy generated during interactions with BSA. They
also reported that the n-value is limited by the tannins size and not
directly related to the number of constitutive units. A higher n-
value with larger molecules, i.e. an increase in apparent number of
binding sites on the protein when molecular size of tannins in-
creases might be due to an overlay of procyanidins on the BSA
surface (Poncet-Legrand et al., 2006). The affinity “stabilization”
:
on of microcalorimetry and haze
 poly-L-proline and bovine serum
 DOI : 10.1016/j.lwt.2015.03.064

van-3-ols at different degree of polymerization, in citrate/phosphate buffer pH 3.8 and
ocyanidin DP2 (C) and procyanidins DP8 (E) at different concentrations ((-)-epicatechin
l density of bovine serum albumin at different concentrations with (-)-epicatechin (B),
chin equivalent).
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Fig. 3. Optical density at 650 nm after interactions between poly-L-proline and flavan-3-ols at different degree of polymerization, in citrate/phosphate buffer pH 3.8 and ionic
strength 0.1 mol/L (in triplicates). Variations of optical density of (-)-epicatechin (A), procyanidin DP2 (C) and procyanidins DP8 (E) at different concentrations ((-)-epicatechin
equivalent) with poly-L-proline at 0 and 0.07 mmol/L. Variations of optical density of poly-L-proline at different concentrations with (-)-epicatechin (B), procyanidin DP2
(D) and procyanidins DP8 (F) at 0 and 10 mmol/L (in (-)-epicatechin equivalent).

A.A. Watrelot et al. / LWT - Food Science and Technology 63 (2015) 376e382 381
observed between BSA and DP2 and DP8 may be due to saturation
of binding sites by procyanidins. The predominance of a favorable
enthalpy term for (-)-epicatechin e BSA association confirmed
implication of hydrogen bonds (Frazier et al., 2006; Krí�z, Ko�ca,
Imberty, Charlot, & Auz�ely-Velty, 2003). The positive entropy
term for BSA-DP2, BSA-DP8 and PLP-DP8 meant that hydrophobic
interactions were favored as main binding mechanism (McRae
et al., 2010; Poncet-Legrand et al., 2007). This could be explained
as a solvating effect, where (-)-epicatechin was completely dis-
solved in solvent which allowed interactions through hydrogen
bonds, whereas the dimer was less able to link with water which
led to hydrophobic interactions, while DP8 could be folded on itself
via hydrophobic interactions (Pianet et al., 2008). In the case of PLP,
the signal complexity obtainedwith DP8was similar to the titration
of PRP IB5 by epigallocatechin gallate (Pascal et al., 2007), with
interaction followed by individual conformation rearrangements of
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Table 3
Degree of polymerization of procyanidins and degree of polymerization of residual
procyanidins in supernatant after protein precipitation.

DP8 BSA PLP

DPn before association 8.2 8.9
DPn after association 5.7 7.8
DDPn �2.5 �1.1

BSA: bovine serum albumin; PLP: poly-L-proline; EPI: (-)-epicatechin; DPn: average
of degree of polymerization.
polyphenol and stacking leading to protein aggregation and haze
formation. Contrary to ITC results, no haze formation was observed
between (-)-epicatechin and BSA: the small size of (-)-epicatechin
might preclude cross-linking, a prerequisite for aggregation of the
globular protein (Hagerman & Butler, 1981), or pH (charges) might
prevent precipitation (Charlton et al., 2002). Interaction with BSA
led to haze formation with the dimer and to haze and sedimenta-
tion with DP8, which might be due to a cross-linking of proteins by
procyanidin oligomers (He et al., 2011).

ITC is based on heat released or absorbed measurements. It is
used to determine thermodynamic parameters such as stoichiom-
etry, association constant, enthalpy, free enthalpy and entropy, in
order to define the type of bonds implicated in interactions. With
this method, concentrations of ligand and proteins are well known
and the titration consists in a slow addition of a ligand to a protein
always under stirring. It allows detection of any rearrangements
due to interactions but has a limit of detection for little heat
changes. Moreover, entropy can be related to protein-procyanidin
interactions themselves but also to the solubilization of com-
pounds in solvent or to the desolvation phenomenon or to the
conformational changes as expressed by Whitesides and
Krishnamurthy (2005). Haze formation takes into account the
solubility and the desolvation phenomenon. Haze formation is a
complex phenomenon, that entails moleculesemolecules and
molecules-solvent linkages which modify solubility. The turbidity
measurement involved a quick agitation at the beginning of the
experiment. The lack of stirring during the complete measurement
 of microcalorimetry and haze
ly-L-proline and bovine serum
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might induce a non-homogenous haze/aggregates formation.
Moreover, this method was dependent on matrix, such as pH,
which is known to impact on precipitation but not on interactions'
affinity (Charlton et al., 2002). Those are reasons to use both
methods together to extend the understanding on macromolecules
interactions.

5. Conclusions

Our understanding of structure e affinity relationships for pol-
yphenoleprotein interactions was biased by the methodology
applied, even with all other conditions being identical. Microcalo-
rimetry allows defining interactions parameters and haze forma-
tion shows consequences of interactions. Using microcalorimetry,
macromolecules concentrations are known and the experiment
consists in a slow addition of polyphenol to a protein, while the
turbidity measurement is a macroscopic observation involving the
mixing of various concentrations of polyphenol to protein. Neither
method is appropriate to distinguish specific from non-specific
interactions. Therefore the structureereactivity relationships
established by aggregate/haze formation for protein - tannins in-
teractions will need to be reexamined completely in the new light
shed by ITC on this phenomenon. An integrated approach involving
multiple different techniques, allowing to observe these in-
teractions from different angles, should be used. A study using a
surface plasmon resonance will be realized to further study the
mechanisms of interactions between B-type procyanidins and
bovine serum albumin or poly-L-proline, since this method impli-
cates the immobilization of one compound on a solid support, re-
quires known concentrations and analyses interactions in real time.
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