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ABSTRACT: The copigmentation binding constants (K) for the interaction of different copigments with oenin (major red wine
anthocyanin) were determined. All tests were performed in a 12% ethanol citrate buffer solution (0.2 M) at pH 3.5, with an ionic
strength adjusted to 0.5 M by the addition of sodium chloride. Over the past years, several copigmentation studies were made
and many copigments were tested, but none of them included prodelphinidin B3 or a dimeric-type adduct like oenin-(O)-
catechin, probably due to the difficulty in obtaining them. The data yielded from this study allowed concluding that (a) the
presence of a pyrogallol group in the B ring of the flavan-3-ol structure slightly increases the copimentation potential and (b)
within all copigments tested oenin-(O)-catechin was revealed to be the best. According to computational studies performed on
epicatechin/oenin, epigallocatechin/oenin, procyanidin B3/oenin, and oenin-(O)-catechin/oenin complexes, the ΔGbinding
energy of the oenin-(O)-catechin/oenin complex is the most negative compared to the other copigmentation complexes,
hence being more stable and thermodynamically favored. All structural data show that oenin-(O)-catechin and epigallocatechin
are closer to the pigment molecule, which is in accordance with these two copigments having the highest experimental
copigmentation binding constants for oenin.
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■ INTRODUCTION

Anthocyanins are natural pigments widespread in the plant
kingdom and are responsible for the colors of many flowers,
fruits, and beverages such as red wine. It is well-known that the
color exhibited by anthocyanins in aqueous solution is pH-
dependent on the medium. At pH <2, the red flavylium cation
is predominant and, as the pH increases, the other anthocyanin
forms (hemiketal, chalcones, and quinonoidal bases) occur in
equilibrium.1 Taking into account that the pKh of anthocyanins
is between 2 and 3 in red wines (pH 3.2−4.0), it is expected
that anthocyanins occur largely as colorless hemiketals in
equilibrium with other forms (>70%). However, in nature,
anthocyanins found some stabilizing mechanisms that allow
them to exist mainly as flavylium cations and quinonoidal
forms. Such mechanisms are described in the literature as
resulting from noncovalent interactions of anthocyanins with
themselves (self-association), with metal cations (metal
complexation), with their own acylated residues (intra-
molecular copigmentation), and with other polyphenols (e.g.,
catechins and procyanidins) acting as copigments (intermo-
lecular copigmentation).2−7 The copigmentation phenomenon
consists essentially of van der Waals interactions (vertical π−π
stacking) between the planar polarizable nuclei of the
anthocyanin and the copigment. The anthocyanin/copigment
complexes adopt a sandwich-like structure that stabilizes the
flavylium cation chromophore (benzopyrylium) and partially
protects it from the nucleophilic attack of water, thus
preventing color loss.8−10 Because flavonols generally have
planar polyphenolic nucleus, they are excellent copigments that
can interact with anthocyanins and protect them from water
addition at C2 (the first step for anthocyanin discolor-
ation),11,12 whereas flavan-3-ols are comparatively weak copig-

ments. According to the literature, flavan-3-ols do not have a
good ability to act as copigments, probably due to their
nonplanar structure, which does not allow close access to the
anthocyanin.13,14 Nevertheless, epicatechin is a better copig-
ment than catechin13,15 due to its B ring conformation, allowing
it to be approximately coplanar; procyanidin dimers with C4−
C6 interflavanic linkages seem to be better copigments that
their respective C4−C8 dimers;16 the presence of more
hydroxyl groups 17 and galloylation at C316 increase the
copigmentation effect.
Usually copigmentation produces an increase in absorbance

(hyperchromic effect) and a positive shift of the wavelength of
the visible absorption maximum (bathochromic effect). Besides
the pigment and copigment molecular structure and their
relative concentration, copigmentation was shown to be
dependent on ionic strength, pH, solvent, temperature, and
the presence of metal salts.2,18−21

The levels of polyphenols in red wines depend on the
characteristics of the grape, environmental factors, and the
winemaking process. In general, it is assumed that flavan-3-ols
and anthocyanins are the major phenolic components in red
wines. Red wine color evolution during aging and storage is in
part attributed to copigmentation phenomena. These non-
covalent interactions have been reported as the first step for the
formation of covalent bonds between two molecules that result
in new anthocyanin-derived pigments.15,21,22 Indeed, during
wine processing and aging, several chemical reactions involving
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anthocyanins, flavan-3-ols, and small molecules released by
yeasts (e.g., pyruvic acid, acetaldehyde, acetoacetic acid,
cinnamic acids) take place, yielding new families of
anthocyanin-derived pigments, which will contribute to the
modification of wine sensorial properties. Among them, direct
and acetaldehyde-mediated condensations between anthocya-
nins and flavan-3-ols have been widely studied.23−31 Direct
reactions between anthocyanins and flavan-3-ols originate the
dimeric-type flavanol-(4,8)-anthocyanin (F-A) and anthocya-
nin-(4,8)-flavanol (A-F) adducts. A-F adduct formation in red
wines is described in the literature to arise from a nucleophilic
attack of flavanols (C6/C8) to the electropositive C4 of
anthocyanin, yielding a colorless product (flavene structure).
This adduct could further evolve to the colorless bicyclic form
(supplementary ether linkage type A, A-(O)-F) or undergo
oxidation to give the red pigment A+-F, which could dehydrate
to the orange-yellow xanthylium salt.29,32,33 Recently, the
oenin-(O)-catechin dimeric adduct was hemisynthesized in
model solution, isolated, and structurally characterized,34 but its
ability to act as a copigment with anthocyanins was never
studied.
The aim of this work was to study the ability of different

polyphenols present in red wine to act as copigments of oenin
(the main anthocyanin of red wine) by determination of the
respective copigmentation binding constants. The relationship
between copigmentation ability and the structure of complexes
was evaluated.

■ MATERIALS AND METHODS
Samples. Oenin was purchased from Extrasynthes̀e (France).

(+)-Catechin (C) and (−)-epicatechin (EC) were purchased from
Sigma-Aldrich (Madrid, Spain). (−)-Epigallocatechin (EGC) and
(−)-epigallocatechin gallate (EGCG) were purchased from Biopurify
Phytochemicals Ltd. (Sichuan, China). Procyanidin B3 (PCB3) and
prodelphinidin B3 (PDB3) were extracted from barley according to
the procedure described elsewhere.35 These latter were isolated and
purified by column chromatography (250 × 16 mm i.d.) in a TSK
Toyopearl HW40(s) gel (Tosoh, Japan) column connected to an
ultraviolet (UV) detector. The dimers were then repurified by
semipreparative HPLC using an Elite LaChrom L-2130 quaternary
pump and an Elite LaChrom L-2420 detector. The column used was a
reversed-phase C18 column (250 × 4.6 mm i.d.), and the mobile
phase was composed by solvent A, 2.5% (v/v) acetic acid, and solvent
B, 20% (v/v) solvent A and 80% (v/v) acetonitrile. The flow rate was
1 mL/min, and the gradient method started with an isocratic gradient
of 93% A during 5 min, followed by a linear gradient ranging from 93%
A to 80% A in 90 min and a final isocratic gradient of 100% B during
10 min. The purified dimers were redissolved in water and freeze-dried
for further use. The identity and purity of procyanidin B3 and
prodelphinidin B3 were achieved by LC-MS-ESI (Finnigan Surveyor
equipped with a Thermo Finnigan (Hypersil Gold) 150 mm × 4.6
mm, 5 μm, C18 reversed-phase column at 25 °C; a Finnigan LCQ
DECA XP MAX mass detector (Finnigan Corp., San Jose, CA, USA)
quadrupole ion trap equipped with an atmospheric pressure ionization
source, using an electrospray ionization interface), and NMR (1H
NMR spectra were measured in D2O on a Bruker Avance 400
spectrometer) by comparison with literature data.35 Oenin-(O)-
catechin (oenin-(O)-C) was obtained by hemisynthesis.34 Briefly, a
solution containing oenin (2.3 mM)/(+)-catechin (molar ratio of
1:20) was prepared in water (200 mL) at pH 2.5 (adjusted with dilute

Figure 1. Chemical structures of the pigment (oenin) and copigments used.
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HCl or NaOH), protected from light/ and placed in the oven at 50
°C.
Copigmentation. All solutions used were prepared in a citrate

buffer solution with 12% ethanol (0.2 M) at pH 3.5, and the ionic
strength was adjusted to 0.5 M by addition of sodium chloride. Each
pigment/copigment solution was prepared by mixing a volume of
pigment solution (10−4 M) with an aliquot of copigment solution to
give the required pigment/copigment molar ratio of 1:0, 1:5, 1:10,
1:20, 1:30, or 1:40. Each experiment was performed in triplicate. All of
the solutions were left to equilibrate for 30 min before spectroscopic
measurements. The absorbance values were collected at the maximum
absorption wavelength of free oenin at pH 3.5 (λmax 523 nm).
Parameter r, which represents the ratio between the molar absorption
coefficient of the complex (oenin/copigments molar ratio = 1:40) and
the free flavylium ion (10−4 M), was determined in strongly acidic
solutions (1 M aqueous HCl, pH ≈0) to ensure that flavylium ion is
the sole anthocyanin form.
UV−Visible Spectroscopy. UV−visible spectra were recorded on

a Bio-Tek Power Wave XS spectrophotometer at a constant
temperature of 25 °C from 360 to 830 nm (1 nm sampling interval)
using a 1 cm path length cell.
Data Analysis. The curve fittings were carried out on a PC using

the Scientist program (MicroMath, Salt Lake City, UT, USA). Curve
fittings were achieved through a least-squares regression method.
Statistical analysis reported standard deviations and correlation
coefficients.
Molecular Dynamic Simulations. The starting geometries of the

copigment (EC, EGC, PCB3, and oenin-(O)-C) and pigment (oenin)
molecules were obtained at the HF/6-31G(d) level of calculation,
using the Gaussian 09 package.36 Atomic charges were further
recalculated using the RESP procedure.37 MD simulations were
performed with generalized amber force field (GAFF)38 and the
TIP3P model for the solute and water, respectively. Explicit solvation
was included as a truncated octahedral box with a 12 Å distance
between the box faces and any atom of the compounds. Energy
minimization occurred in two stages: first, the solute was kept fixed,
and only the positions of the water molecules and counterion were
optimized (500 steps using the steepest descent algorithm and 1500
steps carried out using conjugate gradient); second, the full system was
minimized (1000 steps using the steepest descent algorithm and 2000
steps carried out using conjugate gradient). Following a 100 ps
equilibration procedure at constant volume and temperature, 30 ns
MD simulations were carried out. The Langevin thermostat was used
to control the temperature at 303.15 K,39 and all of the simulations
were carried out in the NPT ensemble with periodic boundary
conditions. All MD simulations were carried out using the Sander
module, implemented in the Amber 10.0 simulation package.40 Bond
lengths involving H-atoms were constrained using the SHAKE
algorithm, and the equations of motion were integrated with a 2 fs
time step using the Verlet leapfrog algorithm.41 Nonbonded
interactions were truncated with a 12 Å cutoff.
Calculation of Binding Free Energies. The MM_PBSA script

(Molecular Mechanics−Poisson−Boltzmann Surface Area)42−44 as
implemented in the Amber 10.0 simulation package40 was used to
calculate the binding free energies (ΔGbinding) for all complexes. A
series of 150 geometries was extracted every 100 steps of each

simulation. The internal energy (bond, angle, and dihedral) and the
electrostatic and the van der Waals interactions were calculated using
the Cornell force field45 with no cutoff. The electrostatic solvation free
energy was calculated by solving the Poisson−Boltzmann equation
with the PBSA program, implemented in the Amber 10.0 simulation
package.40 The nonpolar contribution to the solvation free energy due
to van der Waals interactions between the solute and the solvent and
cavity formation was modeled as a term that is dependent on the
solvent-accessible surface area of the molecule. As these compounds
possess similar structures and binding modes, the relative binding
energies (ΔΔGbinding) were calculated with respect to the most stable
complex.

■ RESULTS AND DISCUSSION
In this work, oenin (malvidin-3-O-β-D-glucoside) was mixed
with increasing concentrations of different copigments, namely,
C, EC, EGC, EGCG, PDB3, PCB3, and oenin-(O)-C (Figure
1), for a quantitative evaluation of the corresponding
copigmentation complexes. No copigmentation studies had
been performed with compounds with the oenin-(O)-C
structure or with PDB3 due to the difficulty in obtaining
them from natural sources.46

The intermolecular copigmentation studies were performed
with a concentration of pigment of 1 × 10−4 M to minimize any
self-association effects. It is known that ethanol largely reduces
the copigmentation effect;46 however, its inclusion in the
experimental conditions attempts to mimic red wine
composition. Also, previous copigmentation studies were
attempted using only aqueous citrate buffer, but some
copigments were found to be very difficult to dissolve properly
and precipitated during the spectroscopic analysis. In weakly
acidic conditions (pH 3.5), the flavylium and hemiketal forms
are the anthocyanin predominant species (pKh oenin = 2.70 ±
0.01).47,48 The quinonoidal bases are present only to a very
small extent1 and can be neglected (first pKa ≈ 4).1,49

The copigmentation equilibrium is in competition with the
hydration process; that is, the copigment molecule competes
with water for the flavylium ion. With this in mind, the
copigmentation binding constants (K) between oenin and the
referred copigments could be evaluated from a general
mathematical treatment that takes into account the thermody-
namics of water addition onto the flavylium ion. Assuming a 1:1
stoichiometry for the complex and no complexation between
the copigment and the colorless forms, the variations of visible
absorbance A as a function of the total copigment
concentration CPt can be expressed as eq 1

=
+ ×

+
− −

A
A

Aa
r a r a K

0
1

( )
1

CP

0

t (1)

where A0 is the visible absorbance of the pigment in the
absence of copigment, r is the ratio of the molar absorption

Table 1. Absorbance Values for the Oenin/Copigment Complexes at the Maximum Wavelength (λmax 523 nm)

oenin (10−4 M)

r = 0.953 r = 0.956 r = 0.897 r = 0.884 r = 0.958 r = 0.964 r = 0.891

pigment/copigment molar ratio C EC EGC EGCG PDB3 PCB3 oenin-(O)-C

1:0 (A0) 0.528 0.520 0.521 0.540 0.507 0.537 0.635
1:5 0.564 0.538 0.569 0.586 0.525 0.549 0.715
1:10 0.598 0.555 0.603 0.625 0.540 0.563 0.767
1:20 0.648 0.605 0.649 0.679 0.560 0.576 0.922
1:30 0.696 0.642 0.703 0.732 0.573 0.604 1.009
1:40 0.737 0.680 0.784 0.757 0.603 0.616 1.150
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coefficient of the complex to that of the free flavylium ion, and
a = 1/1 + Kh × 10pH.48 The absorbance values obtained for the
oenin/copigment complexes at the maximum absorption
wavelength of free oenin at pH 3.5 (λmax 523 nm) are
presented in Table 1.
The absorbance increase with the copigment concentration

reflects the preferential binding of the copigment to the
flavylium ion and the subsequent shift of the hydration
equilibrium toward the colored forms.
For each selected copigment, a plot of absorbance as a

function of wavelength was performed and the typical behavior
of copigmentation phenomena was observed: increase of
absorbance (hyperchromic effect) and a slight batochromatic
shift of λmax as the copigment concentration increased. Figure 2

shows the absorption spectra of free oenin and oenin-(O)-
catechin/oenin complex obtained at different molar ratios (A)
and the respective mathematical treatment to determine K
according to eq 1 (B).
Equation 1 was used for the curve fitting of A = f(CPt) to the

experimental data to obtain the optimized values for K as the
sole adjustable parameter. Statistical analysis gave good
correlation coefficients and standard deviations for the
copigmentation constants (K) (Table 2).
The experimental results show that all copigments have a r

parameter close to 1 at 523 nm with the solution of the
complex copigment/oenin showing a slight discoloration at pH
≈0 compared to oenin. Oenin-(O)-C was found to be the
copigment with the highest copigmentation binding constant in

12% ethanol, pH 3.5, followed by EGC, EGCG, C, EC, PDB3,
and PCB3. The highest value of K obtained for oenin-(O)-C is
probably due to the existence of an extra glucose unit, allowing
more hydrophobic interactions between glucose residue and
the pigment rings. This results in the flavylium stabilization and
prevents its hydration and consequent color loss.
The results obtained with EC, EGC, PDB3, and PCB3

showed that the presence of one more hydroxyl group in the B
ring of the flavan-3-ol structure increases the copimentation
potential. Futhermore, the presence of an additional OH group
in ring B seems to be more efficient than the presence of a
galloyl group, comparing the results for EC, EGC, and EGCG.
Despite the fact that esterification of the C3 hydroxyl function
by gallic acid adds a well-exposed planar π−π stacking,16 some
steric hindrance may occur. This also can explain the lower K
values obtained for dimers compared to monomers.
Under the conditions chosen for this work, catechin seems to

more efficiently form copigment complexes with oenin than its
isomer, epicatechin. To confirm and better explain these
experimental results, some computational studies were
performed.

Computational Studies of Four Pigment/Copigment
Complexes. Molecular dynamics simulations were carried out
for four distinct complexes, EC/oenin, EGC/oenin, PCB3/
oenin, and oenin-(O)-C/oenin complexes, which allowed
sampling of the potential hypersurface so as to identify several
conformations for each copigmentation complex studied. The
relative binding energies obtained by the MM_PBSA
approach42−44 are in relatively good agreement with the
experimental results (Table 3), which confirms the relevance

of the MD procedure to provide an accurate picture for
conformational analysis. It is noted that the theoretical
ΔΔGbinding values fit only qualitatively with the experimental
values, whereas the small quantitative differences could be due
to some approximations within the MM_PBSA methodology.
The results reveal that the ΔGbinding energy of the oenin-(O)-

Figure 2. (A) Visible spectra of free oenin (1:0) and oenin/oenin-
(O)-C solutions obtained at different molar ratios. (B) Plot of
absorbance at 523 nm as a function of oenin-(O)-C concentration.

Table 2. Copigmentation Constants for the Oenin/
Copigment Complexes

copigment Ka (M−1) R2

C 136 (±4) 0.998
EC 99 (±2) 0.999
EGC 177 (±7) 0.992
EGCG 162 (±10) 0.991
PDB3 60 (±3) 0.991
PCB3 48 (±2) 0.992
oenin-(O)-C 309 (±7) 0.997

aValues in parentheses are the standard deviations of the curve-fitting
procedure.

Table 3. Relative Binding Free Energies of the
Copigmentation Complexes

complex
theor ΔΔGbinding

(kcal/mol)
exptl ΔΔGbinding

a

(kcal/mol)

EC/oenin 2.73 0.85
EGC/oenin 0.14 0.51
PCB3/oenin 2.89 1.28
oenin-(O)-C/oenin 0.00 0.00

aExperimental values calculated from Table 2 using ΔΔG = RT
ln(Koenin‑(O)‑C/KCPx).
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C/oenin complex is the most negative compared to the
copigmentation complexes with EC, EGC, and PCB3. There-
fore, the oenin-(O)-C/oenin complex displays higher stability
and its formation is thermodynamically favored when compared
to the other complexes. Although the tendency obtained for the
binding free energies is oenin-(O)-C > EGC > EC > PCB3, the
small differences in ΔΔGbinding between oenin-(O)-C and EGC,
as well as EC and PCB3 (0.14 and 0.16 kcal/mol, respectively),
reveal similar stabilities for the first two complexes and second
two complexes.
Figure 3 shows the closest geometries to the average

structures for the four copigment/oenin complexes. It is well-

known that the formation of these complexes is driven by van
der Waals interactions between the large planar surfaces of the
pigment and copigment molecules and the concomitant release
of high-energy water molecules from the solvation shells
(hydrophobic effect). As this kind of copigmentation system
has a large number of degrees of freedom, the steric hindrance
does not allow optimized π-stacking arrangements. However,
the binding could also be strengthened by H-bonding involving
the numerous OH groups from glucose and phenolic units.
Hence, the proximity between planar surfaces of the pigment
and copigment molecules should reflect the stability of each
complex. The interplanar distances between the benzopyrylium
nucleus (AC), B ring, and glucose unit of the oenin and the
aromatic and pyran rings of each copigment were calculated
during each MD simulation. The minimal distances thus
obtained are shown in Table 4. The results show that the AC
rings of EGC and oenin-(O)-C are the closest planes to the
benzopyrylium nucleous of oenin (4.34 and 4.92 Å,
respectively). Furthermore, the AC plane of oenin-(O)-C and
the B ring of EGC are the nearest planes to the B ring (4.76
and 4.33 Å, respectively). Although all copigment planes are
very distant from the glucose residue, the minimal distances
were obtained with the EGC and oenin-(O)-C molecules (6.76
and 6.86 Å, respectively). As the intermolecular distances of
about 4 Å are consistent with van der Waals contacts, these data
reveal that the shortest copigment/oenin distances were
obtained for the complexes with the oenin-(O)-C and EGC

copigments, which agrees with their highest stability constants
(K).
Recently, the copigmentation between the 3-O-methylcyani-

din and quercetin compounds was computationally studied by
Meo et al.50 According to their results, the contribution of
copigmentation to color stability is dependent on the relative
concentrations of pigment and copigment. It was verified that
equal pigment and copigment concentrations result in
complexes with high stability, which is the prevalent mechanism
to avoid the hydration of the anthocyanin chromophore. The
present results are in agreement with these data, and it was also
verified that the driving force in the formation of
copigmentation complexes appears to be dispersive interactions
that greatly contribute to highly stable complexes and prevent
the hydration of the pigment.
According to the structures of the four complexes shown in

Figure 3, it was observed that oenin-(O)-C offers a very large
planar surface for the establishment of multiple van der Waals
interactions with the pigment. The untypical covalent
interaction between the anthocyanin and catechin units
observed in this copigment provides a huge roughly planar
polarizable surface (AC-DF nucleus) that must be prone to
strong π stacking interactions with the aromatic rings of oenin.
In addition, it was observed that the benzopyrylium nucleus of
EGC is strategically positioned in the middle of the pigment
structure, establishing an accessible face and a closer contact
with all planes of oenin. This fact contributes to a great binding
of EGC and oenin molecules and thus to the also higher K
values obtained for this complex.
For EC/oenin, it was observed that the AC nucleus of the

copigment is perpendicularly located to the flavylium plane of
oenin, which makes the establishment of nonpolar contacts
between both molecules difficult. In relation to the PCB3/
oenin complex, it was noted that EGC has its catechin unit
facing opposite sides, which prevents a simultaneous interaction
of both moieties with the flavylium nucleus of oenin. As the
hydrophobic contacts with the flavylium nucleus of oenin are
great contributions to the copigmentation driving force, it is
expected that EC and PCB3 have the smallest copigmentation
binding constants.
All of these structural data show that, within the complexes

studied, oenin-(O)-C and EGC are closer to the pigment
molecule than EC and PCB3. This is in accordance with their
highest copigmentation binding constants calculated exper-
imentally.
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Figure 3. Closest geometries to the average structures of the EC/
oenin, EGC/oenin, PCB3/oenin, and oenin-(O)-C/oenin complexes.
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Planar Surfaces of the Oenin and Copigment Molecules in
the Copigmentation Complexes
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complex
benzopyrylium nucleus
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PCB3/oenin 5.01 (AC) 5.53 (AC) 7.32 (AC)
oenin-(O)-C/
oenin

4.92 (AC) 4.33 (AC) 6.86 (Glc)

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf401174b | J. Agric. Food Chem. 2013, 61, 6942−69486946



Funding
N.T., L.C., and N.F.B. gratefully acknowledge Ph.D. and Post
Doctoral grants from FCT (SFRH/BD/70053/2010, SFRH/
BPD/72652/2010, and SFRH/BPD/71000/2010, respec-
tively).

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
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