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ARTICLE INFO ABSTRACT

Keywords: The interaction between cyanidin-3-O-glucoside and four citrus pectic fractions was investigated using a com-
Anthocyanins bined molecular approach, including isothermal titration calorimetry (ITC), magnetic nuclear resonance (NMR)
Cyanidin-3-0-Glucoside and UV-Visible spectrophotometry. These pectic fractions differed on their type and degree of esterification
E;(C:tic polysaccharides (amidated (AHG 30%), low (HG 30%) and high methyl esterified fractions (HG 70%)) and on the pattern of
NMR esterification (blockwise (HG-B 70%) vrs random (HG-R 70%)). The binding constant (K,) and the associated
UV-Visible thermodynamic parameters determined showed weak noncovalent interactions, particularly due to electrostatic

interactions, hydrogen bonding and hydrophobic effect. The degree and the type of esterification of each pectic
fractions had a significant effect on the binding constants determined by ITC and NMR experiments. The binding
constants ranged from 10% to 10* M~?, with the highest K, value observed for the interaction between cy3glc and
low methylesterified fraction, followed by the amidated fraction. Pectic fractions with a higher degree of methyl
esterification, resulted on lower binding affinities, with these interactions being mostly driven by hydrophobic
effect compared to enthalpy. The different binding affinities could be correlated with anthocyanins colour
impact, as a higher red colour intensity could be observed for a cy3glc model solution fortified with a low
methylated fraction. However, this colour improvement was not observed for amidated fraction, presumably due
to charge repulsive forces, lowering the stability of the flavylium cation.

1. Introduction colour changes result from the switch between different equilibrium

forms present in solution: the red flavylium cation (AH™) at acidic pH,

Anthocyanins are water-soluble pigments that are responsible for a
great diversity of colours in plants, spanning practically the whole
visible spectrum, from orange and red through purple and blue hues
(Dangles & Fenger, 2018). Due to these chromatic features and
following the trend of maintaining naturalness of food as far as possible,
anthocyanins are attractive candidates to be used as naturally-based
colourants. However, natural food colourants such as anthocyanins
exhibit a substantially poorer stability during processing and shelf-life,
compared to the synthetic dyes (Fernandez-Lopez, Angosto, Giménez,
& Leon, 2013). In fact, anthocyanins colour and stability depends on
several factors such as pH, structure and concentration of the pigment,
temperature, light, pH, presence of co-pigments, metallic ions or sugars
(Ersus & Yurdagel, 2007). Regarding pH, anthocyanins structural and
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the colorless hemiketal (B) and yellow pale chalcones (Cc and Ct) at
slightly acidic pH and the purple quinoidal base (A) at higher pH values
(Brouillard, 1982; Brouillard & Delaporte, 1977) (Fig. 1).

In several studies, anthocyanins have been shown to bind to plant
cell wall polysaccharides, with this binding being particularly higher for
pectin (Lin, Fischer, & Wicker, 2016; Padayachee et al., 2012; Phan,
D’Arcy, & Gidley, 2016; Phan, Flanagan, D’Arcy, & Gidley, 2017). In a
previous work, through STD-NMR spectroscopy it was observed a
greater anthocyanin-pectin binding for anthocyanins bearing more hy-
droxyl groups, clearly suggesting the importance of specific anthocya-
nins structural features for these bindings (Fernandes, Bras, Mateus, &
de Freitas, 2014; Fernandes, Ivanova, 2014). As a result of
anthocyanins-polysaccharides interactions, anthocyanins colour,
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extractability, chemical stability and in vitro gastric stability, and were
significantly improved (Buchweitz, Speth, Kammerer, & Carle, 2013a,
2013b; Fernandes, Bras, Oliveira, Mateus, & de Freitas, 2016; Hernan-
dez-Hierro et al., 2014; Koh, Xu, & Wicker, 2020b; Padayachee et al.,
2013). For instance, the colour stability of blackcurrant anthocyanins
was significantly improved by different pectins from citrus, apple and
sugar beet (Buchweitz et al., 2013a), while blueberry pectin improved
the in vitro gastric stability of several anthocyanins (Koh et al., 2020b).
The multiple studies regarding pectin-anthocyanins interactions reflect
the high variability and complexity of these interactions with these
being strongly dependent on the fine structure of both anthocyanins and
pectins.

Pectic polysaccharides are heterologous polymers (Watrelot, Le
Bourvellec, Imberty, & Renard, 2013) commonly recognized as having
three major covalently linked structural regions such as homogalactur-
onans (HG) and rhamnogalacturonans (RGI and RGII) (Caffall & Moh-
nen, 2009; De Vries, Rombouts, Voragen, & Pilnik, 1982; Mohnen,
Doong, Liljebjelke, Fralish, & Chan, 2003). Homogalacturonans corre-
spond to about 60% of plant cell wall pectic polysaccharides with these
structures being composed of a linear polymer of a a-1—4 linked gal-
acturonic acid chains (a-p-GalpA), partially methyl esterified and/or
acetylated (Thibault, Renard, Axelos, Roger, & Crépeau, 1993; Voragen,
Coenen, Verhoef, & Schols, 2009). RG I and II are more branched pectin
domains, composed of additional monosaccharides such as rhamnose,
galactose or arabinose (Yapo, Lerouge, Thibault, & Ralet, 2007). Pectin
fine structure, particularly the degree of methylesterification on the Cg
of GalpA in the homogalacturonan region, the distribution of charges in
the backbone and the average molecular weight of the polymer, strongly
influence the polysaccharide’s physicochemical properties and func-
tionality (Cameron, Chau, Hotchkiss, & Manthey, 2017). For instance,
the degree of methylesterification (DM) is of great importance in
determining pectin polyanionic nature, which affects the hydrophobic-
ity of the polymer and thereby modulating their interaction with other
biomolecules and associated functional properties (Watrelot et al.,
2013). In addition to DM, the distribution pattern of non-methyl ester-
ified GalpA units has been hypothesized to have an important role in the
cation binding capacity of pectin (Voragen et al., 2009), with blocks of
more than 10 non-esterified GalpA residues yielding pectin molecules
that are sensitive to cations cross-linking. On the other hand, amidated
pectic polysaccharides can also modulate its functionalities as an
ingredient (Mortensen et al., 2017).

Isothermal titration calorimetry (ITC) is a powerful and attractive
technique for the study of biomolecular interactions, providing direct
thermodynamic information in solution, even for low binding affinity
systems. In fact, from a single experiment, ITC allows the determination
of association constants (K,), stoichiometry (n), free energy (AG),
enthalpy (AH) and entropy (AS) of binding, therefore providing a wealth
of important data (Turnbull & Daranas, 2003). ITC has been used to
characterize the binding between procyanidins with various degrees of
polymerization and galloylated tannins with pectic polysaccharides
fractions with promising results (Mamet, Ge, Zhang, & Li, 2018;
Watrelot et al., 2013; Watrelot, Le Bourvellec, Imberty, & Renard,
2014). However, to the best of our knowledge, this methodology has not

Quinoidal base (A) Flavylium cation (AH+)

Hemiketal (B)
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been applied to study the molecular interaction between anthocyanins
and pectic polysaccharides.

In this research, it was intended to study the molecular interactions
between cyanidin-3-O-glucoside (a representative model anthocyanin)
and pectic polysaccharides with different degrees and pattern of methyl
esterification and amidation. The main goals of this work are to establish
a pectin structure-function relationship related to anthocyanins inter-
action and to assess the impact of these interactions for the modulation
of anthocyanins colour features. This is a fundamental issue for
anthocyanins-pectin interaction as the knowledge of the nature and
consequences of these noncovalent interactions should greatly
contribute to the design of specific anthocyanins stabilization tools. An
innovative approach, combining ITC, NMR and UV-Visible spectroscopy
was used to probe the binding affinity, the thermodynamic nature of
anthocyanin-pectic polysaccharides bindings and cy3glc chromatic
features modifications due to interaction.

2. Experimental section
2.1. Materials

All chemicals used in this work were all analytical or HPLC grade.
General chemicals such as citric acid, sodium citrate, sodium chloride
were obtained from Sigma-Aldrich®. Reverse-phase C-18 silica gel
(LiChroPrep®, RP-18; 40-63 pm) was obtained from Merck KGaA.
Acetonitrile was obtained from Panreac Quimica, methanol and formic
acid from Chem-Lab NV and ethanol from AGA.

2.2. Pectic polysaccharides

Four commercial pectic polysaccharides fractions obtained from
citrus fruits were supplied from CP-Kelco® and kindly donated by Dr.
Jean-Paul Vincken (WU Agrotechnology & Food Science, Wageningen,
The Netherlands). These polysaccharide fractions included a low methyl
esterified fraction (degree of methyl esterification of 30% - HG 30%), a
low amidated fraction (degree of methyl esterification of 30% - AHG
30%) and two high methyl esterified fractions (degree of methyl ester-
ification of 70% - HG 70%). These two last fractions differed on the
pattern of methyl esterification, namely one with a random distribution
of the methyl esters (HG-R 70%) and another with a blockwise distri-
bution along the pectin chain (HG-B 70%). Neutral sugars and uronic
acids were quantified by gas chromatography (Englyst & Cummings,
1984) and colorimetrically (De Ruiter, Schols, Voragen, & Rombouts,
1992), respectively. These fractions were characterized by high gal-
acturonic acid content (92 mol%) with the remaining 8 mol% equally
distributed over arabinose, galactose and rhamnose.

2.3. Anthocyanins extraction and purification

Blackberry fruits (Rubus fruticosus L.) were selected as anthocyanin
source due to cyanidin-3-O-glucoside (cy3glc) high amounts and purity.
Blackberries were kindly provided by Verdes Quimeras Ltd. Cy3glc was
extracted from crushed blackberries fruits through methanolic solution

Cis-chalcone (Cc)  Trans-chalcone (Ct)

Fig. 1. Network of the equilibrium forms of anthocyanins (cyanidin-3-O-glucoside, R; = OH, Ry = H).
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(1:1; v/v; 0.1M HCI), under shaking for 24 h. The resulting anthocyanin-
rich extract was filtered through a nylon membrane and subsequently
concentrated on a rotary evaporator under vacuum. Cy3glc was isolated
from the anthocyanin-rich extract by reverse-phase C-18 silica gel with
10% methanol acidified solution. After solvent evaporation, cy3glc was
lyophilized and stored at —18 °C until further use. Cy3glc purity was
checked by HPLC-DAD/ESI-MS and through 'H NMR spectroscopy.

2.4. Isothermal titration calorimetry

The enthalpy changes and the binding parameters associated with
anthocyanin-pectic polysaccharides interactions was measured on a VP-
ITC MicroCalorimeter at 298 K controlled by Origin 7.0 VPViewer. To
allow the comparison between the different pectic polysaccharide
fractions, concentrations were expressed relative to the main pectic
monomer, ie. galacturonic acid (Watrelot et al., 2013; Watrelot et al.,
2014). Cy3glc and pectic polysaccharides were dissolved separately in
Milli-Q ultrapure water pH 3.4 (acidified with HCI) and were left under
magnetic stirring at room temperature for at least 12 h to ensure total
pectic polysaccharide dissolution and anthocyanin pH equilibration.
Anthocyanin and pectic polysaccharide solutions were degassed prior to
the titration. To obtain a hyperbolic curve, as recommended for low
affinity systems (Turnbull et al., 2003), different anthocyanin and pectic
polysaccharides concentrations were tested. Anthocyanin solution (1.0
mM) was loaded into the calorimeter sample cell (1.4 mL) and the pectic
polysaccharides (titrant - 39 mM galacturonic acid equivalents) were
loaded into the injection syringe and titrated into the sample cell (cya-
nidin-3-0-glucoside) by injections of 5, 15 or 20 pL aliquots (10.0, 30.0
and 40.0 s injection duration, respectively), depending on the
anthocyanin-pectic polysaccharide interacting system. The time delay
(to allow equilibration) between successive injections was of 400 s. The
sample cell content was stirred throughout the experiments at 394 rpm
to ensure thorough mixing.

Raw data obtained as a plot of heat flow (microcalories per second)
against time (minutes) were integrated peak-by-peak and normalized to
obtain a plot of observed enthalpy change per mole of injectant (AH,
keal.mol 1) against the molar ratio (galacturonic acid/cyanidin-3-O-
glucoside). Baseline establishment and peak integration was performed
using NITPIC software while the experimental data were fitted to a
theoretical titration curve using SEDPHAT software (Keller et al., 2012;
Scheuermann & Brautigam, 2015), with enthalpy change (AH) and as-
sociation constant (K,) as adjustable parameters. Thermogram were
made using GUSSI software as described in the literature (Brautigam,
2015). The other thermodynamic parameters (AG and AS) were calcu-
lated from the van’t Hoff equation (eq. (1)):

AG= — RT InK, = AH — TAS (@)

2.5. UV-visible analysis of anthocyanin-pectic polysaccharides
interactions

A spectrophotometric method was used to study anthocyanins colour
modification due to pectic polysaccharides-anthocyanin interactions.
Stock solutions of each pectic polysaccharide sub-fractions and cyani-
din-3-0-glucoside were prepared in a 10 mM citrate buffer solution (pH
3.4) at 24 mM galacturonic acid equivalents and 1.0 mM, respectively.
The ionic strength was adjusted to 25 mM through the addition of so-
dium chloride. Each anthocyanin/pectic polysaccharides mixture was
prepared by mixing a constant volume of cy3glc solution (10~% M) with
increasing amounts of each pectic polysaccharides solution to give the
required pectic polysaccharide concentration of 2.0; 5.0; 10.0 and 15.0
mM galacturonic acid equivalents. Control spectra were obtained for
cy3glc solution and for each pectic polysaccharide concentration tested
alone. Each experiment was performed in triplicate and all solutions
were left to equilibrate for 30 min at room temperature before spec-
troscopic measurements. The absorbance values were collected at the
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maximum absorption wavelength of free cyanidin-3-O-glucoside at pH
3.4 (Amax = 516 nm). UV-visible spectra were recorded at 25 °C, in 1 nm
steps from 360 to 860 nm on a Bio-Tek Power Wave XS spectropho-
tometer, equipped with Gen5 Software (Fernandes et al., 2016).

2.6. 'H NMR studies

For the 'H NMR studies, 1.0 mM of cyanidin-3-O-glucoside solution
was prepared in D20, pD was adjusted to 3.4 (pD = pH-meter reading for
solutions in DoO+ 0.40) with DCl and transferred into 5 mm NMR tubes.
pH measurements were made in a pH-meter WTW pH 320 fitted with a
standard glass Crison® 5209 electrode. The calibration was made with
standard aqueous buffers at pH 4.0 and pH 1.0 from Crison® and the
conventional pD scale from glass electrode readings, was obtained as
reported in the literature (Popov, Ronkkomaki, & Lajunen, 2006). So-
dium trimethylsilyl-[2,2,3,3-d4]-propionate (TSP) was used as an in-
ternal standard for chemical shift measurements (5 pL TSP 2 mg mL ™! in
D,0). After cy3glc spectrum acquisition, pectic polysaccharide solutions
(24 mM galacturonic acid equivalents) in D20 (at pH 3.0), were inde-
pendently titrated into the anthocyanin solution (1-7 pL volumes added)
and NMR spectra were acquired at each titration point. All 'H NMR
spectra were acquired at 298 K on a Bruker Avance III 600 HD spec-
trometer, operating at 600.13 MHz, equipped with 5 mm CryoProbe
Prodigy and pulse gradient units, capable of producing magnetic field
pulsed gradients in the z-direction of 50 G/cm. The measurements were
done with standard Bruker pulse sequences at 298 K. 'H NMR experi-
ments were performed with water suppression using excitation sculpting
with gradients, acquisition time 1.70 s, relaxation delay 2 s and 128
transients of a spectral width of 8000 Hz collected into32 K time domain
points.

2.7. NMR data analysis

For the titration experiments, chemical shifts of individual assigned
resonances of cy3gle flavylium cation protons were analyzed as a
function of pectic polysaccharides concentration. Chemical shift data
were used to calculate the association constant (K4), n and the maximum
chemical shift change (A8max) for cy3gle protons using the equation
previously described, considering a binding equilibria at n multiple
equivalents sites (eq. (2)) (Charlton et al., 2002):

where AJ is the chemical shift change (ppm), Admax, maximum change
in chemical shift (ppm), K4, dissociation constant (M), [A], total
anthocyanin concentration (M) and [P], total concentration of each
pectic polysaccharide fraction (M galacturonic acid equivalents). Values
of Kg4, n and Adp,x were calculated using a least-squares-fitting routine
within the software program Microsoft EXCEL.

2.8. Statistical analysis

Analysis were performed in triplicates and the values obtained were
expressed as mean values and standard deviation (SD). Statistical sig-
nificance was detected by analysis of variance (ANOVA), followed by the
Tukey’s test; Differences were considered to be statistically significant at
p < 0.05. All statistical data were processed using GraphPad Prism
version 5.0 for Windows.

3. Results and discussion

In the present work, ITC and NMR methodologies were employed to
characterize the binding affinity and the thermodynamic parameters
associated to anthocyanin-pectic polysaccharides interactions at 25 °C.
UV-Vis was also used to check the possible colour modifications of
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anthocyanin solutions due to association with pectic polysaccharides.
Anthocyanin-pectic polysaccharides interactions were studied in acidic
aqueous solutions at pH close to 3.4, since this is the typical pH of some
food products rich in anthocyanins, particularly red fruits juices.

3.1. Thermodynamic characterization of anthocyanin-pectic
polysaccharide associations

ITC microcalorimetry was used to investigate the binding affinity
and the enthalpy changes associated to cy3glc-pectic polysaccharides
interactions. The resulting data of cy3glc titration by pectic poly-
saccharides were plotted as molar enthalpy changes against molar ratio.

Food Hydrocolloids 102 (2020) 105625

polysaccharides into aqueous acidic solution) and for cy3glc (titration
by aqueous acidic solution), yielded small endothermic peaks. Fig. 2
shows the ITC thermogram and the binding isotherms of cy3glc titration
by pectic polysaccharides fractions (after subtraction of polysaccharide
control experiment). These types of ITC curves was observed for the
interaction of pectic polysaccharides with other flavonoids, namely for
condensed tannins and galloylated tannins (Mamet et al., 2018;
Watrelot et al., 2013; Watrelot et al., 2014). Titration of cy3glc by each
polysaccharide fraction resulted on exothermic peaks (Fig. 2). Due to the
general shape of the binding isotherms it could also be assumed that
anthocyanins interact nonspecifically with pectic polysaccharides rather
than binding to specific sites, as the binding isotherms do not exhibit the

. . . o . sigmoidal shape expected for a specific interaction (Frazier,
Control experiments for polysaccharides fractions (injections of pectic & P P P (
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Papadopoulou, Mueller-Harvey, Kissoon, & Green, 2003). While titra-
tion of cy3glc by low methylesterified fractions (HG and AHG) resulted
in stronger exothermic peaks (heat released —10 and —2.5 pcal/s,
respectively) for the first injections and endothermic peaks after satu-
ration, titration with pectic fractions with higher degree of esterification
yielded weaker exothermic peaks (heat released —1.5 and —0.6 pcal/s,
for HG-B and HG-R 70%, respectively). These ITC binding curves were
further analyzed by fitting the data with SEDPHAT software, using
one-site binding model. This binding model was also used to study
tannin-pectic polysaccharides interactions, providing good results
(Watrelot et al., 2013; Watrelot et al., 2014). The thermodynamic pa-
rameters obtained from the analysis of the fitting of the ITC binding
isotherms are shown in Table 1, along with the derived thermodynamic
parameters of AG and -TAS.

The affinity constant (K,) obtained by ITC presented a wide range of
values from 102 to 10* M1, with the highest K, value observed for the
interaction between cy3glc and low methylesterified pectic poly-
saccharides fraction (2.5 x 10* M~ for HG 30%). For the amidated
homogalacturonan fraction an association constant one order of
magnitude lower was obtained (4.2 10° M~ ! for AHG). Considering the
interaction between high methyl esterified pectic polysaccharides (HG-B
and HG-R 70%) and cy3glc, the affinity constants obtained where much
lower and there were no statistical differences between these two frac-
tions. This seemed to indicate a higher binding affinity between cy3glc
and low methylesterified pectic polysaccharides than with high meth-
ylesterified, showing the importance of the degree of methylation of
pectic polysaccharides on their ability to interact with cyanidin-3-O-
glucoside, as higher affinity could be observed for deesterified homo-
galacturonan backbones, where a high content of free carboxyl groups
from galacturonic acid residues occur. These results were different from
those observed for the binding interaction between highly polymerized
procyanidins fractions and galloylated procyanidins with pectic poly-
saccharides, presenting a higher binding affinity with highly methylated
pectic polysaccharides essentially due to hydrophobic effect (Mamet
et al., 2018; Watrelot et al., 2013). For anthocyanins, the binding with
pectic polysaccharides is pH dependent (Koh, Xu, & Wicker, 2020a; Lin
etal., 2016; Phan et al., 2017). At slightly acidic solutions (such as at pH
3.4), the positively charged flavylium cation is in equilibrium with the
neutral hemiketal form, the chalcone forms and the quinoidal bases.
According to the data published by Leydet et al., at 1.0 mM of cy3glc, the
PKp, should be approximately 3.5 (Leydet et al., 2012). At this pH, 50%
of anthocyanins are likely to occur as flavylium cation and the other
50% as neutral hemiketal form and quinoidal bases (see Fig. 1). On the
other hand, at the apparent pectin pKax3.5-4.0 value, free carboxyl
groups may be partially deprotonated, bearing a negative charge,
thereby possessing the ability to interact with flavylium cations. Thus, at

Table 1

Thermodynamic parameters (association constants, K,, enthalpy, AH, Gibbs
energy, AG and entropy, -TAS, determined by ITC for the binding of cyanidin-3-
O-glucoside and each pectic polysaccharide (HG 30%, low methylesterified;
AHG 30%, amidated low methylesterified; HG-B 70%, high methylesterified
blockwise; HG-R 70%, high methylesterified random), at pH 3.4 and 298.15 K.
Fitting confidence: p > 0.95. Columns with different letters are statistically
different.

Cyanidin-3-O-glucoside

K. (M) AH (kJ. AG (kJ. —TAS (kJ.
mol™ 1) mol™ 1) mol 1)
HG 30% 2.5 x 10* £ 2.2 x -9+ 2¢ —25.1 + -16 +1¢
10% 0.2¢
AHG 42x10°+15x  -9+29 -20.3+ ~11+3°
30% 10% 0.8°
HG-B 62x10°+24x —4+1° ~16 +1° —1242°
70% 10%
HG-R 13x10°+1.7x  -1.2+05  —-16+2° —15 43¢
70% 10%
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pH 3.4, electrostatic interaction is an important mechanism for
anthocyanin-pectic polysaccharides binding. Additionally, hydrogen
bonds can also be formed with the functional groups of the galacturonic
acid, decreasing from amide groups (CONH;) to carboxylic groups
(COOH) and methyl esters (COOCH3), which could explain the higher
binding affinity of the low esterified fractions to cyanidin-3-O-glucoside
(Buchweitz et al., 2013a).

For all interacting systems, the Gibbs free energy (AG) was negative,
which demonstrated that the interaction between these biomolecules
was thermodynamically favorable. These values where less negative for
the interaction between cyanidin-3-O-glucoside and high methylated
pectic polysaccharides, reflecting he lower binding affinity for these
polysaccharides fractions. Gibbs free energy was quite weak, ranging
from —25 to —16 kJ mol_l, which is much lower than the value for
covalent bond formation (approximately 400 kJ mol™!), demonstrating
that non-covalent binding occurred (Cahyana & Gordon, 2013), even
though being higher than the AG values reported for the interaction
between procyanidins and commercial pectic polysaccharides (—5.4 kJ
mol ™) (Watrelot et al., 2013).

The interaction between anthocyanins and pectic polysaccharides is
highly complex and the interpretation of the thermodynamic changes
and driving forces involved in these bindings is for that extremely
challenging. At pH 3.4, electrostatic interactions hydrophobic effect or
n-interactions and hydrogen bonding can occur (Koh et al., 2020a).
According to Ross & Subramanian, contributions to positive entropy and
enthalpy changes may arise from ionic and hydrophobic effect, while
negative enthalpy and entropy changes arise from van der Waals in-
teractions and hydrogen-bond formation. Additionally, enthalpy
changes non-significantly positive or negative could be an indication of
electrostatic interactions (Ross & Subramanian, 1981).

Analysis of the thermodynamic contributions for all systems indi-
cated a negative enthalpy contribution from —9 to —1.2 kJ mol?,
suggesting that these interactions were exothermic. These values were
significantly higher for fractions with lower degrees of methylation,
suggesting the impact of the pectic polysaccharides esterification
pattern for enthalpy changes. Hydrogen bonding and van der Waals
interactions might contribute to these interactions, but also electrostatic
forces, especially under the pH tested. As previously stated, at this pH,
the negatively charged pectic polysaccharides and the positively
charged flavylium cation could favor the electrostatic binding.

Moreover, a negative -TAS term for all pectic polysaccharides frac-
tions could be observed (-TAS from —16 to - 11 kJ mol’l), being also an
indication of the existence of hydrophobic effect or n-interaction.
However, no significant differences could be observed between pectic
polysaccharides. The presence of aromatic rings in cyanidin-3-O-gluco-
side could explain the occurrence of hydrophobic contacts between
anthocyanins and pectic polysaccharides structure On the other hand,
entropy can also be a result of other sources such as mixing (expansion of
polymers), desolvation entropy due to release of water or conforma-
tional changes (Frazier et al., 2010).

Additionally, the entropy parameter for the 70% methylesterified
fractions, was higher than the enthalpy values, which could be an
indication that interaction was driven mostly by entropy, compared to
enthalpy, indicating the role of the hydrophobic effect in these less polar
pectin structures. However, this impact should be small as in a previous
work related to cy3gcl binding to human serum albumin where the
entropy value was the main driving force for the anthocyanin-protein
interactions, the -TAS term reported was much higher (—75.2 kJ
mol™ 1) (Cahyana et al., 2013).

In the case of the interaction between cyanidin-3-O-glucoside and
low methylated pectic polysaccharides fractions (HG 30% and AHG
30%), although these interactions were also found to present an entropic
contribution (positive AS values), a relative higher contribution of the
enthalpy change (—9 kJ mol ™) could possibly account for the one and
two-orders of magnitude difference in the binding constants compared
with the high methyl-esterified pectic polysaccharides. In the former
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pectic polysaccharides, the key structural difference is the higher
number of free carboxylic groups. As more free carboxylic groups are
available to participate in hydrogen bonding and electrostatic in-
teractions, a stronger binding with cyanidin-3-O-glucoside could be
observed, compared to high methylesterified fractions.

All together, these results seem to indicate that these bindings
resulted from a combination of favorable electrostatic interactions,
hydrogen bonding, and hydrophobic effect or n-interaction between
cy3glc aromatic rings and pectin structure. It could be observed that the
relative major driving force depended on the anthocyanin-pectic poly-
saccharide pair and that they can interact by different mechanisms
depending on the degree of methylesterification of pectic poly-
saccharides. For instance, for high methylated pectic polysaccharides,
entropic phenomena seemed to slightly overcome enthalpic ones,
compared to low methylesterified fraction (HG 30%) (—12 vs —4 kJ
mol ! and -15 vs —1.2 kJ mol ! for HG-B and HG-R 70%, respectively).
It could also be observed that the strength of these interaction was also
dependent on the anthocyanin-pectic polysaccharide pair with this
affecting the binding affinity.

3.2. 'H NMR experiments
Cyanidin-3-O-glucoside-pectic ~ polysaccharide molecular in-

teractions were also studied by 'H NMR spectroscopy, following the
chemical shift variation of cy3glc protons as a function of pectic
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polysaccharides-anthocyanins molar ratio. These experiments were
performed in order to discriminate the binding with the different
anthocyanin equilibrium forms present in solution (essentially the fla-
vylium cation and the hemiketal equilibrium forms). The experimental
data was fitted through a model considering the binding equilibria at n
multiple equivalents sites, with this analysis allowing to obtain some
crucial physico-chemical parameters such as the dissociation constants
(Kg) and maximum chemical shift changes (A8pyax). This allowed the
establishment of an affinity scale for the anthocyanin-pectic poly-
saccharide binding. This model was chosen instead of a 1:1 binding
interaction as the experimental data was better fitted with a multiple
equivalents binding site (x> 107 and 10~* for multiple and single
binding model, respectively). The single model is only valid if the
chemical shift variation is affected by a single binding interaction. In this
particular binding system, anthocyanin protons can possibly bind at
many different sites and therefore a single binding is not likely to be
suitable (Murray, Williamson, Lilley, & Haslam, 1994). Fig. 3 shows the
'H NMR spectra of 1.0 mM cy3gle solution at pD 3.4, evidencing the
resonance signals related to the presence of the flavylium cation (AH")
and hemiketal equilibrium (B) forms coexisting in solution. Lower in-
tensity peaks can also be observed, corresponding to the other antho-
cyanin equilibrium forms (cis- and trans-chalcones). The NMR data is
consistent with the data already published (Fernandes, Bras et al., 2014;
Fernandes, Ivanova, 2014), and the assignment of the different antho-
cyanin equilibrium forms is presented in this figure. As pectic
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Fig. 3. 'H NMR spectra region (9.0-6.0 ppm) of a 1.0 mM cyanidin-3-O-glucoside solution at pD 3.4 evidencing the different equilibrium forms and the chemical
shift displacement in the absence (A) and in the presence of increasing concentrations of HG 30% (B-E).
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polysaccharides were independently added to the cy3glc solution, the
'H resonance signals of the flavylium cation (Hy4, Hy’, Hs', He: and Hj»)
were systematically shifted to high frequency fields (although at
different extents), progressively broadened and almost disappeared. For
instance, for low methylesterified fractions (HG and AHG 30%), while
H,4 and Hy showed an average shift of about 0.1 ppm, Hs: evidenced a
much lower chemical shift displacement (x0.035 ppm). Anomeric
glucose proton (Hj») showed a similar chemical shift displacement,
(~0.030 ppm). The high frequency chemical shift could be attributed to
the decrease of the electron density around the nucleus due to the
occurrence of electrostatic interactions between the positively charged
flavylium cation and pectic polysaccharides free carboxylic groups,
negatively charged, at this pH. Also, from these results it can be assumed
that both anthocyanin chromophore and glucose moiety can participate
in this binding, where H-bonding between OH groups can also be
strengthening these interactions.

Additionally, the chemical shift of the protons belonging to other
anthocyanin equilibrium forms coexisting in solution (B, Cc and Ct) were
almost unchanged during the titration experiments, which reinforces the
preferential interaction between pectic polysaccharides and anthocya-
nins’ flavylium cation form. In fact, only for the H4 proton of cy3glc
hemiketal equilibrium form a very small high-frequency shift displace-
ment could be observed probably due to the establishment of hydrogen
bonding with the pectic polysaccharides (Hu, Xu, & Cheng, 2012).

For the high methylesterified fractions (HG-B and HG-R 70%),
similar chemical shift displacements could be observed, although at
smaller extent.

Fig. 4 shows the observed chemical shift variations (A8) of the Hy
proton (AH™) as the pectic polysaccharide fractions were independently
added and their fitting (lines), with Kq, n and A8« being the adjustable
parameters. This fitting was also carried out for other available proton
titration curves (Hy:, Hg- and Hs') and provided a reasonable consistent
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value for the determined parameters across all protons. The best K3 and
Admax values obtained for the experimental points fitting of cy3glc Hy
flavylium cation proton is reported in Table 2. There was a reasonable
agreement between observed and fitted chemical shift changes, which
seems to indicate that the binding model was satisfactory for these
protons. In fact, ¥ values obtained from the least-squares fitting of eq.
(2) to the chemical shift data were small, of 107° - 10’6, showing the
goodness of the fit. The binding curves did not reach saturation due to
the limited pectic polysaccharide/anthocyanin molar ratio tested. In
fact, these titrations were limited by the ratio flavylium cation proton
signal to noise, which did not allow the correct determination of the
chemical shift variation of AH" proton signals. In addition, for HG 30%
and AHG 3% fractions, the decrease of AH' signals could also be
accompanied by precipitation in the NMR tube, although much slower
for AHG fraction. The dissociation constants (Kq) obtained (K, = 1/Kjy),
allowed the establishment of an affinity scale, evidencing as in the ITC
experiments, a higher binding affinity for low methylesterified pectic
polysaccharides, followed by high methylesterified pectic poly-
saccharides (HG30% > AHG 30% > HG-B 70% ~ HB-R 70%).

Table 2

Dissociation constant (Kg4), association constant (K,), maximum chemical shift
displacement (A8,ax) and X2 (difference between the experimental points and
the numeric values extracted from a theoretical curve) for cy3glc (1.0 mM)-
pectic polysaccharides interactions obtained from the fitting of the experimental
chemical shift variation of cy3glc Hy (AH™), using equation (2).

Kq (M) Ko (M) ABmax (ppm) s
HG 30% 6.80 x 107° 1.47 x 10* 0.096 3.28 x 107°°
AHG 30% 1.96 x 107* 5.09 x 10° 0.094 4.30 x 107°
HG-B 70% 1.03 x 1073 9.04 x 10% 0.053 4.98 x 107°
HG-R 70% 5.50 x 1073 1.80 x 102 0.13 7.15 x 107°
0.10 f
g
= 0,08 4
(2]
4
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Fig. 4. 'H NMR titration of cyanidin-3-O-glucoside (1.0 mM) with the different homogalacturonans fractions (24 mM galacturonic acid equivalents). Comparison of
the observed (symbols) and fitted (line) chemical shifts differences of cy3glc H4 proton (using equation (2)), at pH 3.4 and 298.15 K. A) HG 30%; B) AHG 30% C) HG-

B 70%; D) HG-R 70%.
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Additionally, for the amidated fraction it could be observed a much
slower decrease in the intensity of cy3glc flavylium cation resonance
signals, which only occurred at higher amounts of AHG 30%. This could
probably be due to the electrostatic repulsion between the positively
charged flavylium cation and the amide pectic substituent, which is also
positively charged at this pH. Compared to the K, values published in the
literature for procyanidins-pectin interaction, the association constants
determined for cy3glc interaction with high methyl esterified fractions
were lower, reflecting the minor binding affinity of these specific type of
pectin structure to cy3glc at pH 3.4.

3.3. UV-visible spectral measurements

To evaluate the effect of pectic polysaccharides fortification on
cyanidin-3-O-glucoside colour, the visible absorption spectra of this
anthocyanin was characterized at pH 3.4 in citrate buffer. Fig. 5 shows
the variations of cy3glc spectra with increasing concentration of the four
polysaccharide fractions from 2 to 15 mM galacturonic acid equivalents.
Absorbance of cy3glc solution generally increased with pectic poly-
saccharides concentration. However, unlike typical anthocyanin copig-
mentation, the interaction of cy3glc with these polysaccharides did not
trigger spectacular spectral changes. For instance, for all fractions
tested, no change in the maximal wavelength of visible absorption (Amax)
could be observed. Additionally, a detailed analysis of the effect of each
individual pectic polysaccharides spectra revealed slight differences
among each sample, confirming the distinct binding affinity for these
fractions observed in the ITC and NMR experiments. For instance, low
methyl esterified fractions showed a higher hyperchromic effect,
compared to the high methyl esterified fractions. These same experi-
ments were performed at a higher concentration of salts (citrate buffer at
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200 mM), resulting in a slightly lower hyperchromic effect (21% vrs
33%, absorbance increase, for 200 mM and 10 mM citrate buffer,
respectively). The improved anthocyanin red colour stabilization
observed with decreasing degree of methylesterification indicate the
role of free GalpA units (Buchweitz et al., 2013a), fundamental for the
establishment of electrostatic interactions and for hydrogen bonding
between anthocyanin and pectic polysaccharides hydroxyl groups.
Depending on the number of hydroxyl groups in the anthocyanin B-ring
and the pectin structure, one, two or even three hydrogen bonds may be
formed, leading to successively increasing stabilization (Buchweitz
et al., 2013a; Fernandes, Bras et al., 2014; ). Additionally, the possible
occurrence of anthocyanin adsorption onto pectin structure could also
explain the hyperchromic shift, as the polysaccharide can create a kind
of nucleation site for anthocyanin adsorption, causing the protection of
the chromophore against water addition. Malvidin-3-O-glucoside, a
major red wine anthocyanin, also evidenced a slight hyperchromic effect
in the presence of a low methoxylated commercial citrus pectin (Fer-
nandes et al., 2016). In agreement with the small spectral changes
observed, this binding did not significantly affect the thermodynamic
constants of the acid-base and hydration equilibria. The hyperchromic
effect was also noticed after anthocyanins interaction with highly
methylated apple pectins, whereas an opposite effect (weak hypochro-
mic effect) was observed for the interaction with cellulose, oat bran, and
lignin (Mazzaracchio, Pifferi, Kindt, Munyaneza, & Barbiroli, 2004). On
the other hand, sugar beet pectins promoted a strong bathochromic ef-
fect with blackcurrant anthocyanins, with this effect being attributed to
the endogenous iron ions (bound to the polysaccharide structure)
(Buchweitz, Carle, & Kammerer, 2012).

Regarding high methylesterified pectic polysaccharides (HG-B and
HG-R 70%), a smaller hyperchromic effect was observed and when
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Fig. 5. Visible spectra of free cyanidin-3-O-glucoside (0.1 mM) and cyanidin-3-O-glucoside-pectic polysaccharides solutions obtained at different polysaccharide
concentrations, at pH 3.4 and 25 °C; A) HG 30%, B) AHG 30%, C) HG-B 70%, D) HG-R 70%.
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comparing the two high methylesterified pectic polysaccharide frac-
tions, slightly different behaviors could be noticed concerning the
different distribution of free and esterified carboxylic groups. While
blockwise esterification resulted in a higher hyperchromic effect (28%,
absorbance increased from control sample, cy3glc), random distribution
caused a smaller hyperchromic effect (14% absorbance increased from
control sample, cy3glc), in accordance to the lower binding affinity
observed for this HG fractions by ICT and NMR. In the case of the
blockwise methylesterified fraction, the higher density of free carboxylic
groups distributed in a blockwise manner, may contribute to the
enhanced anthocyanin stabilization, probably due to the possibility of
preferable anthocyanin stacking.

In the case of the amidated fraction (AHG), the stronger binding
affinities detected by ITC and NMR, did not result in a red colour
improvement with the increase of concentration of this pectic poly-
saccharide. This behavior could be due to the presence of amide groups
which are protonated at pH 3.4. Thus, the distribution of some positive
charges along pectin molecule could increase the repulsive forces
lowering the stability of the positively charged flavylium cation.

All together it could be hypothesized that in cy3glc-pectic poly-
saccharides binding, at pH 3.4 electrostatic interactions are the pre-
dominant and the first interaction established. These interactions can be
further stabilized and reinforced through hydrogen bonds and hydro-
phobic effect.

4. Conclusions

The role of methyl-esterification degree and amidation of pectic
polysaccharides on the association with cyanidin-3-O-glucoside was
demonstrated. These interactions occur through the establishment of
electrostatic interactions and are further stabilized through hydrogen
bonding and hydrophobic effect. Depending on each anthocyanin-pectic
polysaccharide pair, different binding affinities could be observed with
these interactions being governed by distinct mechanisms. The lower the
degree of methyl-esterification, the higher the energy released during
titration and higher binding affinities could be observed. An affinity
scale could be obtained and in the order: HG 30% > AHG 30% > HG-B
70% ~HG-R 70%. For more hydrophobic pectin structures these

Appendix A. Supplementary data
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interactions seemed to be ruled essentially through hydrophobic effect.

Due to anthocyanin/pectic polysaccharide interactions, cy3glc red
colour could be improved polysaccharides, although amidation seemed
to result on a lower stabilization of the flavylium cation. This knowledge
may further help investigations regarding the possible use of pectic
polysaccharides for anthocyanin colour modulation and for the devel-
opment of functional food ingredients.
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