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ABSTRACT

The aggregation of malvidin 3-O-(6-O-p-coumaroyl) glucoside flavylium cation
(OeninCoum) in water is reported. Intra and intermolecular interactions of OeninCoum
were characterized by UV-vis absorption, *H NMR and circular dichroism (CD).
Theoretical calculations were also performed to describe the intramolecular interactions.
At higher temperature (>60°C) the intermolecular aggregates are disrupted but CD

signal attributed to an intramolecular interaction remains.



Moreover, the kinetic and thermodynamic data for Oenin and OeninCoum at 50°C and

25 °C shows that the increase of temperature stabilizes the quinoidal base of this later.

Keywords: Oenin; coumaroyl derivatives; NMR; CD; intramolecular and intermolecular

interactions; temperature.

1. Introduction

Malvidin 3-O-(6-O-p-coumaroyl) glucoside (OeninCoum), Scheme 1, is one of the most
abundant anthocyanins in some grape varieties used to produce red wines® and in the
respective by-products.? In spite of a few works regarding this compound that have
clarified some aspects of its multistate of species in equilibrium in aqueous solutions,>®
the complete understanding of this system was not yet fully achieved. Comparing the
behavior of the non-acylated anthocyanin Oenin with OeninCoum pointed out to a
peculiar aggregation pattern of the last.> # This unique behavior is due to the presence of
an acyl substituent (p-coumaroyl group) in the sugar residue of the anthocyanin. The
dramatic effect in the physicochemical properties of anthocyanins possessing more
complex poly-acylated sugars, in particular in the stabilization of the purple and blue
colors, was previously reported.®8

The apparently erratic behavior of OeninCoum was reflected in the conclusions
achieved by different authors. For instance it was reported that “Malvidin 3-O-(6-O-p-
coumaroyl) glucoside did not shown colour enhancement (due to self-association)
suggesting that the p-coumaroyl prevents self-association”.* However, evidence for
flavylium cation interaction by intra and intermolecular association, using a synergistic
combination of NMR and molecular dynamics simulation, was achieved by some of us.?

On the other hand it was published that “The presence of cinnamic acid acylation had a



considerable impact on spectral and colour characteristics, causing a bathochromic
shift of Amax. Sugar substitution also played an important role, with a hypsochromic shift
caused by the presence of glycosylation.”®

The novelty of the present work regards the experimental approach used to study the
aggregation behavior of OeninCoum in aqueous solution. Considering that Oenin and
OeninCoum are identical except in the acylation pattern, all differences in physical
chemical properties are necessary attribute to the effect of this acylation. Moreover, we
were able to disrupt the intermolecular interactions increasing the temperature of the
solutions, this supported by circular dichroism (CD) and NMR spectroscopy. The
stopped flow UV/Vis experiments at 50°C, where only the intra molecular interactions
are observed serve to calculate the molar fractions of each species at the pseudo-
equilibrum. This set of experiments could explain the peculiar aggregation behavior of
the OeninCoum flavylium cation form and the effect of sugar acylation on the

stabilization of the colored species along the pH scale.

Malvidin 3-O-glucoside (Oenin)

OH
Malvidin 3-0-(6-O-coumaroyl) glucoside (OeninCoum)

Scheme 1 — Structures of the Malvidin 3-O-(6-O-p-coumaroyl) glucoside (OeninCoum) and Malvidin 3-

O-glucoside (Oenin) in the cation flavylium form.

2. Materials and methods.

2.1. Anthocyanins.



Oenin chloride (> 95%) was obtained from Extrasynthese. OeninCoum was extracted
from grape pomace with an acidified (HCI) aqueous solution of methanol (50%, v/v)
and purified by semi-preparative HPLC using the conditions described previously on
the literature.°
2.2. UV-Visible and Circular Dichroism Spectroscopy.
Anthocyanins solutions (2.5x10* M) were prepared using Millipore water and adjusting
with HCI to 0.1 M. pH was measured on a Radiometer Copenhagen PHM240 pH/ion
meter (Brenshgj, Denmark). Circular dichroism absorption and UV-Vis spectra were
recorded on a Chirascan qCD spectrometer equipped with a CS/JS Recirculating Cooler
(Applied Photophysics; Surrey, UK) set with a temperature ramp between 0 and 80°C
under constant nitrogen flush, acquisitions were made every 5 degrees with a
stabilization time of 5 min between measurements. Quartz cells (optical pathlength 1
and 0.5 cm) were used in a range of 220-700 nm with an interval of 1 nm. Two scans
were averaged with baseline correction during all measurements. For the reverse pH
jumps diluted stock solutions of the anthocyanins were neutralized with NaOH and
Theorell and Stenhagen’s buffer was used to set an specific pH, once the solutions reach
the equilibrium, HCI was mixed in a stopped flow to reach pH=1 and the kinetics at
50°C were monitored on a SX20 (Applied Photophysics; Surrey, UK) spectrometer
equipped with a PDA.1/UV photodiode array detector. A cut-off filter of 435 nm was
used to prevent photodegradation due high the lamp intensity.
2.3. NMR.

For the 'H-NMR experiments a concentration of 2.5x10* M of Oenin, OeninCoum and
MethylCoumarate were prepared in D20 and the pD was set to 1 by addition of DCI. 'H
spectra (512 scans) were recorded in a Bruker Avance 11l HD 600 MHz at 25, 30, 35,

40, 45, 50, 55 and 60°C.



2.4. Computational calculations.
2.4.1. Molecular Dynamics (MD) simulations.
The initial geometries of OeninCoum and Oenin were built with the GaussView
software.!! Both compounds were parametrized using the antechamber suite? of the
AMBER 12, which includes a geometry optimization at the HF/6-31G(d)'* 14 level of
theory using the Gaussian 09 software! and a RESP protocol for the determination of
atomic point charges. Then, geometry optimizations and MD simulations were carried
out with the AMBER 12 simulation package’®, using the Generalized Amber Force
Field (GAFF)'. In these simulations, an explicit solvation with a 12 A rectangular pre-
equilibrated TIP3P water box was used (around OeninCoum or Oenin). Each system
was equilibrated with an MD simulation of 100 ps in the NVT ensemble and using
periodic boundaries conditions. This was followed by 10 ns of MD simulation in the
NPT ensemble. The pressure (1 atm) and the temperature (298 K) were controlled by a
Berendsen barostat and a Langevin thermostat, respectively.l’” Ten structures of
OeninCoum and Oenin were extracted from the respective MD trajectories. Regarding
the NMR data, the smaller H6/H8 — H4 distances deduced from NOESY spectra were
used as metric to obtain the OeninCoum geometries, whilst the pairwise root mean
square deviation (RMSd) between frames was used to extract the representative
geometries of Oenin. These structures were used for further Quantum Mechanics (QM)
energy calculations.
2.4.2. DFT calculations.
Each geometry of both molecules were optimized by employing the B3P86® hybrid
functional and the 6-31+G(d,p)** basis set. This level of theory was chosen due to its
accuracy to calculate thermodynamic properties for similar molecules.’® The integral

equation formalism polarizable continuum model (IEFPCM)'! method was used to



account the water dissolution. Vibrational analysis was done at the same level of theory
to confirm local minima without imaginary frequencies.
3. Results and discussion.
Upon extraction and HPLC purification followed by lyophilization, the behaviour of
pure OeninCoum in water at pH 1.0 is not reproducible. Indeed, different solubility of
the powder, different colors from purple to red, and also the precipitation of a bluish
powder poorly soluble at higher concentrations could occur.
3.1. CD.

The circular dichroism (CD) spectra of a solution of OeninCoum is presented in
Figure 1a and it shows two different signals in the visible region. Regarding the
respective absorption spectra, Figure 1b, at 20°C some small particles in
suspension responsible for the characteristic raise of the absorption due to light
scattering are visible at naked eye up to 600 nm. The data of Figure 1 can be
interpreted by the existence of inter and intramolecular interactions in the
OeninCoum solution at 20°C. As expected, heating the solution disrupts the
characteristic signal of the intermolecular interactions (as observed in the Oenin
CD spectra), relative to the n-r anti-clockwise molecular stacking.?’ At 70°C the
signal that remains in the visible region can be interpreted as a result from
intramolecular interactions. This signal could be attributed to the induced circular
dichroism?23 in the flavylium backbone resulting from the coumaroyl moiety
interaction. Moreover, Figure 1c shows the CD spectra of OeninCoum at 70°C in
three different concentrations (5.0x10° M; 1.2x10% M; 2.5x10* M) upon
normalization. Curiously, the signal does not change, supporting the absence of
intermolecular interactions under these conditions. It is well known that the

dilution effect reduces intermolecular interactions while intramolecular one’s are



much less or not affected which is a very good indication that this latter

interaction could take place.

6 (mdeg)

= -1
.20 I I 1 I 1 L o 240 320 400 480 560 640

200 300 400 500 600 700 200 300 400 500 600 700
Wavelength (nm) Wavelength (nm) Wavelength (nm)
() (b) (c)

Figure 1 — (a) Circular dichroism spectra of OeninCoum, in water 2.5x10* M, pH 1.0, as a function of
temperature (20-70°C); (b) Absorption spectra of the same solutions of (a); (c) CD spectra at 70°C upon

normalization at three concentrations (5.0x10° M; 1.2x10* M; 2.5x10* M).

The CD spectra of anthocyanins 3-O-mono-glucosides including the one of Oenin were
previously reported.* ° 20 2426 Qenin lacks the coumaroyl group responsible for the
intramolecular interactions in OeninCoum and therefore only intermolecular
aggregation is possible for oenin.?® In the CD spectra of Oenin (Figure 2) the
characteristic signal of intermolecular interactions (Cotton effect) disappear with the
increase of temperature but no other CD signal is observed in the visible region.
Comparing the CD spectra of Oenin and OeninCoum, it is possible to observe that in
this latter there is an additional signal in the visible region that remains in the spectra
after heating the solution at 70°C. This is clearly observed in Figure 2c where the CD
spectra of OeninCoum, and the one of Oenin are compared for the same concentration

and pH.
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Figure 2 — (a) Circular dichroism spectra of Oenin, in water 1.2x10* M, pH 1.0, as a function of
temperature (20-80°C); (b) Absorption spectra of (a); (¢) comparison of the CD spectra of OeninCoum

and Oenin in the same conditions.

3.2. NMR.
Figure 3a shows the *H NMR spectra in the aromatic region of the OeninCoum at pH 1
as function of the temperature. At 25°C, protons signals present a broad shape with
small resolution which was not observed for Oenin (Figure 3b) and this is indicative of
the presence of intermolecular interactions in OeninCoum. With the increase of the

temperature up to 60°C it is observed the sharpening of all peaks and their shift to lower

fields.
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Figure 3 — 'H spectra in the aromatic region of a) OeninCoum, 2.5x10“ M and b) Oenin, 2.5x10* M, in

D,0 at pD 1 as function of the temperature.



The difference between the chemical shifts at different temperatures of the
phenylbenzopyrylium core protons in OeninCoum and Oenin is reported in
Figure 4a and Table S1 (ESI). Similarly, the chemical shift difference between
the coumaroyl protons of OeninCoum and Methyl-p-trans-coumarate (MeCoum)
is presented in Figure 4b and Table S2 (ESI). At high temperature,
intermolecular interactions do not exist in both compounds or are significantly
reduced. Thus, it is expected that the chemical shifts difference between
OeninCoum and Oenin (A3: 3(ppm)OeninCoum-3(ppm)Oenin) would converge
to zero in the case of the following two hypothetical reasons: i) in the absence of
any interactions of the coumaroyl moiety with the flavylium core, or, ii) if the
proximity of the coumaroyl moiety had no effects on the flavylium moiety
signals. Figure 4a shows that there are very significant differences in the Ad of
some protons but they are more or less preserved during the temperature changes.
While protons H2', H6' and H4 are less affected (chemical shifts difference is
around zero) those in position H6 and H8 have a negative shift and the protons of
the methoxyl groups and H1" of the sugar moiety present a positive shift by the
presence of the coumaroyl group. Moreover, comparing the coumaroyl moiety H
NMR signals in OeninCoum with the ones of methyl coumarate of the same
concentration as those of OeninCoum (Fig. 4b, A43: d(ppm)OeninCoum-—
d(ppm)Methyl-p-Coum), the H3"™, 5" chemical shift is similar (45 ~0), while the
rest are highly affected (up field shifted). This data confirms the effect of the
coumaroyl intramolecular folding over the phenylbenzopyrylium core of
OeninCoum affecting both coumaroyl and phenylbenzopyrylium H NMR

signals.
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Figure 4 — Chemical shifts difference between (a) the phenylbenzopyrylium core protons of OeninCoum
and Oenin and (b) the coumaroyl protons of OeninCoum and methyl-p-trans-coumarate at different

temperatures.

3.3. Computational calculations.
Theoretical quantum mechanics (DFT) calculations were performed on ten different
geometries of OeninCoum and Oenin extracted from the respective MD simulation.
Table S3 in ESI displays the relative energies (AE) of the various conformations.
OeninCoum geometries can be assembled in two groups, depending of the relative
position of the coumaroyl moiety: one composed by conformations 1 to 7 that have
similar geometries, and other one composed by conformers 8 to 10. The main difference
between the two groups is the position of the coumaroyl group. The most stable
conformation of each group (conformers 1 and 8) have an energy difference of 2.6
kcal/mol). In contrast, all geometries of Oenin are quite similar, being the conformation
1 the representative one for this compound. Figure S1 (ESI) illustrates the molecular
geometries of the most stable conformers of OeninCoum (representative of each
geometry group) and Oenin. The obtained structures are similar to other acylated

anthocyanins reported previously.?’



The electrostatic potential maps of both conformers of OeninCoum were also
determined as well as the main electrostatic/dispersion interactions and the distances
between some atoms (See Figure S2 and Table S4 in ESI). It was observed that the
main difference between the two stable conformers is the =-stacking between the
flavylium and p-coumaroyl units. According to Figure S2, the ground state electronic
density of the p-coumaric acid moiety and the A and C rings of the flavylium backbone
are overlapped (red circle) in the conformer 8. However, this particular w-stacking is
absent in conformer 1. The latter agrees with the structure described in our previous
self-association study.® Conformer 1 has a moderate interaction between H4 and the
oxygen of the carbonyl group, whilst the conformer 8 of OeninCoum possesses four
weak intramolecular interactions: a C=O—m interaction of the O in the carbonyl group
with the C ring, a C=0—H interaction between the carbonyl group and the H1" of
glucose; a C—H—mn interaction between the Ha and the A ring, and a C-O—H
interaction from O-2" to OMe-5' (See Figure 5 and Table S4).%8

Conformers 8 and 1 of OeninCoum and Oenin, respectively, were selected as models
for further analysis. As expected, no intramolecular interactions between the flavylium
moiety and the sugar unit were observed in Oenin. These interactions explain the data
reported in Figure 4 where the & in chemical shifts is positive for H1" and protons of
OMe-3'\5', being these protons deshielded and their signals move downfield in the
NMR spectra, as has been described for intramolecular weak hydrogen bonding.?® In
this case, two intramolecular interactions through hydrogen bonding can be observed
between: i) the carbonyl present at the coumaroyl residue that acts as an acceptor and
the anomeric proton of the glucose moiety H1" acting as a donor; and ii) the hydroxyl
group present at carbon C2' (as acceptor) and the methoxyl groups (as donors) from the

ring B.



As can be observed in Figures 4 and 5, the signals for H6 and H8 are shielded in
OeninCoum when compared to Oenin and move up field in the NMR spectra. H3"'5™,
H2"6"™, Hoa and HP signals in the coumaroyl moiety are also shielded and the & in
chemical shifts is negative. The H3"5™ signals are less affected because they are more
distant from the flavylium core than the rest of protons in the coumaroyl moiety (Figure
5). The increased electronic density around these atoms observed in Figure S2 (ESI) is
due the noncovalent forces between the coumaroyl moiety and the A and C rings in the

flavylium backbone.*°
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Figure 5 — OeninCoum (conformer 8) model at the B3P86/6-31"G(d,p) level of theory in water

representing (a) the effect of the coumaroyl moiety on the 1H NMR chemical shifts on the flavylium
backbone and (b) the main electrostatic/dispersion forces between the flavylium backbone and the

coumaroyl moiety.

3.4. Equilibrium network of OeninCoum species at different pHs.
Extension of this study to higher pH values is limited by the solubility of the quinoidal
base. As shown in Figure S3, precipitation of the quinoidal base at room temperature
takes place immediately after a direct pH jump to moderately acidic pHs even at low

anthocyanin concentrations.



However, up 50 °C the system is soluble allowing to carry out a series of reverse pH
jumps experiments followed by stopped flow according to a methodology recently

reported.®!
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Figure 6. (a) Reverse pH jump of OeninCoum, 3.15x10° M from pH=6.3 to pH=1 at 50 °C, followed by
stopped flow; (b) Representation of the mole fraction distribution of the species flavylium cation plus
quinoidal base and anionic quinoidal base (red), hemiketal and anionic hemiketal (blue) and cis-chalcone

and anionic cis-chalcone (green) of OeninCoum, 3.15x10°° M;(c) the same for Oenin.

Figure 6a shows the reverse pH jump of OeninCoum from pH=6.3 to pH=1 at 50 °C.
The initial absorbance is due to the conversion of quinoidal base into flavylium cation
during the mixing time of the stopped flow (circa 6 ms). The faster trace is attributed to
the conversion of hemiketal into flavylium cation. At this pH the hydration reaction,
which is proportional to the proton concentration, becomes faster than tautomerization
(change of regime). Finally, the slowest trace is due to the conversion of cis-chalcone in
more flavylium cation via hemiketal.>> Extension of the procedure reported in Fig. 6a to
other pH values allows the calculation of the mole fraction distribution of flavylium
cation plus quinoidal base (red), hemiketal (blue) and cis-chalcone (green), as shown in

Figure 6b and Figure 6c respectively for OeninCoum and Oenin. Comparison of the



mole fraction distributions of OeninCoum and Oenin indicates that the concentration of
quinoidal base is circa 2-folds higher in the former (Figure 6). Considering that at 50 °C
and at this concentration only the intramolecular interaction occurs, this is one more
consequence of the p-coumaroyl residue. Table 1 summarizes the equilibrium constants

calculated at 50°C and 25°C for both anthocyanins.

Table 1. Equilibrium constants of OeninCoum (50 °C) and Oenin (50°c and 25 °C).

pK"a pK™a pKa pKh Kt

OeninCoum 2.66+0.05 6.0* | 3.37+0.05 | 2.91+0.05 0.43+0.05

Oenin (50°C) 2.60+0.05 6* 3.56+£0.05 | 2.85+0.05 0.50+0.05

Oenin (25°C) 2.5+0.05 7* 3.7£0.05 2.7+0.05 0.42+0.05

*Rough estimated value. The second equilibrium is not sufficiently defined. The systems are

not stable in basic medium.

In summary, the intramolecular interactions in OeninCoum can be separated from the
intermolecular aggregation at high temperature and characterized by *H NMR and UV
spectroscopy conjugated with circular dichroism. OeninCoum aggregates at low
concentrations and forms water-insoluble aggregates. To study this molecule, it is
necessary to disrupt the intermolecular interactions by increasing the temperature and at
the same time the solubility of all the species in the multistate is attained. The chemical
shifts of the protons in OeninCoum are significantly different from those of Oenin and

methyl-p-coumarate, due to the intramolecular interactions.
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