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A comparison of the thermodynamics and kinetics of two triacy-
lated anthocyanins, pigment 1 from Clitoria ternatea (blue pea) and
pigment 2 from Ipomoea tricolor (morning glory) reveals that,
beyond the number of acylated units, the position of the sugar
residues plays a crucial role in their stability.

Anthocyanins are the colorants conferring the different colour
shades from red to blue of many flowers and fruits. Anthocya-
nins are constituted by a complex network of chemical species
reversibly interconnected by proton transfer, hydration, tauto-
merization and cis-trans isomerization reactions, as reported in
Scheme 1.

Simple anthocyanins are limited in their capacity to confer
colour, exemplified in Fig. 1, for malvidin 3-O-glucoside. The
red colour appears only at very acidic pH, the pink-magenta
quinoidal base is a minor species and the blue anionic quinoi-
dal base is unstable."

Nature overcomes this limitation, particularly in producing
blue coloration, through the interaction of anthocyanins with
metal ions or via intramolecular copigmentation involving
acylated anthocyanins.>?

A previous study reported that the efficiency of intra-
molecular copigmentation in generating and stabilizing
quinoidal bases increases with the number of acylated units
(see Scheme S1, ESIt).” However, the present work demon-
strates that the number of acylated units alone does not
determine stability; rather, the position of glycosylation sites
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and their corresponding acylation patterns also play a critical
role in enhancing the stability of the blue colour.

Polyacylated anthocyanins extracted from Clitoria ternatea
have been reported to exhibit remarkable stability.> To investi-
gate the origin of this stability, the kinetics and thermody-
namics of two triacylated anthocyanins, pigment 1 extracted
from the Clitoria ternatea (Blue pea) (see Section S1 from the
ESIf), and pigment 2 from Ipomoea tricolor (morning glory),*
Scheme 2, were compared.

The spectral variations of pigment 1 taken immediately after
the addition of base to the flavylium cation (direct pH jump) are
shown in Fig. S1 in the ESI.{ Based on these absorption spectra,
the respective titration curves were obtained as presented in
Fig. 2. Fitting of Fig. 2 was obtained for the acidity constants
reported in Table 1.

The stability of pigment 1 was monitored over two weeks,
and Fig. 3 shows the time-dependent changes in the absorp-
tion, measured at the maximum wavelength, over a wide range
of pH values. Except at pH values above 10.5, the absorption
spectra recorded after 15 days showed only minor changes,
indicating that the pH-dependent equilibrium between the

N Isomerization

=1 I o
Ct
Quinoidal base Flavyl cation ; ketal Cis-chall Trans-chal
“'”m_ Basic
cen S
99 o == Anionic cis and trans chalcones
o A-

Anionic quinoidal bases
He

- By [H*] increasing all species converge to flavylium cation

Scheme 1 Network of reversible chemical reactions involving anthocya-
nins and related pigments.
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Fig.1 Mole fraction distribution of the coloured species of malvidin
3-O-glucoside, AH* and A, after 6 hours. The blue colour of A~ starts to
fade during this time interval.
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Scheme 2 Structures of the two acylated anthocyanins bearing 3
acylated units. Pigment 1 was obtained from Clitoria ternatea and pigment
2 was obtained from Ipomoea tricolor.

flavylium cation and the respective quinoidal base forms
remained largely stable over time.

Pigment 1 exhibits notable stability under acidic conditions,
with only minimal degradation observed at higher pH values.
Pigment 1 not only degrades at an extremely low rate but also
does not undergo equilibration with the other species in the
network presented in Scheme 1. This behaviour can be attrib-
uted to effective intramolecular copigmentation, which protects
the chromophore by inhibiting the hydration reaction at the
C-2 position. As a result, both progression toward the equilibrium
state and degradation pathways are significantly suppressed.
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Fig. 2 Titration curves of pigment 1 immediately after a direct pH jump at
five representative wavelengths.

Table 1 Acidity constants of pigments 1 and 2

Pigment PKan+/a PKa/a- PKa-/a2- PKaz—/a3-
1 3.2 6.1 7.6 9.8
24 3.8 7.4 9.0 N/A

For pigment 2, k, =0.01s 'and k_,, =380 M " s™ .
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Fig. 3 Variation of the absorbance at maximum absorption wavelength as
a function of pH for pigment 1; (a) acidic medium; (b) basic medium up to
pH 10.35.

The stability of pigment 1 was compared with that of
pigment 2, as both possess the same number of acylated units.
In the case of pigment 2, a significant increase in the mole
fraction of the quinoidal base is observed, along with enhanced
stability of the blue anionic quinoidal base (Fig. 4), when
compared to non-acylated anthocyanins like malvidin-3-O-
glucoside. However, pigment 2 undergoes hydration relatively

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Mole fraction distribution at the equilibrium of pigment 2. There is
a huge increase in the mole fraction distribution of A and an increasing
stability of A~ compared with Fig. 1. However, formation of the neutral,
anionic and di-anionic species B, Cc"~ Ct"~ (n = 0,1,2) still occurs. CB?~ =
Cc?™ + Ce,

fast, contrarily to pigment 1. The typical pH-dependent equili-
brium seen in common anthocyanins is established (Table 1).
This involves interconversion between the flavylium cation,
quinoidal bases, hemiketal, and both cis and trans-chalcones,
Fig. 4.%

Given that both molecules contain the same number of acyl
groups, but positioned differently within the structure, NOESY
NMR structural elucidation combined with computational stu-
dies was employed to gain deeper insight into the conforma-
tions that pigment 1 and pigment 2 can adopt in solution. To
this end, a conformational search using the CREST software
was conducted to identify the conformer that best reproduced
the observed long-range NOESY signals (Table S1, ESIf).°™"
Given that methanol was used as the solvent, the probability of
intermolecular interactions was assumed to be low."> Conse-
quently, the NOESY signals were primarily attributed to intra-
molecular interactions within the anthocyanin molecule.

To determine the most representative conformer of pigment
1, the goal was to minimize the sum of the interproton
distances detected by NOESY (Table S1, ESIt). A similar proce-
dure was applied to pigment 2, using NOESY data previously
reported in the literature.” The resulting conformers are shown
in Fig. 5, with key NOESY distances highlighted. Both struc-
tures exhibit a highly stacked conformation, in agreement with
earlier findings for pigment 2.” However, the conformers in
Fig. 5 reveal that pigment 1 adopts a more compact structure,
characterized by stronger intramolecular stacking between the
acylated rings and the flavylium chromophore. In contrast,
pigment 2 exhibits a more open conformation, with a slightly
higher solvent accessibility at the C-2 position.

Moreover, since nucleophilic water addition to the flavylium
cation form of anthocyanins at position C-2 is a well-known
process in aqueous solutions, leading to the formation of a
colourless hemiketal,'® it was important to analyse the solvent
exposure at this position. The degree of solvent accessibility at
C-2 can influence the thermodynamics of this hydration reac-
tion and, consequently, the equilibrium between the coloured
and colourless forms. Comparative analysis of pigment 1 and
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Fig. 5 Conformers that best minimized the sum of NMR-detected inter-
proton distances (in A) for pigment 1 and pigment 2. Anthocyanin struc-
tures are shown as ball-and-sticks, with key interproton distances
highlighted. The flavylium cation backbone is presented in pink. The
solvent accessible surface area at C-2 (* SASAc,) is also given.

pigment 2 showed greater stabilization of the coloured* forms
in pigment 1, which correlated with a lower solvent-accessible
surface area (SASA) at the C-2 position (SASAc, = 0.0 A%
compared to pigment 2 (SASAc, = 0.4 A%, as calculated from
the conformers shown in Fig. 5. In the case of the non-acylated
anthocyanin, malvidin-3-O-glucoside, the obtained SASA at C-2
was 3.5 A% This value is consistent with the reported k, and k_,
rate constants for this anthocyanin, in line with the expected
parameters of reactivity of anthocyanins.

Taken together, these findings suggest that variations in
molecular stacking and solvent accessibility at C-2 of the
flavylium core are closely related to the experimentally observed
differences in stability between the two pigments. Likewise, this
folded structure can also confer protection against auto-
oxidation reactions leading to degradation.

In summary, the number of acylated units is not the sole
factor in extending the pH range and stability of the blue
colour; the position of the acylated sugars within the anthocya-
nin structure is also critical. Acylated sugars located on the
B-ring'* provide more effective protection against hydration
compared to those attached to C-ring.

It has been proposed that blue pigmentation was among the
last to emerge in Nature, and similarly in the Anthropocene.'*'®
The present results raise the question of whether the less common
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anthocyanins bearing acylated groups at positions 3’ and 5’,"”
may represent a more advanced evolutionary stage in the
stabilization of the blue colour in plants.
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Data availability

The datasets and software tools employed in this study are
publicly accessible. CREST (version 3.0), a program for auto-
mated exploration of low-energy molecular chemical space, is
available at https://crest-lab.github.io/crest-docs/. xTB (version
6.7.1), a semiempirical extended tight-binding program pack-
age, can be assessed at https://xtb-docs.readthedocs.io/en/lat
est/. Open-Source PyMOL (version 2.5.0), utilized for molecular
visualization and image rendering, is obtainable from https://
github.com/schrodinger/pymol-open-source. The commercial
PyMOL product with maintenance and support is available
from https://pymol.org. GaussView (version 6), the graphical
interface used with Gaussian, is a licensed software available
for purchase at https://Gaussian.com/pricing. Open Babel (ver-
sion 3.1.1), a free, open-source version of the Babel chemistry
file translation program, is available at https://openbabel.org/.
All software tools mentioned are either open-source or com-
mercially available, as specified. For any datasets generated
during this study, please refer to the ESIT accompanying this
manuscript. If further information is required, the corres-
ponding author can be contacted via the provided institutional
email address.
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