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Abstract—Prevention of UV-B light induced E,Z-isomerization of caffeoyl residues in a diacylated anthocyanin, gentiodelphin, by
molecular stacking was studied. We first isolated an isomer of gentiodelphin containing a Z-caffeoyl residue from an acidic
methanol solution, irradiated with UV-B light. The isomerized pigment had only one Z-configurated caffeoyl residue, attached to
the glucose of the 5-position. Under the irradiation conditions the other caffeoyl residue linking to the glucose on B-ring stacked
to the anthocyanidin nucleus and did not isomerize. In acidic and neutral aqueous solutions the content of the Z-isomer was very
low when the isomerization reaction was at equilibrium, intramolecular stacking of the caffeoyl residues being stronger than in
acidic methanol. Therefore, intramolecular stacking may prevent light-isomerization of the o, double bond of caffeoyl residues.
Under physiological conditions the pigment was more tolerant of UV-irradiation, which may play an important role in quenching
solar radiation energy in flower petals. © 2002 Elsevier Science Ltd. All rights reserved.

Although flowers bloom under exposure to strong
sunlight, their petal color is stable for several days or
more. Flower pigments, anthocyanins, are tolerant of
UV-light and may confer some protection on DNA,
like flavones.!”” Many anthocyanins contain cin-
namoyl derivative residues, e.g. p-coumaroyl, caffeoyl,
and feruloyl moieties. In general, their o, double
bonds readily isomerize on UV-B irradiation. How-
ever, only a few anthocyanins bearing the acyl moiety
with Z-configuration have been reported,® ! and
polyacylated anthocyanins containing two or more
aromatic acyl moieties with Z-configurated cinnamoyl
derivatives have not been described to our knowledge.
The question why cinnamoyl derivative parts of
polyacylated anthocyanins in living petal cells do not
isomerize to Z-forms under strong solar radiation is
attracting from the viewpoint of the biological func-
tions of anthocyanins.
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Polyacylated anthocyanins are remarkably stable in
neutral or weakly acidic media,?*?* their acyl residues
being considered to stack to the anthocyanidin
nucleus intramolecularly, which prevent hydration
reactions and pigment decoloration.?®*  The
intramolecular stacking may play some important role
in prevention of E,Z-isomerization. In this report we
first describe in vitro E,Z-isomerization of a diac-
ylated anthocyanin, gentiodelphin (1)?°, from blue
petals of Gentiana triflora, on UV-B irradiation. We
then discuss the prevention of isomerization under
physiological conditions and the relationship of
molecular stacking to protection against UV (Scheme

1.

Gentiodelphin (1) has two caffeoyl residues, Cl1 and
C2. We have already revealed its conformation in
acidic methanol solution, only C2 stacking to the
anthocyanidin.>® In order to clarify the relationship
between intramolecular stacking and E,Z-isomeriza-
tion reaction, an acidic methanol solution of 1 (5x
10> M in 0.5% trifluoroacetic acid (TFA)-MeOH)
was irradiated with a high-pressure mercury arc
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lamp.” After a few minutes new peak (2) appeared with
1 on HPLC chromatography,* gentiodelphin (1, 169 mg,
0.14 mmol) was dissolved in 300 ml of 0.5% TFA/MeOH,
then the solution was stirred at 0°C and irradiated with
the mercury arc for 30 minutes. Preparative HPLC
(Develosil® ODS-HG 5, 20 mm¢x250 mm) by stepwise
elution from 0 to 15% aq. CH;CN containing 0.5% TFA
gave 2 as a dark red TFA salt (19 mg, 11%) with recovery
of 1 (148 mg, 88%).

FABMS of 2 showed the same peak at m/z=1113 (M")
as 1. The "H NMR spectrum of 2 was similar to that of
1, but the J, 5 of one caffeoyl residue was 13.0 Hz,
1nd1cat1ng a Z-configuration. The linkage position of the
Z-caffeoyl moiety was determined ambiguously by com-
bination of the NOE difference spectra and the HMBC
spectrum, then the structure of 2 was determined to be
3-0-(B-D-glucopyranosyl)-5-0-(6-O-(Z)-caffeoyl-B-D-
glucopyranosyl)-3'-0-(6-0-(E)-caffeoyl-B-D-glucopy-
ranosyl) delphinidin (Table 1). This is the first report of
a polyacylated anthocyanin containing a Z-configurated
caffeoyl residue.

Under these irradiation conditions other isomers such as
C1 or both C1 and C2 could not be found Z-forms,
suggesting that the acyl residue stacked to the
anthocyanidin nucleus is resistant to E,Z-isomerization.
To clarify the relationship between the manner of
intramolecular stacking and prevention of E,Z-isomer-
ization, Z-isomer contents were compared in acidic
methanol, acidic water and phosphate buffer of pH 6.0.
The solutions (5x10™* M), each filled into 1.0 mm
path-length quartz cuvettes were irradiated with the
high-pressure mercury arc at room temperature. The
radiation energy was controlled at 2000 pw/cm? with cut

 Eikosha, high pressure mercury arc (EHB-WU-100, 100 W), radiat-
ing from 250 to 600 nm, mainly at 365 nm.

*HPLC analysis was carried out using a Develosil® ODS HG-5
column (4.6 mm¢@x250 mm) with 17.5% aq. CH;CN containing
0.5% TFA as the eluent. Analysis was carried at 40°C with a flow
rate of 1.0 mL/min and peaks were detected at 530 nm.

E E
V4 E

off of light wave shorter than 290 nm with a UV-cut
filter.® The isomerization reaction reached equilibrium
within a few minutes (Fig. 1). In acidic methanol solution
the equilibrium ratio for 1 to 2 was 80:20, while in both
acidic water (0.5% aq. TFA) and neutral aqueous solu-
tion (phosphate buffer, pH 6.0), ratio was 99:1. The
equilibrium of FE,Z-isomers in the diluted solutions
(5x107°> M in 10 mm path-length quartz cuvettes) was the
same as that of 5x10~* M solutions, indicating that
prevention of isomerization reaction is caused by
intramolecular association. The equilibrium ratio of
E,Z-isomerization of methyl caffeate (1x10~> M) with/
without bis-deacyl gentiodelphin (3, 5x10™* M) in acidic
methanol was 60:40, and in acidic and neutral aqueous
solutions was 95:5, suggesting that there is no intermolec-
ular stacking effect between methyl caffeate and the
chromophore under those conditions.

The three dimensional conformation of 1 in acidic
aqueous solutions can well explain the suppression of
formation of the Z-isomer. In acidic D,O the chemical
shift of o,B protons of C1 in 1 moved toward a higher
field, nearly the same as these of C2 (Table 1), indicating
both caffeoyl residues stacked to the anthocyanidin
nucleus. A molecular modeling study with QUANTA97/
CHARMmM 23.2 software also showed the conformation
of 1 in acidic methanol and in aqueous media to be
different.?® As shown in Fig. 2, both caffeoyl moieties,
C1 and C2, stack to the nucleus in aqueous solutions.

In conclusion, molecular associations of caffeoyl residues
of gentiodelphin with the anthocyanidin nucleus
become stronger in aqueous media than in methanol
solution. This intramolecular stacking of acyl residues
prevents light-isomerization of the FE-form. The
light energy absorbed with caffeoyl residues might be
charge-transferred to the anthocyanidin nucleus to

SUV-29 filter (Toshiba Glass). Light permabilities at 260, 290 and
340 nm were 10%, 50% and 90%, respectively. The radiation energy
was measured using a UV radiometer UM-10 with a UM-360
receptor unit (MINOLTA).
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Table 1. Assignment of "H NMR spectra of gentiodelphin (1) and its mono Z-isomer (2) (600 MHz)

6183

1* 2¢ 1°
H-4 8.74 s 8.76 s 8.32
H-6 6.96 d 2.0 6.80 d 2.0 6.84
H-8 6.81 d 2.0 6.70 brs 6.67
H-2 7.73 brs 7.76 brs 7.28
H-6' 7.88 brs 7.93 brs 8.00
A-1 5.06 d 7.5 5.04 d 7.5
2 3.75 dd 9.0, 7.5 3.73 dd 9.0, 7.5
3 3.61 t 9.0 3.58 t 9.0
4 3.48 t 9.0 3.46 t 9.0
5 3.69 ddd 9.0, 7.0, 2.0 3.37 brdd 9.0, 5.0
6a 4.09 dd 12.0, 2.0 4.04 brd 12.0
6b 3.84 dd 12.0, 7.0 3.80 brdd 12.0, 5.0
®- | 5.23 d 7.5 5.18 d 8.0
2 3.81 dd 9.0, 7.5 3.72 dd 9.5, 8.0
3 3.68 t 9.0 3.62 t 9.5
4 3.62 t 9.0 3.50 t 9.5
5 3.88 ddd 9.0, 6.5, 2.0 3.81 m
6a 4.66 dd 12.0, 2.0 4.50 brd 12.0
6b 441 dd 12.0, 6.5 4.54 dd 12.0, 7.0
u- 1 5.21 d 7.0 5.22 d 8.0
2 3.68 m 3.65 m
3 3.68 m 3.65 m
4 3.41 t 9.0 3.40 m
5 3.85 ddd 9.5, 9.0, 2.0 3.86 m
6a 4.71 dd 12.0, 2.0 4.68 brd 11.0
6b 4.35 dd 12.0, 9.5 4.37 dd 11.0, 9.5
Cl a 6.23 d 16.0 5.78 d 13.0 5.75
B 7.47 d 16.0 6.88 d 13.0 6.91
2 6.98 d 2.0 7.18 d 2.0 6.74
5 6.74 d 8.0 6.53 d 8.0 6.57
6 6.86 dd 8.0, 2.0 6.94 dd 8.0, 2.0 6.57
C2 a 591 d 16.0 591 d 16.0 5.71
B 7.05 d 16.0 7.06 d 16.0 6.87
2 6.37 d 2.0 6.35 d 2.0 6.22
5 6.51 d 8.0 6.51 d 8.0 6.53
6 6.34 dd 8.0, 2.0 6.33 dd 8.0, 2.0 6.22

The coupling constant of 1 in 10% TFAd-D,O was the same as that in 10% TFAJd-CD;0D.

40°C in 10% TFAd-CD;OD is within 0.05 ppm.
aIn 10% TFAd-CD,OD at rt.
®In 10% TFAd-D,O0, at 40°C.
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Figure 1. Isomerization of 1 (5x10™* M) to 2 by UV-light. O: 1 and A: 2. (a) In 0.5% TFA-methanol; (b) in 0.5% TFA-H,O;
(c) in phosphate buffer, pH 6.0.

be released without any bond cleavage or isomerization
reaction. These mechanisms may work more effectively
in flower petal cells in which the concentration of

anthocyanins must be higher than 10~ M. This could
be the reason why polyacylated anthocyanins with Z-
form cinnamoyl derivatives are not found in nature.
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Figure 2. Schematic stacking conformation of 1 in different solutions and suppression of isomerization to the Z-form. (a) In acidic
methanol solution. Only C2 is stacked to the anthocyanidin nucleus; (b) in acidic or weakly acidic aqueous solutions. Both C1
and C2 are stacked to the anthocyanidin nucleus; (c) methyl caffeate with 3 in acidic methanol, acidic water and neutral water

solutions. No intermolecular stacking is apparent.

The fact that anthocyanins are stable under physiologi-
cal conditions is rational in terms of plant survival.
Some special mechanism for quenching light energy, e.g.
emitted fluorescence, might be expected. This UV-protec-
tion (including screening effect of DNA) may be one of
the most important biological functions of anthocyanins
in living petal cells.
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