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Abstract: Protocyanin (1), a blue pigment of Centaurea cyanus, is composed of six molecules each of

malanviflavana ) and cnecinvicvanin (Y comnlaved with magnacinm and fermie iong The hluae calor Af 1 5e
Malny:Havont (&) ani SUliny[yanill (o), COMPICXEh Wil Magnésidin and I8mc 10ns. 148 oiue Coi0r O = 1S

developed by an LMCT interaction between anthocyanin and ferric ion, rather than arising from the formation of a
simple anhydrobase anion of the chromophore. The supramolecular structure of 1 was elucidated.
© 1998 Elsevier Science Ltd. All rights reserved.

Protocyanin (1), an anthocyanin pigment from the blue petals of the cornflower,'? Centaurea
cyanus, is a stoichiometric self-assembled supramolecule consisting of succinylcyanin (Sucy, 2),

malonylflavone (Mafl, 3), a ferric ion and a magnesium ion. The composition was revealed to be
fgucVAMaflﬁFe3+M22+l similar to that of commelinin, a metalloanthocyanin, from blue petals of
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nucleus while commelinin-like pigments reconstructed from 2
5,7

r maionyishisonin {(cyanidin nucleus) only
exhibited a violet color. However, the color of 1 was blue, and not dependent on the change in pH,®
strongly suggesting that an unknown blueing mechanism exists other than that involving a simple metal
complexation.” We report herein a new mechanism of blue-color development of 1 and the supramolecular
structure of the pigment.

Reconstruction experiments of 1 using succinylcyanin methyl ester (4) and succinylpelargonin (5)'
instead of 2 were performed. The former formed a protocyanin-like pigment, whereas the latter did not.

he metal ions coordinate with ortho-dihydro y groups on
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negative Cotton effect as 1, indicating a structural similarity between 1 and its analogs. UV/VIS absorption
spectra of the Mg2+—replaced protocyanins [SucygMaflgFe3+tM2+] (M2+ = Mn2+(6), Zn2+(7),

Cd2+(8)), which showed a blue color, were identical to that of 1 having five peaks in the secondary

differential spectrum of the visible region (not shown). On the other hand, the Fe3+—replaced protocyanins
[SucyeMaflgM3+Mg2+] (M3+=A13+(9), Ga3+(10), In3+(11)) gave only four peaks in the VIS

"' This difference in the color of Fe3+—renlaced protocyanins

ting in a violet color.
o the lack of the peak at Amgy 676 nm. Interestingly, only Co,Mg-protocyanin (12),
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Therefore, the peak at 676 nm must be attributed to an LMCT (ligand—to—metal charge transfer) absorption
band.'* Thus, 1 develops its blue color by an LMCT interaction between the cyanidin nucleus of 2 and the
high-spin Fe3+ ion (Fig. 2).'* The existence of an LMCT interaction could also be verified by the resonanced

Laser Raman spectrum.'®

Since the |H NMR spectrum of 1, a paramagnetic Fe’**—complex, gave unanalyzable broad signals,
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Signals corresponding to 3, Mafll and Mafl2,
3, 5 and 6’ of the B ring of Mafll were observed separately,

omplex, 9, which gave a analyzable spectrum, for the structural analysis."'’
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Therefore, Sucyi was assigned to coordinate with the Al
showed the same

suggesting that free rotation around the pivot bond is hindered by the strong intermolecular stacking. Thus, 9

is a binuclear complex arising from two different metal ions and a C; axis exists in the molecule.

MCD
?1 A oa Vi }\ k
82 o T 2% F v = 7 er
B-2 H Y v
\ = VI \“\“/ 10
"0\_/\I/°\%|\/I\_n, ‘i‘,;' 100
OH
"&T ™ Z oHO o OH —— protocyanin 1-30
HO a GS 4 P N Al,Mg-protoeyanin
How “ / —-— Co,Mg-protocyanin
OH - o 200}, O
R:co/\/\n/ 4
o 100} .
4 0 i
2:R1=0OH,R2=H,R3=H oo &
4:R;=0OH,R;=H,R; =CH;3 '"s
5§:Ri=Rz=Rs=H 200
. OH ] uvvis \ 25
HOOC > 4\/0% o7/ on . 120
i
SR U G I / \ 3
Y < in {1s
IS eeRdiant LA
5 4 o o \ ] 4 10 er104
J
3 OH O ) \ .
) \ 15
N\ A
. N il R 0
Scheme Figure 1 200 4 500 800

Alnm]

Figure 1. UV/VIS, CD and MCD spectrum of protocyamin (1),
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0.1 M acetatc buffer solutlon at pH 5 0.

The CD spectra of 1 and metal ion—replaced protocyanins showed a strong negative exciton—

coupling type Cotton curve in the visible region (Fig. 1.),

indicating the chromophores of Sucyl and

Sucy2 (self-association) to be arranged in a left-handed screw manner, this conclusion also being supported

by

an NOE between Sucyl B-2and Sucy2 B-2. in '"H NMR signals on the B-ring of 9. NOE relations



between the aromatic proton sionals of Sueve and Mafls. 2 o Survl B2 - Mafll §° Suev?2 RD
WOULL UiC QIOINRNUC PIOWON SIENAS O SRy S a0 RIS, 8.8, Suly: -2 ividiii J OSuly& DL

NELP1Y £ v £ Cuanel1 D L RAafFI1T Q Cuuned D L AAP1Y O Cuvne1 N MA-LIT1 Q .oz’ T

IVESE k& Ul U, DUulyl D-U — 1vi@sitl O, J & DU = IVIdLl4 O, JULY L1 D-0 — lVidlll O, DULYL D-O —

Mafl2 8 and Mafll 5’ — Mafl2 2’ were observed. Therefore, the Mafls are arranged together in a left-
handed screw manner, and Sucy and Mafl (copigmentation) in a right-handed screw manner, and the
stacking of each component is face-to-face and in a chirally cross-parallel arrangement as well as Sucys."
Therefore, the gross structure of 9 should be cyclo-[(Sucy1-Sucy2—-Mafl2—Mafl1-)3] around the C3
axis through ferric and magnesium ions (Fig.3).?*?!

_- Mafi1 Hs:

LMCT interaction
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Figure 2
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Figure 2. Schematic representation of the LMCT interaction between 2 and the Fe** ion in protocyanin.
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and B ring in Sucy was determined according to the NOE between HB-5' and sugar moiety.

. The arrangement of comnonents in Al Mo-—nrotocvanin (8), The
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the color stabilization. The LMCT interaction between Sucy and the Fe’* ion realizes the blue color
development of 1. This new mechanism is greatly different from that known to operate for commelinin. The
LMCT based mechanism is a new concept for the biue color development of anthocyanin extending beyond
the metal-complex theory."*> We have here obtained the answer to an intriguing question, “what is the

molecular basis for the color of blue cornflower?”, asked from the early part of this century.
Acknowledgments

7CE2004, (A-2)

0
from the Ministry
O. LTD., for the

No.07556028, (C) No. 04640525, and Scientific Research on Priority Area No. 0527421
TA

af Annoh Qo enarte and Cultiire of Tanan Wﬂ thank Mr T Takakuwa
Vi ubauUll, U\,—L\.AIL/U, DPUI‘A’ CULINE “UAVULY VL Juywl LLACARAEN. AV L

This work was supported by the Grants—in—Aid for Scientific Research (COE) No.

VY Gy

8309



8310

measurement of the MCD spectrum, Prof. Dr. K. Endo, Showa College of Pharmaceutical Sciences, for the
measurement of the Mossbauer spectroscopy, and Dr. S. Hirota, Graduate School of Science, Nagoya

77
Uil

monibery Lo sl T o D Pt SRy <r

iversity, for the Laser Raman spectroscopy.

References and Notes

N OB LN -

\© 0o

10.
11.

12.

oQ

[
So

21.

=0 N1 o1

Bayer, E. Chem. Ber. 1958, 91, 1115.

Hayashi, K.; Saito, N.; Mitsui, K. Proc. Jpn. Acad. 1961, 37, 393.
Asen, S; Jurd, L. Phytochemistry, 1967, 6, 577.

Kondo, T.;Ueda,M;Taxmra,H Yoshida K. ]sobe,M Goto, T. Angew Chemn. Int Fd. Fngl., 1994, 33, 978.
Kondo, T.; Yoshida, K.; Nakagawa, A.; Kawai, T.; Tamura, H.; Goto, T. Nature 1992, 358, 5 15
The keto-anion form was stabilized with meta] coordination and hydrophobic sta_r_-lgna among the
chromophores. Goto, T. and Kondo, T. Angew. Chem. Int. Ed. anl 1991, 30, 17.
Commelinin having delphmldm as a chromophore showed a blue color, whlle a commh -like p ment,
P ] AAd Fonrn malanglohioamin Avranmraraals FIET A A ALIIITMA 1Mo o Lner e
[ 11

bUIlbuUthU. 1ot uuuuuymumuuux, Havocominiciiii an IU
demonstrated a violet color. See 5.

The blue color of the solution did not change on variation of the pH between 4 and 6.5.

Hayashi and coworkers proposed that the ferric ion is essential for the blue color development of 1.
However, they did not clarify its exact role.; Saito, N.; Hayashi, K. Sci. Rept. Tokyo Kyoiku Daigaku
1965, B 12, 39.

Takeda, K.; Kumegawa, C.; Harbom, J. B.; Self, R. Phywchemnistry, 1988, 27, 1228.

The Fe3+-replaced protocyanins have almost the same stability in 0.1 M acetate buffer solution (pH
5.0), while Mg<+-replaced species have varied stability in the order of Mg<+>Zn<4*+>Mn<*+> Cd<t.

Co,Mg-protocyanin (12) also shows peaks of MCD spectrum. CD: Amax(Ag) : 668(-106), 584(+112)
nm MO ﬂmm(Ac\ 650046 ;7\ ‘;7521_’75 Q\ Q'-\ﬂfd-ﬁ 60) nm. Atomic analvgis: Atomic qnsﬂyue

LEi11y, IVERL A S, FAUTAANLIC ] « UIU\T VD0 LU 43ULILG QUG y S5, LAl alida

Found; Mg, 0.20%; Co, 0.44% for reconstructed protocyanm Caled.; Mg, 0. 29% Co, 0.69% for
C366H3340228COMg The error might arise from incorporation of water in the pigment.

Shatz, P. N.; McCaffery, A. 1. 0. Rev. 1969, 23, 552. Seevens, P. J. Ann. Rev. Phys. Chem. 1974, 25, 201.
Karpishin, T. B.; Gebhard, M. S.; Solomon, E. I.; Raymond, K. N. J. Am. Chem. Soc. 1991, 113,2977.
Gordon, D. J.; Fenske R. F. Inorxa Chem. 1982 21, 2916.

The resonance Laser Raman (546 & 620 cm’ ) with 725 nm excitation was similar to that of Fe-
catecholate complex. Taylor W. S; Chase B. D; Emptage H. M; Neison J. M; Heabert Waite J. 7norg. Chem.
1996, 35, 7572. Salama s; StongD J:Nelands B. J; Spiro G. T. Biochemistry 1978, 17, 3781.

protocyanin (1): MCD: Amax(A¢g) : 703(+5.72), 677(——5 30), 599(-9.75), 568(+6.36) nm

Al,Mg-protocyanin (5): 1H NMR of aromatic region (500 MHz, 0.5%CD3COOD-D0): 6=
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No other orientation of the molecules in 9 can exist from the NOE data and the CD spectrum.



