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Abstract-The two major pigments of light-grown mustard (Slnapls alba) seedlings were identified as cyamdm 3- 
sambubloslde 5-glucoside and cyamdin 3-sambubioside 5-sophoroside esterlfied with malonic, p-coumaric, feruhc, 
and sinaplc acids The activltles of the enzymes (2Qflavanone 3-hydroxylase and (+) dlhydroflavanol 4-reductase 
and anthocyamn accumulation were determined m mustard seedlings at various times after illummation with red light 
(I,,,= 660 nm). Both enzymes showed a drastic increase in acttvlty after lllummatlon and reached their maxima at the 
time of rapid anthocyanin accumulation. The results are consistent with the involvement of these enzymes m 
anthocyanin biosynthesis. 

INTRODUCTION 

The induction of anthocyanin synthesis in mustard (Slna- 
pis alba) seedlings by light has been used extensively to 
study the role of sensor pigments (phytochrome, crypto- 
chrome, UV-B photo receptor) [l, 21. However, the 
nature of the anthocyamns present m mustard has not 
been clarified It was reported that five anthocyamns 
could be separated by TLC [3]. The aglycone of all five 
pigments was cyamdm and four ofthe pigments seemed 
to be esterified with smaplc acid. The nature of the 
glycosidic residues remained unknown. 

Studies on the biosynthesis of anthocyamn m mustard 
cotyledons demonstrated phytochrome-mediated m- 
creases m the actlvitles of phenylalanme ammonia lyase 
[4, 51 and chalcone synthase [S] which are due to syn- 
thesis de nouo of enzyme protein. The actlvlty of chalcone 
isomerase also increased m mustard cotyledons under 
continuous far-red light [6]. 

Recently it has been shown that flavan-3,4-cis-dlols 
(leucoanthocyamdins) are intermediates in anthocyanin 
biosynthesis [7] The enzymatic reduction of (+)- 
dlhydroflavonols to flavan-3,4-cis-diols in flower extracts 
of Matthiola incana was correlated with anthocyanin- 
positive genotypes [8]. The enzyme preceding this 
step, (2S)-flavanone 3-hydroxylase, has also been charac- 
terized [9]. 

We now report partial structures for the major antho- 
cyanins of mustard and on the red light-induced activity 
changes of flavanone 3-hydroxylase (F3H) and (+) dlhy- 
droflavonol 4-reductase (D4R) 

TAuthor to whom correspondence should be addressed 
Abbrevlatlons (2S)-Flavanone 3-hydroxylase, F3H, (+) dlhy- 

droflavonol 4-reductase, D4R 

RESULTS AND DISCUSSION 

By PC, two major pigments were isolated from ex- 
tracts of fresh mustard seedlings grown under white light 
The pigments were further purified by HPLC. After 
saponification with 2 N NaOH the pigments were again 
purified by PC and HPLC. 

Saponified anthocyanin 1 (sap 1) gave on acid hydroly- 
SIS cyamdm, glucose and xylose By partial hydrolysis It 
ylefded cyamdm J-gfucoslde and S-gfucoslde, cyamdm 
3,5-dlglucoslde and a trace ofcyanidm 3-sambubloslde. 
Hydrogen peroxide oxldatlon yielded sambubiose and 
glucose. FABMS of sap 1 gave [M]’ 743 (C,,H,,02,, 
requires 743) with fragments of 581 [M - 162]+ corre- 
sponding to loss of glucosyl, 449 [M - 294]+ mdlcatmg 
loss of xylosyl and glucosyl, and 287 correspondmg to 
cyanidm Absorption maxima of sap 1 m 0 1% 
MeOH-HCl were 279 and 527 nm, and E440/Emax [S] 
was 10.5. Sap 1 was thus identified as cyanidm 3-sambu- 
bloslde 5-glucoslde 

Saponified anthocyamn 2 (sap 2) gave by acid hydroly- 
SIS cyamdm, glucose and xylose. On partial acid hydroly- 
sis it ylelded cyamdin 3-glucoslde and 5-glucoslde, cyan- 
ldin 3,5_diglucoside, cyanidin 3-sambubioslde (trace) and 
two other unidentified glycosldes (compound A and B). 
To clarify the structure of the intermediates A and B both 
compounds were purified by preparative TLC of the 
partial hydrolysates with solvent 3. By partial hydrolysis 
compound A gave only cyamdm 5-glucoside while com- 
pound B yielded cyanidm 3-glucoslde and 5-glucoslde, 
cyamdm 3,5-diglucoslde, compound A and cyanidm. The 
results showed that the compound A was cyanidm 5- 
dlglucoslde and B was cyanidm 3-glucoside 5-digluco- 
side Accordmgly the above results suggest sap 2 IS a 
tetraglycoslde of cyamdm. 

Furthermore, hydrogen peroxide oxldatlon of sap 2 
pigment gave sambubiose and sophorose, which were 
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ldentlfied by descendmg paper chromatography usmg 
solvents 6-8. In addmon, FABMS gave [M]’ 905 

(C,sH,,O,s requires 905), with fragments 611 [M 
- 294]+ mdlcatmg a loss of xylosyl and glucosyl, 581 [M 
- 3241’ corresponding to loss of 2 glucosyl, and 287 
(cyamdm) Absorption maxlma m 0 1% MeOH-HCl 
were 279 and 527 nm, and E,&E,,,_( %) was 12.6. From 
these results, sap 2 IS estabhshed as cyamdm 3-sambublo- 
side 5-sophoroslde 

Stnapzs anthocyamn 1 and 2 

By complete acid hydrolysis both pigments gave cyan- 
idin, glucose and xylose On paper electrophoresls for 
1 5 hr both pigments moved towards the anode, both 
+ 6 mm on Toyo 51 B filter paper m 0 1 M acetate buffer 
pH 4 4 at 40 V/cm and 0.9 mA/cm, suggestmg that the 
pigments were zwltterlomc [lo] Absorption maxima of 
the pgmcnts in 0.1% M&H-HC:I -were 283, 299, 325 
and 532 nm Values of Euv_,,, /E Ils-nldX were 1 07 (No 
1) and 0 88 (No. 2) respectively, suggestmg the presence of 
phenohc acids m the pigments After sapomficatlon ma- 
lomc acid was ldentlfied by TLC [I l] In addition, 
smaplc, p-coumarlc and feruhc acid were detected usmg 
benzenee2N NaOH (1 1, upper phase), water and BAW 
as solvents Both pigments No 1 and No 2 gave one spot 
on TLC and one peak on HPLC However, FABMS 
showed both pigments to be mixtures [M]’ of No I- 
1181 and 1211, and No. 2. 1343 and 1373 respectively 
The results strongly suggest that pigment 1 IS a mixture 
of cyamdrn 3-sambubloslde 5-glucoslde acyiated with 
malomc, smaplc and p-coumarrc acid (C,,H,,O,, re- 
qulres 1181) and the same glycoslde acylated with mal- 
omc, smaplc and feruhc acid (CSbHs9030 requires 1211) 
and that pigment 2 IS a mixture of cyamdm 3-sambublo- 
side 5-sophoroslde acylated with malomc, smaplc and p- 
coumarlc acid (C,,H,,O,, requires 1343) and the same 
glycoslde acylated with malomc, smaplc and feruhc acid 
(C,,H,,O,, requires 1373) 

The anthocyamn composltlon of mustard IS therefore 
srmdar to that of other Cruclferae Both Raphanus .wttuus 
[12] and Brasa~n oleraceu [ 13, 141 contain various 
acylated derlvatlves of pelargomdm and cyamdm 3- 
sophoroslde-5-glucosldes 

Inductton of enzymes by lrght 

Beggs et al have shown that If dark grown mustard 
seedhngs are lllummated with far-red hght (740 nm) 
anthocyanms and quercehn are formed, 
whereas by lllummatlon with red hght (660 nm) only the 
synthesis of anthocyanm 1s Induced [6] After Illumm- 
atlon of mustard seedhngs with red light the actlvlty 
changes of F3H and D4R and accumulation of antho- 
cyanms were determmed (Fig 1). A5 Illustrated m the 
figure the maxlmum actlvlty of D4R was reached at 12 hr 
after onset of dluminatlons, whereas F3H had a rather 
broad maxlmum In the dark-grown seedlings actlvltles 
of these enzymes were very low which 1s consistent with 
the fact that dark-grown seedlings do not contam antho- 
cyanms Maxlmal enzyme actlvltles were reached at the 
time of rapid anthocyamn accumulation However, a 
correlation of enzyme actlvmes with anthocyanm accu- 
mulatlon should take mto account that anthocyanm 
synthesis 1s almost completely confined to the lower 
epldermls of mustard cotyledons [6] For a correlative 

Fig 1 Changes m anthocyamn accumulation and enzyme ac- 

tlvltles after dlurnmat~on of dark-grown mustard seedhngs wrth 

red hght 100% represents, for anthocyanm (LIT - - ‘Cl), an A,,, 

of 0 59 per seedhng Ten seedhngs were used per extractlon 
!!Y.?% :epresen:s, br E4R (C --A), ?9fk& ax! kx F3H 

(CJ ~~ Cl), 4Ofkat per seedhng Fifty seedlings were used for 

extra&on FIlled out symbols are dark controls 

analysis only enzyme actlvltles of the lower epidermis 
should therefore be used In our case not enough tissue 
was avadable for such an analysis 

EXPERIMENTAL 

Rachoactlve substrates for the enzyme assays, anthocyamns, 
phenohc acids and dlsaccharldes were from our laboratory 

collection Sznaprs alha seeds were a gift form Dr E Wellmann, 

Freiburg Sambublose was prepared from cyamdm 3-sambublo- 

side by H,O, oxidatron Cellulose plates (plastic sheets, Merck) 

were used for TLC and Toyo 51B filter paper for PC, with the 

followmg solvents 1, HOAc-HCI-H,O (30 3 IO), 2. 
HCOOH-HCI-H,O (5 2 3) for anthocyamdms. 3. HOAc-- 

HCI-H,O (15 3 82), 4, n-BuOH-2N HCI (1 1, upper phase), 

5, n-BuOH-HOAc-H,O (4 1 5, upper phase), 6, 1% 
HCl for anthocyanms, 7, n-BuOH-toluene-pyrldme-H,O 

(5 1 3 3), X, n-BuOH-EtOH-H,O (4 I 22), and 9, n- 

BuOH-pyrldine-H,O (6 3 1) for sugars Acid hydrolyses, sap- 

omtication and H,O, oxldatlon were carrted out as described 

previously [ll] FABMS spectra were obtained with a JEOL- 

HX 100 tandem spectrometer and xenon as the source of the fast 

atom beam (6 keV) The mass spectrometer was operated at 
5 kV accelerating voltage 

Isolut~on (1s anrhocyanrn~ for wuctural determlnatlon 
Seedhngs were grown on wet filter paper under contmuous 

white light or m the greenhouse Pigments were extracted from 

fresh 5-day-old seedlings with MeOH-HOAc-H,O (IO 1 9, 

MAW) and the extract evapd to dryness rn LU(UO dt 30’ The 

residue was dissolved m MAW and was passed through d 

Sephadex column (2 5 x 23 cm) m the same solvent The pigment 
fraction was evapd to dryness and further purified ‘by mass 

paper chromatography with solvent 5, whereby two maJor pig- 

ment bands (Nos 1,2) were obtamed. Each pigment was purified 

by mass paper chromatography with 15% HOAc Fmally, both 
pigments were purified by HPLC on dn ODS (1%201tm) 

column (7 x 300 mm) usmg HCOOH-MeOH-H,O (4 15 3 1) a~ 
a solvent 

Pur$catton o/saponr/ied anthocynnms Anthocyamns 1 and 2 

purified as above were sapomfied respectively by treatment with 

2 N NaOH for 45 mm under N, at room temp After acldiii- 
c&on with 2 N HCI, each reaction mixture was passed through 
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an Amberhte XAD-7 column (1 2 x 20cm). The column was 

washed wtth H,O and the ptgment was eluted wtth MAW. Both 

sapomfied ptgments (sap 1 and sap 2) were punfied by mass 

paper chromatography wrth solvent 5 and by HPLC (ODS 
1&20pm, 7 x 3oOmrn) usmg HCOOHCH,CN-Hz0 (2:2 21) 

as a solvent Each ptgment showed only one spot on TLC m 4 
solvents. 

Irradmtion of seedlmgs. Seedhngs were germmated on wet 

filter paper for 36 hr m the dark. The seedhngs were then 

nradtated with red hght (,I,., =660 nm, halfbandwtdth = 18 nm, 

fluence rate = 0.67 W/m’) Anthocyanms were extracted and 

measured as descrtbed [15]. 

Preparatzon of enzyme extracts. For dthydroflavonol 4-re- 

ductase: 50 mustard seedhngs (0.5 g fr. wt) were ground m a 
mortar wrth 0 25 g Dowex 1 x 2, 0.1 g quartz sand and 1 ml of 

0.1 M Trts-HCl (pH 7 5) containmg 10% glycerol and 20 mM 

Na-ascorbate The slurry was centrtfuged for 5 mm at 

10000 rpm m an Eppendorf centrtfuge For buffer change the 

supernatant was filtrated through a Sephadex G-25 column 

(1 ml) whtch had been eqmhbrated wtth 0.2 M K-PI (pH 6.8) 

contammg 20 mM Na-ascorbate. 

For assay of flavanone 3-hydroxylase the extract wtthout 
change of buffer was added to the assay mtxture 

Enzyme assays. The enzyme assays have been descrtbed pre- 

v~ously flavanon 3-hydroxylase [9], dthydroflavonol 4-reduc- 
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