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Abstract—Feeding of leucopelargonidin and leucocyanidin, but not of nartngenin or dthydroquercetin, to petals of an
acyanic mutant of Callistephus chinensis, blocked by recessive alleles of the gene F, led to formation of the respective
anthocyanidin glucosides, whereas in a further acyanic mutant, blocked by recessive alleles of the gene A, none of these
compounds inttiated anthocyanin synthesis The results strongly support the role of flavan-3,4-diols 1n anthocyanin
biosynthesis Moreover, 1 enzyme preparations from cyanic Callistephus flowers, dihydroflavonol 4-reductase
activity was demonstrated catalysing the stereospecific reduction of (+)-dihydrokaempferol to (+)-3,4-cis-
leucopelargonidin with NADPH as co-factor With NADH the reaction rate was only about 35% of that observed
with NADPH A pH-optimum around 6.7 was determined. In agreement with the anthocyanidin pattern of
Callistephus flowers, (+)-dihydroquercetin and (4 )-dihydromyricetin were also reduced by the enzyme preparations
to the respective flavan-3,4-cis-diols They are even better substrates than dihydrokaempferol. As expected from the
feeding experiments, the gene F but not the gene A controls dihydroflavonol 4-reductase activity; enzyme activity 1s in

addition controlled by gene G.

INTRODUCTION

It has been shown by supplementation experiments on
genetically defined acyanic flowers of Matthiola incana
that flavan-3,4-diols (leucoanthocyanidins) are inter-
mediates in anthocyanin biosynthesis [1]. Moreover, mn
cell-free extracts from Matthiola flowers a soluble en-
zyme (dihydroflavonol 4-reductase) could be demonstra-
ted which catalyses an NADPH-dependent stereospecific
reduction of (+)-dihydroflavonols to flavan-3,4-cis-diols
[2] Feeding of flavan-3,4-diols, but not of dihydroflav-
onols, mitiated anthocyanin synthesis in one of the white
flowering mutants of Matthiola indicating a brosynthetic
block between dihydroflavonol and flavan-3,4-diol The
fact that this mutant lacks dihydroflavonol 4-reductase
activity provided strong evidence for this enzyme being
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specifically involved in anthocyanin biosynthesis (Fig. 1)
[1,2]

For a further evaluation of the role of this enzyme 1n
the anthocyanidin pathway we have now investigated
genetically defined lines of Callistephus chinensis. In the
flowers of this plant four genes (Ch, A, F and G) are
mvolved 1n the biosynthesis of the anthocyanidin mole-
cule. The gene Ch is known to control chalcone 1somer-
ase activity [3]. The genes A, F and presumably also G
interfere with the anthocyanin pathway after dihydro-
flavonol formation but the stage of their action was not
known [4]

In this paper we report on supplementation exper-
mments with acyanic mutants of Callistephus using differ-
ent precursors and on the enzymatic reduction of (+)-
dihydroflavonols to flavan-3,4-diols with enzyme prepar-
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Fig 1 Dihydroflavonols and flavan-3,4-diols used at the studies and the reaction of dihydroflavonol 4-reductase.

R,=R,=H

1 =dihydrokaempferol, 2=leucopelargonidin R, =OH, R,=H 1=dihydroquercetin, 2=leuco-

cyanidin R; =R, =0OH 1=dihydromyricetin; 2 =leucodelphinidin
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ations from Callistephus flowers The studies confirm the
mportant role of dihydroflavonol 4-reductase i antho-
cyanin biosynthests Moreover, the genes F and G can be
correlated with reductase activity, whereas the gene A
concerns one of the still unknown steps between flavan-
3.4-diols and anthocyamdins

RESULTS

Supplementation experiments

These experiments were performed on a range of
acyanic mutants with recessive alleles of the genes A and
F, respectively. A mutant with only recessive alleles for
the gene G was not available The petals were placed in
aqueous solutions of three types of precursors the flavan-
one naringenin, the dthydroflavonol dihydroquercetin
and the flavan-3,4-diols leucopelargonidin and leuco-
cyamidin (F1g I) [S] Neither the administration of narn-
genin nor that of dihydroquercetin to the acyanic petals
mitiated anthocyanin synthesis (Table 1), indicating that
recessive alleles of both the gene F and A cause a block
after dihydroflavonol formation. Supplementation with
flavan-3,4-diols, however, allowed a differentiation be-
tween the two genes Thus, i the petals of line 10a and of
other [ines with recessive alfeles of the gene F, but domi-
nant alleles of the genes A and G, anthocyanmn synthesis
could be observed from both leucopelargonidm and leu-
cocyanidin, whereas the petals of fines with recessive
alleles of the gene A (lines 07,08) remained again acyanic
(Table 1)

In Callistephus flowers, lines with the dominant allele
R possess flavonoid 3',5-hydroxylase activity, whereas
recesstve genotypes (rr) lack this actvity [7] As ex-
pected, feeding of leucopelargomdin to petals of a reces-
sive genotype (line 10e) inmitiated the formation of pefar-
gonidin derivatives and torm feucocyanidin cyanidin de-
rivatives were formed In the presence of flavonoid 3',5-
hydroxyfase activity (Itne [0a), however, the same result
was found and delphimidin dervatives were not formed
(Table 1)

Enzymatic results

The supplementation experiments furnished strong
evidence for the gene F bemg involved in the reduction of
dihydroflavonols to flavan-3,4-diols This reaction 1s
catalysed by dihydroflavonol 4-reductase (Fig 1). Cor-
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responding enzymatic studies on cyanic and acyanic
Callistephus Iines should definitely prove the action of the
gene F

When enzyme preparattons from flowers of line 06
were mcubated with (+)-('*C)dihydrokaempferol 1n the
presence of NADPH, one radioactive product was detec-
ted on TLC plates It comigrated with (+})-
leucopelargomdm (Fig 1) 1n the solvent systems 1-3
which, however, do not separate the 3.4-cis and the 3.4-
trans wsomers of leucoanthocvantdins (Table 2) The 1so-
mer formed during enzymatic reduction could be decided
by TLC 1 solvent system 4 (Table 2) and by two-
dimensional chromatography with solvent system 4 in
the first and solvent system 1 in the second dimenston As
expected [2, 10, 11], the radioactive product comigrated
with the synthetic 3,4-cis 1somer of leucopelargonidin

Dihydroflavonol 4-reductase activity could also be
demonstrated in other cyanic Callistephus hines More-
over, reductase activity was present m enzyme prepar-
ations from flowers of the acyanic line 07 with the domin-
ant allele F (Table 1) It was completely absent, however.
in flower extracts from lines with recessive F alleles (line
10a, Table 1) Surprnisingfy, fine 08 with dominant alleles
of the gene F but recessive alleles of the gene G also
lacked reductase activity (Table 1) Other enzyme activi-
ties mvolved 1n anthocyanin biosynthesis are present n
both line 10a and line 08 In muxtures of enzyme extracts
from line 06 and lmes without reductase activity, no
mfubrtion i the rate of conversion ot dihydrokaempterof
to leucopelargonidin was observed The absence of re-
ductase activity 1 the latier lines 15 therefore not caused
by an whibitor

The further characterisation of the reductase reaction
was performed with enzyme extracts from hne 06 and
(+)-dihydrokaempferol as substrate Leucopelaigonidin
formation was [inear with protein concentration up to
20 ug protein per assay Linearity with ttme was observed
for about 30 min The reaction had a pH-optimum be-
tween 6 5 and 70 with halfmaximal activities at pH 6 T
and 75 Under standard conditions a specific enzyme
activity of about 04 ukat/kg protein was measured

Dihydroflavonol 4-reductase activity 1s strictly depen-
dent on NADPH Saturation with NADPH was achieved
with 1 mM per assay, even a ten-fold increase in NADPH
concentration did not affect the reaction Substitution of
NADPH by NADH (5 mM) reduced the reaction rate to
35% of the rate observed with NADPH

Incubation at different temperatures revealed a linear

Table 1 Genotype, phenotype, anthocyamn formation from precursors and dihydroflavonol 4-reductase activity of some lines of
Callistephus chinensts

Dihydroflavonol 4-

Flower Mam flower Anthocyanins formed from the precursors reductase activity
Line Genotype colour flavonoids NAR DHK LPg LCy  (uhat’kg Protemn)
06 ChChAAFFGGrr  red ns ns ns ns 04
7 chechaaFFGGrr yel 013
8 ChChaaFrggrr whit - [sY2
t0a Ch £ - Pg Cy Q0
10k chch - - Pg Cy Q0

ns =Not studied, —=no reaction, NAR =naringenin, DHK = dihydrokaempferol, LPg = leucopelargomdin, LCy = leucocyani-

din, Pg= pelargomdin derivatives, Cy =cyanidin derivatives



Flavan-3,4-diols 1n anthocyanin biosynthesis

Table 2 R,-values ( x 100) of dihydroflavonols and flavan 3,4-
diols on cellulose plates

Solvent system

Compounds 1 2 3 4
Dihydrokaempferol 65 37 90 93
Dihydroquercetin 37 34 84 86
Dihydromyricetin 19 30 70 73
Leucopelargonidin 27 52 79 80 (trans)
64 (cs)
Leucocyanidin 12 50 61 56 (trans)
38 (cis)
Leucodelphinidin 3 46 50 39 (trans)

19 (c1s)

mcrease of enzyme activity from O up to 30° and there-
after a drastic decrease to about 20% of the maximal
activity 1n 1ncubations at 46° Surprisingly, at O° the
enzyme already exhibited a relatively high activity of
40% of the activity found at 30° Moreover, 1n 1ncu-
bations at low temperature, enzyme activity could be
observed for at least 15 hr. No by-products were found to
be formed during these long time incubations Flower
extracts containing 10% (v/v) glycerol could be frozen 1n
Iiquid mitrogen and stored at —70° for several months
wihtout loss of reductase activity No enzyme activity
remained, however, when petals were frozen and stored
under the same conditions Addition of KCN (5 mM),
EDTA (2 mM) and diethylpyrocarbonate (0.5 mM) did
not influence enzyme activity, whereas p-chloromercuri-
benzoate (0 1 mM) reduced product formation to 75%
and diethyldithiocarbamate (2 mM) even to about 50%
1 comparison to the standard assay without additions.
When the enzyme extracts were prepared from a line
with flavonoid 3',5'-hydroxylase activity, leucopelargoni-
din, leucocyamdin and leucodelphinidin were found to
be formed from (+)-dihydrokaempferol as substrate
Correspondingly, (+)-dihydroquercetin and  (+)-
dihydromyricetin also served as substrates for dihydro-
flavonol 4-reductase The 34-as isomers of (+)-
leucocyamdin and (+)-leucodelphimidin (Fig 1, Table 2)
were 1dentified as products of the respective enzyme
reactions by the chromatographic methods described
above. Leucodelphintdin could barely be extracted from
the reaction mixture with ethyl acetate Therefore, the
enzyme assays with dithydromyricetin as substrate were
directly spotted on the TLC plate and separated in
solvent systems 1 or 4. In contrast to Matthiola, where
further reaction products of unknown structure were
observed in the aqueous phase [2], with Callistephus
flower extracts leucodelphimidin was the only reaction
product from dihydromyricetin as substrate
Surprisingly, dihydroquercetin and dihydromyricetin
(0.04 nmol each) were found to be completely reduced to
the respective leucoanthocyanidins under standard
conditions, whereas dihydrokaempferol (0.04 nmol) was
only converted to 50% (at best) to leucopelargoidin
Moreover, in the presence of dihydrokaempferol
(0.02 nmol) and dihydroquercetin (0.02 nmol) as sub-
strates 1n the same enzyme assay, only 3% of the avail-
able dihydrokaempferol but 70% of the dihydroquercetin
were reduced to the respective leucoanthocyamdin. Simi-
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lar results were obtained with mixtures of dihydromyri-
cetin and dihydrokaempferol (60% and 3 4% conversion,
respectively), whereas 1n icubations with 002 nmol of
each dihydroquercetin and dihydromyricetin both sub-
strates were completely converted to the respective leu-
coanthocyanidins

DISCUSSION

Supplementation of acyanic mutants with potential
precursors again proved to be a valuable method for the
elucidation of blocks 1n the brosynthetic pathway of
anthocyanins Feeding of leucopelargonidin and leuco-
cyanidin but not of dihydroquercetin or naringenin led to
anthocyanin synthesis 1n line 10a (genotype AAffGG). In
contrast, line 07 (genotype: aaFFGG) remained acyanic
with all precursors fed The latter result 1s of importance,
since 1t proves that chemical conversion of flavan-3,4-
diols to anthocyamns does not occur during supplemen-
tation 1n the acyanic Callistephus flowers. Thus, flavan-
3,4-diols are true intermediates in anthocyanin brosyn-
thesis Moreover, the supplementation experiments sug-
gest that recessive allels of the gene F block the reduction
of dihydroflavonols to flavan-3,4-diols, whereas the gene
A 1nterferes with the anthocyanin pathway after flavan-
3,4-diol formation In agreement with this assumption, in
chemogenetic studies appreciable amounts of dihydro-
flavonols were found to accumulate in the flowers of lines
with recessive alleles of the gene F (Teusch, M. and
Forkmann, G, unpublished results)

During feeding experiments dihydrokaempferol (4'-
OH) 1s converted to dihydromyricetin (3',4,5-OH) in the
presence of flavonoid 3',5'-hydroxylase activity (data not
shown). But from leucopelargonidin (4'-OH) and leuco-
cyantdin (3',4-OH) only the respective anthocyanidins,
and not delphimdin (3',4',5-OH), were formed. Thus, the
dihydroflavonol stage 1s obviously the latest point for the
action of flavonord 3,5'-hydroxylase [6, 8] Similar results
were found during supplementation experiments on Matt-
hiola flowers for the action of flavonord 3-hydroxylase [1].

The demonstration of dihydrofiavonol 4-reductase
activity in Callistephus flower extracts confirms the sup-
plementation experiments and furnishes strong support
for the rule of this enzyme in anthocyanin biosynthesis.
All Callistephus hnes with cyanic flowers contain this
enzyme activity and 1t 1s also present in lines with reces-
sive alleles of the gene A. In contrast, flower extracts from
line 10a with recessive alleles of the gene F lack reductase
activity Surprisingly, however, line 08 with the dominant
F allele and recesstve G alleles did also not contain
reductase activity Thus, obviously both the gene F and
the gene G control this enzyme A similar situation was
found in Matthiola flowers, where the genes ¢ and g
control reductase activity [1,2] Here, there 1s some
evidence for the gene e being the structural gene for
dihydroflavonol 4-reductase, whereas the gene g rather
exerts a regulatory function [2, 12, 13]. Up to now, ho-
wever, 1n the case of the genes F and G of Callistephus
flowers, such evidence is not available.

The properties of dihydroflavonol 4-reductase from
Callistephus flowers are similar to those of the respective
enzymes from Matthiola [2], Dianthus, Petunia and
tomato (Ruhnau, B, Spérlemn and Forkmann, G., un-
published results) and to the dthydroflavonol 4-reductase
which are involved 1n proanthocyanidin synthesis rather
than anthocyanidin formation [10, 11, 14, 15]. In all
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cases a stereospecific, NADPH-dependent reduction of
(+ )-dthydroflavonol to the respective flavan-3.4-cis-
diols was observed

In agreement with the presence of pelargonidin, cyan-
idin and delphimidin dertvatives in Callistephus flowers
(9, 16) and with the finding that dihydroflavonols but not
flavan-3,4-diols can be hydroxylated in the 3',5"-position,
the respective hydroxylated dihydroflavonols dihydro-
kaempferol, dihydroquercetin and dihydromyricetin were
found to be reduced by the enzyme to the corresponding
flavan-3,4-diols

The reductase from Matthiola flowers also uses the
three dihydroflavonols as substrate [2] In the latter
plant, the reaction rate with the three substrates was not
measured and no competition experiments with two di-
hydroflavonols in one enzyme assay were performed The
results of such studies with Callistephus flowers suggest
that dithydroquercetin and dthydromyricetin are con-
siderably better substrates for reduction than dihydro-
kaempferol This result corresponds to chemogenetic stud-
1es on Callistephus flowers, where appreciable amounts of
dihydrokaempferol were found 1n both acyanic
and cyanic flowers In contrast, dihydromyricetin was
never observed in cyanic flowers and dihydroquercetin
occurred only n  traces (Teusch, M  and
Forkmann, G., unpublished results) In thts context the
substrate specificity of dthydroflavonol 4-reductase from
Petuma flowers and tomato seedling 1s worth mention-
mg The enzymes from both plants not at all reduce
dihydrokaempferol to leucopelargomidin, but they use
mainly dthydromyricetin as substrate for the reduction
reactton (Ruhnau, B, Sporlein and Forkmann, G, un-
published results)

EXPERIMENTAL

Plant material The investigations included besides the antho-
cyanin producing hne 06 (genotype ChChAAFFGGrrmm) a
range of other cyanic hines and the acyanic flowering lhines 07, 08,
10a and 10e [3] of Callistephus chinensis (Table 1) Gen Ch
controls chalcone 1somerase activity [3] Genes A, F and G
concern anthocyanin synthesis after dihydroflavonol formation
The multiple alleles of the R-locus (R, 1, r) govern the B-ring
hydroxylation pattern of anthocyanins [7,9, 16] Gene M con-
trols the 5-O-glucosylation of anthocyanins {9, 16,17] The
plants were cultivated during the summer months in the exper-
imental garden of our institute

Chenucals. and  synthess of labelled  substrates.
Dihydroflavonols and 4-coumaroyl-CoA were from our lab-
oratory collection (-+)-Flavan-3,4-trans-diols were kind gifts
from, W Heller {Neuherberg, F R.G) and L Rrutsch (Freiburg,
F R G) The respective 3,4-cis-isomers were prepared according
to ref (14) (2-'*C)Malonyl-CoA (222 GBg/mmol) was pur-
chased from. Amersharm—-Buchler (Braunschweig, FRG) and
diluted to 1 03 GBg/mmol with unlabelled material from Sigma
Labelled (+ )-dihydrokaempferol, (+)-dihydroquercetin and
(+ )-dihydromyncetin (3 09 GBg/mmol each) were prepared en-
zymatically from (**C)malonyl-CoA and 4-coumaroyl-CoA as
described [2, 8]

Enzyme preparation and enzyme assay The preparation of the
crude extracts from buds and young flowers and gel filtration of
the extracts was performed according to ref [2] The standard
enzyme assay contamed 1n a total volume of 50 1 004 nmot
radioactive substrate (116 Bq), 250 nmol NADPH in 10 4l H,O
and 20 ug protein 1n 01 M Mclivame buffer, pH 68, with
2 8 mmol 2-mercaptoethanol and 10% (v/v) glycerol Incubation
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was carried out for 30 min at 25° The mixture was immediately
extracted twice (50 and 30 ul) with EtOAc and the extract
chromatographed on a cellulose plate with solvent system 1 In
case of dihydromyncetin as substrate, 25 gl of the reaction
muixture were also spotted directly on a cellulose plate and
separated 1n solvent system 1 or 4 Radioactivity was locahized
by scanning the plates For the quantitative determination of the
reaction, radioactive zones were stripped off [ 18] and counted 1n
Unisolve 1 1n a scintillation counter

Dependence of reaction on pH and on temperature Crude
extract was subjected to buffer exchange by gel filtration on
Sephadex G-50 using 0 1 M Mcllvane buffer with 2 & mmol 2-
mercalptoethanol and 10% (v/v) glycerol between pH 55 and
75 Incubations were carried out with 40 ul cnzyme solution of
the respective pH and 10 gl NADPH solution in water The
temperature dependence of the reaction was measured 1n stan-
dard enzyme assays incubated at 0. 7, 14, 25, 30. 37 and 45

Analytical methods Protein was determined accordimng to ref
[19] with bovine serum albumin as standard Supplementation
experiments were performed according to ref [5] using method
2 for the admnistration of the precursors Standard procedures
were used for the analysis of the anthocyanidin dervatives
formed [20] TLC was carried out on precoated cellulose plates
(Schleicher & Schull, Dassel, F R G ) mn (1) CHCl;-HOAc H,O
(10 9 1, by vol), (1) n-BuOH-HOAc-H,O (6 12), (in) 6%
HOACc, and (1v) n-BuOH satd with 001 M P1 buffer, pH 68
Dihydroflavonols and flavan-3,4-diols (leucoanthocyanidins)
were detected by spraying the plates with 0 1% aqueous fast
blue B salt solution and subsequent exposure to NH; vapours
Dihydroflavonols were also detected by the Zn-HCl test {21]
The flavan-3,4-diols fromed by enzymatic reduction of labelled
dihydroflavonols were 1dentified by co-chromatography with
the synthetic compounds Radioactivity was localized by scan-
ning the plates and 1n case of 2D chromatographv using the
Betacamera (Berthold, Wildbad, FR G )
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