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Abstract-Antbocyanidin 3-glucosides and 3-sambubiosidcs acylated with 4coumarate or caffeate were identified in 
flower extracts of lines of Mot&& incana with wild-type alleles of tbe gene u. An enzyme activity was demonstrated 
catalysing the acylation of 3-glucosides and Isambubiosides with Qcoumarate or caffeate using the respective CoA 
esters as acyl donors. Antbocyanins glycosyiated in both tbe 3-and Spositions were not acylated. Tbe enzyme exhibited 
an pH optimum at 6.5 and was inhibited by divaknt ions, EDTA, dietbylpyrocarbonate and p-cbloromercurihenzoa~e. 
Accumulation of acylated 3-glycosida during bud development is correlated with acyltransferase activity. In 
confirmation of the cbemogenetic work, acyltransferase activity was found only in enzyme extracts from flowers of lines 
with the wild-type allele II+. 

INTRODUCTlON 

Genes controlling the acylation of antbocyanins have 
been identified in a range of plants [l-6]. Until now, 
however. an enzyme catalysing this reaction was only 
demonstrated in Silene dioica 163. This enzyme catalyzed 
the transfer of the coumaroyl or caffeoyl moiety from the 
respective CoA esters to anthocyanidin 3-rbamnosylglu- 
coside and 3-rbamnosylglucoside-5-glucoside. The ac- 
tivity of the acyltransferase is controlled by the gene AC of 
Silene. 

In flowers of Mattlriola incana, differently acylated 3- 
glycosides and 3,Sglycosides of pelargonidin and 
cyanidin have been found [S]. The formation of these 
anthocyanins is governed by the genes I, q and v, which 
modify the antbocyanidin 3-glucosides present in the 
flowers of genotypes with recessive alleles of these three 
genes. Gene 1 is known to control the activity of an- 
tbocyanin S-0-glucosyltransferase, leading to the forma- 
tion of 3,Sglycosides [7]. The genes u and v obviously 
concern the acylation of the antbocyanins with 4-bydro- 
xycinnamic acid derivatives [S]. No acylated an- 
tbocyanins have been found in flowers of lines with 
recessive alleles. The fact that large amounts of acylated 
antbocyanidin 3-sambubiosides are restricted to lines 
with wild-type allele u + led to the conclusion that gene u 
controls both xylosylation and acylation [S]. We now 
report on the presence of acylated 3-glucoside and 3- 
sambubioside in flowers of a line with the wild-type alleles 
u+u+ and on the demonstration of an enzyme activity 
which catalyses the acylation reaction and which is 
controlled by the gene u. 

RESULTS 

Line 08 with recessive alleles of the antbocyanin 
modifying genes I, q and v contains mainly cyanidin 3- 

glucoside (Cy 3-G) and some cyanidin 3-xylosylglucoside 
(sambubioside = Cy 3-B) in flowers. Line 06 with domin- 
ant alkks of gene II and recessive alleles of the genes 1 and 
v contains the antbocyanins listed in Table 1. These 
antbocyanins were identified by TLC in three solvents, by 
HPLC, controlkd acid hydrolysis and spectral data. The 
acylated antbocyanins showed the normal spectral 
maxima of the cyanidin glycosides, with additional peaks 
between 315 and 325 nm indicating acylation with 
bydroxycinnamic acid. Alkaline hydrolysis was perfor- 
med in order to determine the nature of the glycoside and 
the acyl residue. Authentic sampks of these antbocyanins 
were later separately provided by enzymatic acylation of 
the unacylated precursors (see below). 

Tbe fact that in flower extracts of line 06 acylated 
cyanidin 3-glucosides and 3-sambubiosides are present 
led to enzymatic studies of acylation with 3-glucosides 
and 3-sambubiosides as substrates. When enzyme prepar- 
ations from flowers of line 06 were incubated with 4- 
coumaroyl-CoA and cyanidin 3-glucoside, the latter com- 
pound was found lo be acylated with 4-coumarate. 

Tabk 1. Anthocyaain content of petals 
from Matthidu incm R. Br. line 06 

(HPLC analysis) 

Anthocyanin 

cy3-G 
Cy 3-B 
Cy 3-(ca!Taoyl~B 
Cy 3-(WoylbB 
Cy 3-(caffeoyl)-G 
CY 3-(4coumaroyWG 

Retention 
time (min) 

3.9 
3.3 
5.3 
5.6 
5.6 
5.9 

991 
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Moreover, cyanidin 3-sambubioside as substrate was 
acylated to the same extent as the 3-glucoside. 
Identification of both acylated anthocyanins was achieved 
with authentic compounds by HPLC, TLC in different 
systems, alkaline hydrolysis and by spectral analysis. 
When caffeoyl-CoA was used as the acyl donor, the 
respective caffeates of cyanidin 3-glucoside or 3-sam- 
bubioside were formed. The retention times of the 
products formed from cyanidin 3-glucoside with 4- 
coumaroyl- and caffeoyl-CoA and cyanidin 3-sam- 
bubioside with the same CoA esters corresponded with 
those present in the flower extracts of Motthiolu incana 
line 06 (Table 1). With 4-coumaroyl-CoA as the acyl 
donor and cyanidin 3-sambubioside, 15 nmol of acylated 
anthocyanin was formed within 10 min incubation at 25”. 
In contrast, the reaction rate with caffeoyl-CoA as the 
acyl donor was weaker (about 15 %). Feruioyl-CoA, how- 
ever, was a poor donor (about 10%) and with sinapoyl- 
CoA, isoferuloyl-CoA, cinnamoyl-CoA and 4- 
methoxycinnamoyl-CoA the reaction failed completely. 
Aliphatic acid-CoA-esters such as acetyl-, malonyl-, 
succinyl- or glutaryl-CoAs also did not serve as acyl 
donors. 

Tests with enzyme preparations from other genotypes 
revealed that enzyme activity for acylation of 3-glucoside 
and 3-bioside is only present in lines with the wild-type 
allele u+. Line 08 and other genotypes with recessive 
alleles of the gene u completely lack this enzyme activity. 
To exclude the possibility that in lines with recessive (uu) 
alleles soluble inhibitors suppress the acylation reaction, 
mixtures from genotypes with acylation activity and 
without this enzyme activity were prepared. No inhibition 
of enzyme activity was observed. 

Moreover, acylation was found to be independent of 
the gene I and surprisingly also of the gene v, which had 
been supposed to be involved. Thus no enzyme activity 
was observed in genotypes with the wild-type allele v and 
recessive alleles of the gene u. The acylation reaction was 
further characterized using cyanidin 3-sambubioside and 
4-coumaroyl-CoA as substrate and Sephadex G-50 
eluates of the crude extracts from line 06 as enzyme 
source. Passing the crude extract through Sephadex G-50 
removed contaminating anthocyanins which interfere 
with the quantitative analysis of the reaction mixture by 
HPLC. In contrast to the acyltransferase of Silene dioicu 
[6]. the enzyme of Mar&o/u incana lost no activity during 
this procedure. Product formation was found to be 
proportional to the amount of added enzyme up to 30 pg 
Linearity with time was observed up to 15 min. Maximal 
activity was exhibited at pH 6.5. The pH values for half- 
maximal activities were 6.0 and 7.7, respectively. An 
increase of enzyme activity was obtained from 0’ up to 
30”. But even at 0” enzyme activity was present (10 %). The 
calculated E, between 0 and 10” amounted to 70 kJ/mol, 
from 10 to 30” it increased to 91 kJ/mol, and above 30” it 
decreased to 11 kJ/mol. The acylation was saturated with 
30 nmol of Cy 3-B and it was strongly inhibited when the 
substrate concentration exceeded the value of 90 nmol. 
When the Cy 3-B concentration was increased to above 
9Onmo1, the enzyme was progressively inhibited. 
Saturation with 4-coumaroyl-CoA was achieved with 
15 nmol; even a ten-fold increase in concentration did not 
affect the production of acylated anthocyanins. 

The acylation reaction is rather sensitive to inhibitors 
such as pchloromercuribenzoate, diethylpyrocarbonate, 
and diethyldithiocarbamate or divalent ions. With the 

exception of Ca’ l and Mg2 +, the reaction is strongly 
inhibited by inorganic ions (Table 2). No ions were found 
to stimulate the reaction. This is in good accordance with 
the results of Silene dioica [6]. 

In addition to cyanidin 3-glucoside and 3-sam- 
bubioside, a range of other anthocyanins were tested as 
substrates. Pelargonidin 3-glucoside, the resptive sam- 
bubioside and delphinidin 3-glucoside, which does not 
occur in flowers of Matthiola, were found to be acylated 
with similar rates to those of the cyanidin derivatives. But 
cyanidin 3,5diglucoside and 3-sambubioside-5-glucoside 
were not used as substrates with 4coumaroyl-CoA, 
caffeoyl- or sinapoyl-CoA. Different combinations of the 
genes u and v also did not change these results. 

The course of acyltransferase activity as well as acyl 
anthocyanin accumulation in flowers was studied during 
bud and flower development. Morphological criteria were 
used to divide the development process into eight stages 
[8]. As Fig. 1 shows, the amount of acyl anthocyanin is 
low in buds, but increases rapidly to a maximal level 
between stages 4 and 5, where it remains for the last three 
stages. In good correlation with the amount of acyl 
anthocyanins, the acyl transferase activity starts from a 
low level at stage 1 and increases rapidly to a maximum 
between states 4 and 5. In enzyme preparations of the 
following stages the enzyme activity decreases rapidly. 

DISCUSSION 

In confirmation of the chemogenetic work [7-111, 
acyiation activity was present only in flower extracts from 
lines of Matthiola incana with the wild-type allele II+. 
Moreover, the substrate specificity of the enzyme is in full 
accord with the anthocyanin pattern found in the flowers 
of line 06 with wild-type alleles of gene u. The lack of 
activity in flower extracts with recessive (uu) alleles proves 
that the enzyme activity measured in vitro is really 
responsible for acylation in oioo. This is further confirmed 
by the close correlation between enzyme activity and 
accumulation of acylated anthocyanins during bud and 
flower development. 

The acyltransferase from flowers of Matthiola is similar 
to the enzyme from Silene in being inhibited by divalent 

Table 2. Influence of divalent ions and inhibitors on 
acyltransferase 

Concentration Total activity 
Addition (mM) (“/,) 

None 1 100 

MgC& 1 90 
C&l* 1 98 
MnCI, 1 89 
C&l* 1 44 
FeSO, 1 14 
cuso, 1 19 
ZnSO, 1 16 
ZnCI, 1 18 
EDTA 1 77 
KCN 1 82 
Diethylpyrocarhonate 1 89 
Diethyldithiocarbamate 2 69 
P-Chloromercuriknzoate 0.2 37 
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Fig. 1. Activity of the acyltransferase and accumulation of 
acylated cyanidin 3-sambubiosidc [Cy 3+coumaroyl)-B] 
during bud and flower development. d.s.. Development stage. 

metal ions, and both enzymes use 4-coumaroyL and 
caffeoyl-CoA as acyl donors. However, the enzymes 
behave differently towards EDTA and p-chloro- 
mercuribenzoate, exhibit different pH optima and use 
different substrates. In Silene dioica [6], acylated 3- 
rutinoside is not an appropriate substrate for enzymatic 5- 
glucosylation but 3-rutinoside-5-glucoside is a suitable 
substrate for acylation. In contrast, flower extracts of 
Mutt&lo incana readily convert acylated 3-sambubioside 
to the respective 5-glucoside [7] but do not use this 
compound or 3,5diglucoside as a substrate for acylation. 
Thus, in Silene, acylatioh of 3,5-glycosides seems to be the 
final step in anthocyanin biosynthesis whereas in 
Matthiolu acylation obviously precedes 5-glucosylation. 

Former chemogenetic results suggest a pleiotropic 
action of the gene u governing acylation and xylosylation. 
Since acylation is clearly controlled by this gene, the 
acylation reaction is either a prerequisite for xylosylation, 
which is controlled by an as yet unknown gene, or gene u is 
a regulation gene which controls the expression of enzyme 
activity for acylation as well as xylosylation. Recent 
studies on an enzyme catalysing xylosylation support the 
first hypothesis (M. Teusch, in preparation). 

As yet, no acylating activity has been detected in lines 
with recessive alleles of the gene u although wild-type 
alleles of the gene v + should also be involved in acylation 
of anthocyanins [S]. The idea that the 3,5-glycosides are 
the true substrates for the acylation governed by the gene 
v has therefore to be rejected. It is possible that gene v is 
responsible for the formation of doubly acylated an- 
thocyanins [S, 123. Further work will be concerned with 
the elucidation of this question. 

EXPERIMENTAL 

PIam malerial. The investigations included the cyanic lines 
0148 of hfatlhiolo incana R. Br. 173. They were cultivated in a 
greenhouse during summer in the experimental garden of our 
institute. 

Chemicals and refirences. The anthocyanins pelargonidin, 
cyanidin and delphinidin 3-glucosides, pelargonidin and 
cyanidin 3-sambubioside, cyanidin 3,5diglucoside, cyanidin 3- 
sambubioside-S-glucoside and acylatedcyanidin 3-sambubioside 
were isolated from methanolic flower extracts by descending PC 
(Whatman) in BAW and 30% HOAc. The aliphatic CoA esters 
were purchased from Sigma (St. Louis, MO). The hydroxy- 
cinnamic CoA esters Qcoumaroyl-, caffeoyl-, feruloyl-. 
isoferuoyl-, cinnamoyl- and sinapoyl-CoA were gifts from W. 
Heller, Freiburg. 

Enzyme preparation. l.Og petals was homogenized in a pre- 
chilled mortar together with 1.0 g quartz, 0.5 g PVP (Scrva) and 
6 ml 0.1 K-Pi bu&r. pH 7.0, containing 5 mM 2-mercapto- 
ethanol at 4”. The homogenate was centrifuged for 10 tin at 
10000 g. The supernatants were pooled and again centrifuged 
under the described conditions. The crude extract was passed 
through a Sephadex G-SOcolumn (bed vol. = 1 ml) to free it from 
phenolic compounds and other low-molecular-weight 
substances. 

Enzyme ussay. The standard reaction mixture consisted of 
20 pl enzyme (20 pg protein), Cy 3-sambubioside (30 nmol), 20 cl 
4-coumaroyl-CoA (20 nmol) and 60 pl 0.05 M K-Pi buffer, 
pH 7.0. The reaction mixture was incubated for 10 min at 25” and 
stopped by addition of 50 pl CHCIJ-MeOH (0.5% HCI) (2: 1). 
resulting in a Folch partition [13]. The anthocyanins were 
concentrated in the upper phase. This phase was analysed by 
HPLC and TLC. 

Analyrical ~&K&S. For HPLC analysis, 50 pl of the upper 
phase was injected into a HPLC (Spectra Physics SP 8700) 
equipped with a Spherisorb ODS II (5 pm. RP 18) column (SO 
x 4.6 mm) and a guard column (IO x 4.6 mm) filled with the same 
material (Bischoff, Leonberg). Detection was performed at 
530 nm with a variable wavelength detector (Knauer). Separation 
was accomplished by a linear gradient elution. The linear gradient 
was changed from 20 to 70% A portion in A + B = 100 (A 
= 1.5% H,PO, in MeCN, B = 0.5% HaPOd in H,O) in 5 min. 
then within 2 min from 70 to 100 %. Analysis was performed at a 
flow rate of 1.5 ml/min and at room temp. The retention times 
and quantitative calculations were obtained with a computing 
integrator (Spectra Physics SP 4270). To obtain definite identifi- 
cation of the acylated anthocyanins the reaction mixture and the 
fractions of the HPLC separation were charged with the 
appropriate references on cellulose plates (Schleicher & Schiill) in 
BAW. UV-VIS spectra and alkaline hydrolysis were carried out 
for further identification [ 123. 

Protein estimution. The protein content of the enzyme prepar- 
ation was estimated by the method of Bradford, with bovine 
serum albumin as standard [ 143. 
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