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AMtact-An enzyme, catalysing the glucosylation of cyanidin at the 3position using uridine diphosphate-p-glucose 
(UDFG) as glucosyl-donor, has been isolated and purified about %&fold from young red cabbage (Brassica olerucea) 
seedlings. The pH optimum for this reaction was ca 8 and no additional cofactors were required. The reaction 
was inhibited by cyanidin (above 0.25 mM) and by very low concentrations of the reaction product cyanidin-3-gluco- 
side (5 RM). The K, values for UDPG and cyanidin were 0.51 and 0.4 mM respectively. In addition to cyanidin 
the enzyme could also glucosylate the following compounds at the 3position: pelargonidin, peonidin, malvidin, 
kaempferol, quercetin, isorhamnetin, myricetin and fisetin. In contrast, cyanidin-3glucoside, cyanidin-3-sophoroside, 
cyanidin-3,5diglucoside, apigenin, luteolin, naringenin and dihydroquercetin were not glucosylated. 

INTRODUCTION 

Glycosides are of widespread occurrence in plants. They 
contain a monosaccharide or an oligosaccharide residue 
attached to an aglycone moiety. Particularly striking is 
the great variation of flavonoid glycosides [1,2]. In the 
past 20 years the presence of various glucosyltransferases 
has been demonstrated. These enzymes catalyse the 
transfer of the sugar moiety from donors such as UDPG, 
dTDPG, UDP-Dgalactose and UDP-D-glucuronic acid 
to such acceptors as simple hydroxyphenols [3], phenolic 
acids [4], sterols [S] and flavonoids [6-83. However, ear- 
lier attempts to demonstrate the in oitro glucosylation 
of anthocyanidins were unsuccessful. For example, the 
glucosylation of pelargonidin and pefargonidin-3-gluco- 
side using extracts from the petals of Impatiens bahmino 
was not achieved, although the extracts contained 
enzymes catalysing the glucosylation of hydroquinone 
and flavonols [9]. Recently, preliminary work with 
extracts from Haplopappu.9 gracilis cell suspension cul- 
tures had indicated the glucosylation by UDPG of cyani- 
din at the 3position [lo]. In this paper, we report the 
partial purification and properties of a glucosyltransfer- 
ase from red cabbage (Brassica oleraceo) seedlings, which 
catalyses the glucosylation of cyanidin and some fla- 
vonols at the 3position with UDPG as ducose donor. 

RESUL’IS 

Purijication of the enzyme 

Six-day old seedlings were extracted with KPi buffer 
and the crude extract treated with Dowex ion-exchanger 

l On leave of absence from National Research Centre, El- 
Dokki, Cairo, Egypt. 

to remove phenolic compounds. The enzyme was further 
purified by (NH&50, fractionation and by chromato- 
graphy on DEAE-cellulose and hydroxylapatite columns. 
The purification procedure, which resulted in a prep 
aration having a sp. act. co 50 times greater than that 
of the extract after Dowex treatment, is summarized~in 
Table 1. All kinetic experiments described here were un- 
dertaken using the enzyme obtained after hydroxylapa- 
tite chromatography. 

Product idehtificarion 

The product of the enzymic glucosylation of cyanidin 
was identified as cyanidin-3-O-glucoside by cc-chromato- 
graphy with an authentic sample using the solvent sys- 
tems described in the experimental section, as well as 
by spectrophotometric analysis [l l]. The glucosylation 
of other anthocyanidins and flavonols by the enzyme 
preparation led also to the respective 3glucosides (Table 
2). These were identified by their R, values and UV 

Table 1. Purification of cyanidin 3-0-glucosyltransferase from 
red cabbage seedlings 

VOlWnC 
(ml) 

SpedtiC 

activity 
IJlmol 

cyanidic- 
)_glucoside/ 

Wms Extsnt of 
prOICitl) pUlifiCUiOll 

Dowex 

Sephadcr G-25 
cluatc 

DE.4ECCllulOEC 
C.lLUW 

Hydroxyloptite 
ebte 

no 619 0.078 - 

30 84 0.091 1.2 

17 21 0.56 7 

3.7 28 3.64 46 
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Table 2. Substrate specificity of cyanidin 3-glucosyltransferase 
from red cabbage seedlings 

spcnfic acl,v,ty 9. Acwty wtlh refermoc 

SubStG%e (product cpmimg protem) to cyanidin 

Pelargomdm 68600 37 

Cyanidin lt74Ka Ial 
Pealdin 773al 42 

Mnlvidin 18300 IO 

Kacmpkol 123ooo 61 
QUCR7Ztltl 14scmm 79 

Isorhamnetin 103cwm 56 

Myrwxtin 19lOwl la4 
Fi.Wlll 30400 16 

The substrate specificity of the enzyme was tested by incu- 
bating the above substrates (28 nmol) with 2011 of the purified 
enzyme in Pi buffer, pH 6.5, for 10 min. The reaction was ter- 
minated by addition of 10~1 HOAc and the products identi- 
fied and the activity determined by PC. No detectable activity 
was found with the following substrates: apigenin, luteolin, 
naringenin, dihydroquercetin, cyanidin-3-glucoside. cyani- 
din-3-sophoroside and cyanidin-3,5-diglucoside. 

properties. Authentic samples were available in the case 
of malvidin-, quercetin- and isorhamnetin-3-glucosides. 

Properties of the purified enzyme 

No loss in activity was observed after the enzyme had 
been stored at 4” for several weeks in the presence of 
0.020/, NaN,. The enzyme showed lesser stability when 
stored at -20” and was unstable in solutions containing 
low concentrations of protein. This instability could be 
eliminated by addition of bovine serum albumin to the 
assay system; the optimum concentration was found by 
titration experiments to be cu 2 mg/ml (Table 3). Unless 
otherwise stated, all experiments were performed in the 
presence of this addition. 

The pH optimum for the glucosylation of cyanidin was 
about pH 8 (Fig. 1). Whereas only cyanidin-3-glucoside 
was produced from cyanidin and UDP-D-[U-‘4C]-glu- 
case when reactions were carried out in KPi buffer, small 
but significant amounts of radioactivity could also be 
detected in cyanidin-3-sophoroside and cyanidin-3- 
sophoroside-5-glucoside when the reactions were allowed 
to proceed in glycine_NaOH buffer (pH 7.5-8.5). Due to 
the known instability of cyanidin at pH 8 and also from 
studies of a similar glucosyltransferase isolated from 
Huplopappus gracilis cell suspension cultures (unpub- 
lished results), the assay reactions were normally carried 
out at pH 6.5 in Pi buffer. 

The synthesis of cyanidin-3-glucoside in KPi buffer 
pH 6.5 was proportional to protein concentration up to 
only 8 pg protein per assay (125 ~1) of the purified. 
enzyme. The glucosylation of cyanidin at this pH also 
showed an abnormal time-course (Fig. 2); initially the 

Table 3. Effect of BSA and cyanidin-3-glucoside on the initial 
rate of cyanidin glucosylation 

Addttwn Concenrrallon “: Control activity* 

None - 100 
Bovine serum albumm I mg/ml 216 

2 mp:ml 190 
3 me:ml ?I5 
4 mem I 217 

Cyanidin-3-giuccslde 24 ph4 37 
12,‘M 63 

6/rM 72 

l Reaction carried out at pH 6.5 for 10min. 
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Fig. 1. Effect of pH on the cyanidin: 3-O-glucosyltransferase 
activity of the purified enzyme. Cyanidin and UDPG-[WI 
were incubated with the purified enzyme (15 pg protein) under 
conditions given in the Experimental section using 0.12 M 
concentrations of the following buffers: Glycine-NaOH 
(A-A), KH2FQ-K2HP04 (H) and K,HPO,titric acid 

(0-Q. 

reaction proceeded rapidly but its rate fell to zero after 
10-15 min. The nature of these kinetics was studied more 
closely. The reaction was severely inhibited by low con- 
centrations of the product cyanidin-3-glucoside Qable 3), 
and its production during the reaction probably led to 
the complete inhibition of the glucosylation after only 
a short period. Since it seemed likely that this product 
was acting as a competitive inhibitor against cyanidin, 
attempts were made to alleviate this inhibition by in- 
creasing the initial cyanidin concentration. This was 
however found to be unfavourable since the enzyme was 
progressively inhibited by increasing cyanidin concen- 

20 LO 60 

Time fmin) 

Fig. 2. Time-course of cyanidin-3-glucoside formation. The 
purified enzyme (23 pg protein) was incubated at pH 6.5 under 

the conditions described in the Experimental section. 
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Fig. 3. Lineweaver-Burk plot of enzyme activity (u) and cyani- 
din concentration (s). The UDPC concentration was 2mM. 
IJ is expressed as pmol cyanidin-3-glucoside/hr/mg protein; s 

is expressed as mmol/l 

trations above the optimum level of 0.25mM. The K, 
for cyanidin, calculated from the Lineweaver-Burk plot 
(Fig. 3), was 0.4mM. It is therefore clear that the 
observed abnormal time-course and protein dependence 
of this reaction can be partially, if not totally, explained 
by the fact that the assay reactions must be performed 
under conditions when the enzyme is not saturated with 
respect to cyanidin. All reactions were thus performed 
using an optimum cyanidin concentration (0.22 mM) and 
an incubation time of 5-10min. Under such conditions, 
the K, for UDPG was 0.51 mM, as determined from 
a Lineweaver-Burk plot, which was linear in the concen- 
tration range used (033.0mM). 

The enzyme, at this level of puri~~tion, was not speci- 
fic for cyanidin alone. As shown in Table 2, the enzyme 
could also glucosylate at pH 6.5 pelargonidin, peonidin, 
malvidin, kaempferol, quercetin, isorhamnetin, myrice- 
tin and fisetin at the 3position. In contrast, apigenin, 
luteolin, naringenin, dihydroquercetin, cyanidin-3-gluco- 
side, cy~idin-3-sophor~ide and ~~idin-3,5-~~uc~ 
side were not glucosylated. 

DLSCUSION 

Rubrobrassicin, the major anthocyanin of red cabbage, 
was first isolated in 1936 by Chmielewska[12]. Sub 
sequent work has indicated that this pigment is a mixture 
of three or four acylated cy~idin-3-sophoroside-5-~u~ 
sides. The exact nature of the acylating group is still 
unclear; p-coumaric, ferulic and sinapic acids have all 
been suggested as acylating groups [131S]. Information 
about the biosynthesis of cyanidin has been obtained 
through tracer studies 1161 and some evidence is also 
available from experiments with ~~p~~pup~ gracilis cell 
cultures concerning the enzymes involved in the cyanidin 
pathway [17J. Work was now undertaken to elucidate 
how cyanidin is glucosylated to produce cyanidin-3- 
sophoroside-5glucoside. 

When cyanidin was incubated with UDP-D-[U-‘~C]- 
glucose in the presence of a crude extract from red cab- 
bage seedlings, cyanidin-3-[U-‘4CJ-g.lucoside was the 
main product; no radioactivity was detected in cyani- 
din-S-glucoside. The enzyme catalysing this reaction was 
purified about %-fold by (NH4)$04 fractionation and 
c~omato~aphy on’~EAE~llulo~ and hydroxyla~tite 
columns. The characterization of the partially-purified 
euzyme was hindered by kinetic properties which are 
somewhat unusual for flavonoid glucosyltransferases. 
The enzyme was unstable in solutions of low protein 
concentration and was severely inhibited by the substrate 
cyanidin above an optimum concentration of 0.25mM. 
Moreover, the reaction was potently inhibits by very 
low (5-25 PM) concentrations of the product cyanidin3- 
glucoside. Reactions were therefore carried out under 
non-saturating conditions with respect to cyanidin and 
using short incubation periods. The above kinetic 
properties pose interesting questions as to how this reac- 
tion may be controlled in viuo. Product inhibition by 
cy~idin-3-glucoside couId perhaps be reduced or elimin- 
ated by the further glucosylation of this compound, pro- 
vided that the new product does not inhibit the reaction. 
A second alternative is that the product is channeled 
into a different compartment of the cell as has been ear- 
lier suggested [ 173. 

Many enzyme preparations have heen described which 
catalyse the transfer of the sugar moiety of a sugar nuc- 
leoside diphosphate to the %hydroxyi group [A or to 
the 3-hydroxyl group [6,8,9] of IIavonoid acceptor mol- 
ecules. Whereas these preparations, where tested, were 
unable to catalyse the glucosylation of anthocyanidins, 
preliminary work has detected an UDPG: cyanidin 3-0- 
glucosyltransferase in crude extracts from ~~p~~pupp~ 
grucilis cell suspension cultures [lo]. We report here for 
the first time the purification of an UDPG: cyanidin 
3-0-glucosyltransferase. However, as found with the 
enzymes mentioned above, the red cabbage enzyme was 
not specific for one acceptor molecule, since it could also 
catalyse the glucosylation of a range of flavonoid com- 
pounds possessing an OH group at the 3 position. One 
notable exception was the lack of 3-O-glu~sylation of 
dihydroquercetin. This supports the conclusion drawn 
from tracer experiments that glucosylation is the last step 
in flavonoid glucoside Cl83 and cyanidin glucoside [lfl 
formation. Interestingly, the glucosylation of other 
anthocyanidins was also appreciable. There are indica- 
tions that isorhamnetin is a constituent of red cab- 
bage Cl1 J. Preliminary experiments have detected an 
I S-adenosylmethionine 3’,4’dihydroxyfIavonoid-3-O- 
methyltransferase in these seedlings, which methylates 
quercetin to isorhamnetin (J. E. Poulton, unpublished 
results). It is interesting that this product was then gluco- 
sylated by the red cabbage 3-0-glucosyltransferase at a 
reasonable rate under the experimental conditions de- 
scribed. As found with the two separate glu~syltr~sfer- 
ases from Petroseiinwn hortense celi cultures [7,8], the 
red cabbage enzyme had a distinct positional specificity, 
since glucosylation could not be effected at the 7-posi- 
(ion. 

The biosynthesis of the more highly glucosylated deri- 
vatives, cyanidm-3-sophoroside and -3-sophorosideS- 
glucoside, was not studied here. It appears likely, from 
the substrate specificity of the red cabbage enzyme (Table 
1) and from rutin biosynthesis using extracts from Pha- 
seolus aureus [6], that more than one glucosyltransferase 



1868 N. A. M.SALEH, J. E. POULKIN and H.GRISEBACH 

is involved in this biosynthetic pathway. It is therefore 
surprising that the red cabbage enzyme, after hydroxyla- 
patite chromatography, catalysed the formation of these 
compounds from cyanidin and UDPG in glycine-NaOH 
buffer but not in KPi buffer. It is not known whether 
this is a real property of the enzyme or whether the 
enzyme preparation is contaminated by other glucosyl- 
transferases. The results obtained so far indicate that the 
glucosylation proceeds via the pathway cyanidin -+ 
cyanidin-3-glucoside --) cyanidin-3-sophoroside + cyani- 
din-3-sophoroside-5-glucoside. 

EXPERIMENTAL 

Red cabbage (Brassica oleracea. var. rubra, Friihrot) seeds 
were purchased from a local merchant and plants were raised 
under continuous illumination in boxes on 2 sheets of What- 
man 3 MM paper. which were kept moist. 

Flavonoids were from our laboratory collection. Cyani- 
din-3-glucoside, -3,5-diglucoside and -3-sophoroside were 
authentic samples. UDP-o-[U-14C]-glucose was purchased 
from the Radiochemical Centre, Amersham, Great Britain. 

Chromatographic methods. Descending PC on Schleicher 
and Schiill (2043 b) paper was used. The solvent system used 
for assays was 1% HCI. Other solvent systems used for identi- 
fication purposes were (1) BAW (n-BuOH-HOAc-H20, 
4:1:5). (II) HOAc (HOAc-conc HCI-H20, 15:3:82) and (III) 
Bu;HCI (n-BuOH-2 M HCl, 1: 1). 

Bugler solns. The following were used: (A) 0.1 M KPi buffer, 
pH 7.7, containing 14.5 mM /?-mercaptoethanol, (B) 20 mM 
KPi buffer, pH 7.7, containing 1.45 mM /?-mercaptoethanol, 
(C) 20 mM KPi buffer, pH 6.7, containing 1.45 mM /?-mercap- 
toethanol and 0.02% NaN3. 

Enzyme purification. Unless otherwise stated, all steps were 
carried out at 4”. Six-day-old seedtings (18Og) were washed 
with cold Hz0 and homogenised in a mortar with 12g PVP, 
80 g quartz sand and 3 10 ml buffer A. The resultant liquid 
was centrifuged for 20 min at 10000~. To the supernatant 
liquid (350 ml), 50 g Dowex I x 2 (pre-equilibrated with buffer 
A) were added and stirred for 15 min. The ion-exchanger was 
filtered off under suction and this process was then repeated. 
The resultant liquid was brought to 40% satn by the addition 
of (NH,),SOI over a period of 15 mm, during which the pH 
of the soln was continuously adjusted to 6.9-7.1 by adding 
small vols of dil KOH soln. The mixture was allowed to stand 
for a further 25min at 0’ and then centrifuged at 1OOOOg 
for 20min. The supemat’ant liquid was brought to 80% satn 
by the further addition of (NH&SO4 over a period of 25 min. 
with adjustment of the pH as before. The mixture was allowed 
lo stand for 20min at 0” and the ppt was collected by centri- 
fuging at 1OOOOg for 20min. This was redissolved in buffer 
B (13ml total vol) and was found to contain the majority 
of the glucosyltransferase activity. This fraction was chromato- 
graphed on a column (3 x 25cm) of Sephadex G-25, which 
had been previously equilibrated with buffer B. The resultant 
filtrate (27 ml) was applied to a DEAE-cellulose column 
(2 x 6cm), which had been equilibrated with buffer B. After 
washing the column with buffer B, elution was continued with 
a linear 20-m mM KPi gradient (140 ml), pH 7.7, containing 
1.45 mM B-mercaptoethanol. The glucosyltransferase was 
eluted from the column after the Pi buffer concn had reached 
ca 15OmM. The most active fractions were combined, coned 
by ultrafiltration to 17 ml and dialysed for 18 hr against 2 1. 
of buffer B. The dialysed soln was applied to a hydroxylapatite 
column (2 x 5 cm), which had been pre-equilibrated with 
buffer C. After washing with buffer C, elution was continued 
with a linear 20-200 mM KPi buffer gradient (100 ml, pH 6.7), 
containing 1 A5 mM &mercaptoethanol and 0.02% NaN,. 
Frxtions possessing glycosyltransferase activity. which were 

eluted after the buffer concn had reached 30 mM, were pooled 
(40 ml) and coned by ultrafiltration to 3.7 ml. This fraction 
was stored at 4” until used for the kinetic experiments de- 
scribed. 

Enzyme assay. The assay mixture contained 250 nmol UDP- 
D-T’*Cl-glucose (containing 100000 domX 28 nmol cyanidin 
(in~eth$&eglyco~onometh;lether), 2gO vg BSA and i5 pmol 
KPi (pH 6.5), lo which was added 5-20~1 of the glucosyltrans- 
ferase preparation to give a final vol of 125 ~1. The reaction 
mixture was incubated at 30’ for up lo 20 min and the reaction 
terminated by addition of 104 HOAc. Chromatography was 
carried out as quickly as possible by methods given above. 

Protein estimation. Protein content of crude preparations 
was determined by the biuret method, using crystalline BSA 
as standard [19]. After the DEAE-czllulose stage, all deter- 
minations were made according to the method of ref. [20]. 
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