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Three distinct glycosyltransferases have been isolated and partially purified from anthers of 
Tulipa cv. Apeldoorn. The following designations are proposed; UDP-glucose: flavonol 3-O-glu- 
cosyltransferase (GT-I), UDP-rhamnose: flavonol 3-O-glucoside rhamnosyltransferase (GT-II) 
and UDP-xylose: flavonol 3-glycoside xylosyltransferase (GT-III). The three enzymes exhibited an 
identical pH optimum within the range of 8.5 —9.0. The estimated molecular weight of GT-I and 
GT-II was about 40 000, GT-III showed a molecular weight of 30 000. GT-III required ions like 
NH^or Ca2+ whereas these ions have almost no influence on GT-I and GT-II activity. The en­
zymes have a slight requirement for SH-reagents, particularly DTE. As opposed to GT-II activity 
of GT-I and GT-III is significantly influenced by SH reagents and PCMB. Sucrose enhanced GT-
III activity but only slightly GT-I activity, GT-II activity is not influenced.

Flavonol aglycones can function as glycosyl acceptor for the GT-I, whereas flavonol 3-O-gly- 
cosides, luteolin, dihydroquercetin, naringenin, cyanidin, /»-coumaric acid and some other 
phenols were inactive as acceptor. The best acceptors were isorhamnetin and quercetin (Km: 
0.9x10~6 m). GT-II did not accept aglycones as substrates. For this enzyme flavonol 3-O-glu- 
cosides were the most attractive substrates. GT-III did not have any affinity towards aglycones, 
too. This enzyme exhibited a high specificity for flavonol 3-O-glucosides as well as flavonol 3-0- 
galactosides. Both enzymes, the GT-II and GT-III, were able to glycosylate flavonol 3-O-digly- 
cosides forming triglycosides. UDP-glucose (Km=  l.OxlO-4 m), UDP-rhamnose and UDP-xylose 
where shown to be the best glycosyl donors for GT-I, GT-II or GT-III respectively. The glycosyl 
transfer catalysed by the GT-I was shown to be a freely reversible reaction.

In the whole anthers, highest specific activities of GT-I and GT-II were found during late stages 
of anther development. Similar results were obtained using the contents o f anthers or the tapetum 
fraction. In contrary, high GT-III activity can be detected already in young stages of anther devel­
opment. The highest activities o f the three glycosyltransferases were found in the tapetum frac­
tion, whereas the pollen fraction exhibited only poor activities.

Introduction

The surface of pollen of Tulipa cv. Apeldoorn con­
tains major amounts of flavonol glycosides. From 
this source, rhamnosyl glucosides of quercetin, of 
isorhamnetin, of kaempferol and triglycosides like 
kaempferol 3-O-xylosylrhamnosylglucoside and 
isorhamnetin 3-O-xylosylrhamnosylglucoside could 
be isolated an identified [1]. Accumulation of these 
compounds occurs during final phases of pollen ri­
pening [2, 3].

Reprint requests to Prof. Dr. R. Wiermann.
Abbreviations: DTE, Dithioerythritol; PCMB, /»-Chloro- 
mercuri benzoate.
* Note added in proof: After submission of this manuscript 
Jourdan and Mansell [32] reported on the isolation and par­
tial characterization of three glucosyl transferases involved 
in the biosynthesis of flavonol triglucosides.
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The pollen grains develop, differentiate and ripe 
in the loculus of anthers which is surrounded from 
tapetal cells. There are some reports about the im­
portance of this tissue, regarding nutritional func­
tions for developing pollen [4 -6 ], Likewise, highest 
specific activities of enzymes involved in phenyl- 
propanoid metabolism were detected in the tapetum 
fraction after fractionation of the contents of anthers 
[7, 8]. These results supported the hypothesis that the 
tapetum may play a significant role in the regulation 
of phenylpropane and flavonoid metabolism within 
the loculus of anthers [9].

A number of publications deal with the transfer of 
glucose to distinct flavonoid acceptor molecules 
[10—16], but only poor information on the enzymic 
synthesis of flavonol 3-O-triglycosides [17] is avail­
able, and nothing is known about the enzymes 
catalyzing this reaction*. Therefore, investigations to
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evaluate these open question were performed using 
the system of tulip anthers. In particular attention 
was paid to the isolation, separation, characteri­
zation, localization and activity of the gly- 
cosyltransferases as related to the development of 
the anthers.

Some of the results were presented at the symposi­
um of the Gesellschaft für Biologische Chemie, 
9 .-1 2 . March 1980, Münster, Bundesrepublik 
Deutschland.

Materials and Methods

Plants. Tulip bulbs (cv. Apeldoorn) were purchas­
ed from Nebelung, Münster. They were grown in the 
Botanical Garden of the University of Münster. For 
the isolation and purification of the enzymes anthers 
were used with pollen in middle and /o r late post- 
meiotic developmental stages.

Chemicals: UDP-D-[U-14C]glucose, UDP-d-[U- 
14C]-galactose and UDP-D-[U-14C]glucuronic acid 
were purchased from Amersham Buchler, Braun­
schweig, UDP-D-[U-14C]xylose from N.E.N., Drei- 
eich, UDP-D-glucose, UDP-D-galactose, UDP- 
D-glucuronic acid, UDP, NAD, NADH, NADPH 
and reference proteins were obtained from Boehr- 
inger, Mannheim, and UDP-xylose and ADP-glu- 
cose from Sigma, München. Catechin, coniferyl al­
cohol, /7-coumaric acid, ferulic acid, cyanidin, 
delphinidin, dihydroquercetin, naringenin, kaemp- 
ferol, quercetin and rutin were purchased from 
Roth, Karlsruhe. We gratefully acknowledge a gift 
of quercetin 3-0- glucoside from Prof. Zinsmeister, 
Saarbrücken. We also thank Prof. Wagner, M ün­
chen, for a sample of quercetin 3-O-galactoside. 
Other flavonoid compounds were from our labora­
tory collection. Ampholine carrier ampholytes were 
obtained from LKB.

Buffer solutions 

The following buffer solutions were used:

A: 0.2 M glycine/NaOH, pH 8.75, containing DTE
( 1 1  m M ) ;

B: 0.025 m  Tris/HCl, pH 7.5, containing 2-mer- 
captoethanol (10 m M ) .

Enzyme assays

a. Standard assay for the enzymatic formation of 
flavonol 3-O-monoglucosides.

The assay mixture contained 33.5 nmol of 
quercetin (dissolved in 10 |il ethylene glycol 
monomethyl ether), 100 nmol of UDP-d-[U-14C]- 
glucose (either 0,025 jaCi or 0,05 (iCi), 45.8 (imol of 
glycine (buffered with NaOH to pH 8.75) and
2.5 (imol of DTE in a total volume of 240 (il. The re­
action was started by addition of 100 |il of the en­
zyme preparation, containing up to 0.1 mg of pro­
tein. The assay was incubated for 60 min at 30 °C. 
The reaction was stopped by addition of 10 (il glacial 
acetic acid and the mixture chromatographed on 
Whatman 3 MM paper using 15% acetic acid.

The product zone was cut out and transferred to a 
toluene-based scintillation cocktail (0.4% of Premix
4 in toluene).

b. Assays for the enzymatic formation of flavonol
3-O-rhamnosylglucoside

bl: During enzyme purification (after Sephadex 
G-200 fractionation, ion exchange chromatography 
and isoelectric focusing), or when the influence of 
different ions (Ca2+,NH+,C1~,S02~) was studied the 
following assay method was employed:

The incubation mixture contained quercetin 3-0- 
glucoside (33,5 nmol in 10 (il ethylene glycol 
monomethyl ether) and UDP-[U-14C]rhamnose 
(30 nmol, about 7.7 nCi, produced by method d.). 
The volume was adjusted to 240 (il by addition of 
either 30 m M  Tris-HCl buffer, pH 8.5, containing
2-mercaptoethanol (0.01 m ) (for DEAE-fractionated 
protein), or buffer A (after gel chromatography or 
isoelectric focusing, respectively). The reaction was 
started after addition of a protein solution (100 |il), 
containing up to 0.1 mg of protein.

b2: Enzymic synthesis of UDP-[U-14C]rhamnose 
in a preparation scale for routine experiments

The assay contained 2 |imol of UDP-d-[U-14C]- 
glucose (0.5 (iCi), 32 (imol of NADH, 2 ml of the re­
spective protein solution and buffer A, yielding a to­
tal volume of 3 ml. After addition of the enzyme so­
lution, the mixture was incubated for 3 h at 34 °C. 
The reaction was stopped by addition of 50 nl of 96% 
acetic acid. Precipitated protein was centrifuged off, 
and the supematants were combined. After evapora­
tion to dryness, the residue was dissolved with 1 ml 
of aq. dest. In this solution the UDP-[U-14C]rham- 
nose formed represented about 30% of total radioac­
tive compounds. This mixture was used as UDP- 
[U-14C]rhamnose source in a glycosyltransferase as­
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say under the same conditions as described above 
(bl).
c. Standard assay for the enzymatic formation of 
flavonol 3-O-xylosylglucoside of flavonol 3-O-xy- 
losylrutinoside

The assay contained UDP-[U-14C]xylose (25 nmol, 
0.025 fiCi), quercetin 3-O-glucoside (35.5 nmol in 
lOjil ethylene glycol monomethyl ether) or rutin 
(35,5 nmol in 10 (il ethylene glycol monomethyl 
ether) and 100^1 of the enzyme preparation (up to
5 mg protein/ml). The volume was adjusted to 240 (il 
by addition of buffer A.

Preliminary experiments had shown that this 
enzymatic reaction required NH + ions for full ac­
tivity. For this reason, (NH4)2S 0 4 (100 m M )  was ad­
ded to the reaction mixture when gel chro­
matographed protein was used as enzyme source. In 
this case, the pH of the mixture was corrected to 8.75 
by addition of NaOH.

d. Synthesis of UDP-[U-14C]rhamnose
For the synthesis of [14C]-UDPR-rhamnose, the 

procedure performed by [31 ] was modified. The par­
ticular technique will be described elsewhere 
(Kleinehollenhorst, Strunk und W iermann, in prep­
aration).

Identification o f reaction products

The identity of the reaction products was proved 
by paper chromatography and rechromatography 
with authentic reference substrates in five different 
solvent systems (No. VII —XIII, see below). After 
elution with appropriate solvents, the absorption 
maxima of the enzymatically formed flavonol gly­
cosides showed the characteristical shifts on UV- 
spectroscopy, when treated with sodium methoxide 
(NaOMe), A1C13/HC1, sodium acetate (NaOAc) and 
sodium acetate/boric acid [18]. After acid hydroly­
sis, the identity of the products was confirmed by co­
chromatography with authentic samples and by their 
behaviour against spray reagents.

Partial purification o f  the different 
O-glucosyltransferases

a. For the preparation of crude extracts anthers, 
buffer A, quartz sand and Polyclar AT were mixed 
in a ratio of 1:10:1:0.1 (w /v/w /w ) and homoge­
nized at 0 °C in a mortar. Insoluble residues were re­
moved by centrifugation and filtration. The crude

extract was fractionated by (NH4)2S 0 4 precipitation 
(sat. 60%), the precipitate dissolved in buffer A or B, 
respectively, and desalted on a Sephadex G-25 
column (equilibrated with the resp. buffer). The 
protein so obtained was further fractionated on a 
Sephadex G-200 column, equilibrated with buffer A 
(without DTE).

For isoelectric focusing, fractions showing enzyme 
activity were combined and passed through a 
Sephadex G-15 column, equilibrated with 1% gly­
cine. Isolectric focusing was performed using a su­
crose-stabilized LKB 110 ml column and Ampholine 
carriers in pH ranges of 3 .5 -7 .0  and of 4 .0 -6 .0 , re­
spectively.

For DEAE Sephacel fractionation, combined frac­
tions (see above) were passed trough a Sephadex 
G-25 column, equilibrated with 30 m M  Tris/HCl 
buffer (pH 8.5) and applied to the exchanger column 
which was equilibrated with the same buffer. After 
washing the column with starting buffer, a NaCl 
gradient was applied (0— 1 m ) .  The NaCl concentra­
tion was further increased stepwise to 2 m  and 
eventually 3 M.

b. Crude extracts from the contents of anthers, 
from the tapetum fraction and from the pollen frac­
tion were obtained as described (Siitfeld and W ier­
mann, 1974); buffer A containing 0.4 m  sucrose was 
used for extraction.

Chromatographic methods

Solvent systems as specified below were used for 
the separation of glyco-nucleotides (ZN), sugars (Z), 
flavonol aglycones, flavonol glycosides and other 
phenols (F) on W hatman 3 MM chromatography 
paper.

I (ZN): ammonium acetate-ethanol-acetic acid
(2:5 :3). To avoid decomposition of UDP- 
glycosides, the gas phase was saturated 
with ethanol-water (80:20) [19]. To remove 
ammonium acetate from the chro­
matograms, a second run was performed 
using ethanol-water (80:20);

II (Z): 1 -butanol-acetic acid-water (6 :2 :2);
III (Z): ethyl acetate-pyridine-water (12:5:4);
IV (Z): pyridine-ethyl acetate-acetic acid-water

(36:36:7:21);
V (Z): isobutyric acid (water-saturated);
VI (Z): methyl ethyl ketone-acetic acid-water

(8 : 1: 1);
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VII (F): 1-butanol-acetic acid-water
(4:1:5; upper phase);

VIII (F): isopropanol-water (22:78);
IX (F): chloroform-isobutanol-water (2 :4 :4 );
X (F): ethyl acetate (water-satured);
XI (F): acetic acid-water (15:85)
XII (F): acetic acid-water (3:97);
XIII (F): acetic acid-water-HCl (25%) (30:10:3).

Usually, solvent systems XI or XII were applied 
for the separation of enzymatically formed flavonol 
glycosides.

Molecular weight estimation

The molecular weight of proteins was estimated 
on calibrated Sephadex columns. Ferritin, aldolase, 
bovine serum albumin, hen egg albumin, chymo- 
trypsinogen A and cytochrom c served as standard.

Protein estimation

The protein content of crude enzyme preparations 
was measured by the biuret method. Protein from 
higher purified extracts was estimated by the Lowry 
method, modified by [20]. Bovine serum album in 
was used as standard.

Results

a. Evidence for the existence o f  three different o-gly- 
cosyltransferases in anthers ofTulipa cv. Apeldoorn

When crude enzyme extracts were employed in 
preliminary experiments, reaction courses as listened

R = H: koem pfero l 
R = 0 H : qu erc e tin  

RsOCt-U: isorhom netin

q u e rc e tin  3 -0 -g lu c o s id e

OH 0 glucose

rhom nose

q u erce lin  3 -0 -rh o m n o s y l-  
glucos ide  1 = ru t in ]

Fig. 1. Some of the flavonols and flavonol glycosides used 
as substrates for the different O-glycosyltransferase re­
actions (compare Table IV).

below could be observed using distinct flavonoid ac­
ceptors and nucleotid donors (compare Fig. 1):

(I) UDP-glucose + quercetin ->• quercetin 3-O- 
glucoside + UDP;

(II) UDP-rhamnose + quercetin 3-O-glucoside -+ 
quercetin 3-O-rhamnosylglucoside + UDP;

(III) UDP-xylose +  quercetin 3-O-glucoside -* quer­
cetin 3-O-xylosylglucoside + UDP;
UDP-xylose -I- quercetin 3-O-rhamnosylgluco- 
side-> quercetin 3-O-xylosylrhamnosylgluco- 
side -I- UDP.

The products formed could be identified 
unequivocally by paper chromatography and UV 
spectroscopy as described under “Methods”. It was 
obvious to attempt the separation of the enzyme ac­
tivities involved in the synthesis of these glycosides. 
The evidence for the existence of three specific 
transferases (GT-I, GT-II and GT-III, according to 
the reaction scheme above) was obtained from ex­
periments in which gel chromatography, ion 
exchange chromatography and isoelectric focusing 
were employed.

On a Sephadex G-200 column, GT-III was sepa­
rated distinctively from GT-I and GT-II which elut­
ed simultaneously (Fig. 2). All glycosyltransferase 
activities were bound to DEAE Sephacel Cellulose; 
elution using a linear NaCl gradient resulted in a 
separation of GT-II from GT-I and GT-III (Fig. 3). 
Complete separation of the three enzymes could be 
successfully performed using isoelectric focusing 
(Fig. 4).

b. Properties o f  the glycosyltransferases

The occurrence of three different glycosyl­
transferases was also established during investi­
gations of their biochemical properties:

b. 1. pH optimum

The three enzymes exhibit an identical pH op­
timum within the range of 8.5 -  9.0.

b.2. Effect of inorganic ions and of EDTA

The results obtained are shown in Fig. 5 a, b and 
Table I a - c .  Ca2+ and NH+, particularly, provoke 
considerable effects on the activity of GT-III 
whereas GT-I as well as GT-II were only weakly af­
fected. Addition of Ca2+ together with NH+ does not 
enhance enzyme activity to a higher extent. GT-III 
activity is influenced by addition of N H 4C1 as well as
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Fig. 2. Elution of the three glycosyltransferases from a Sephadex G-200 column.
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Chromatography of the three glycosyltransferases on a DEAE-cellulose column.
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Fig. 5. a) The effect of Ca2+ ions on the activities of the three glycosyltransferases (A: GT-III activity with quercetin 3-O- 
glycoside as substrate; B: GT-III activity with rutin as substrate), b) The effect of NH+ ions on the activities of the three 
glycosyltransferases (A, B: see 4a). Regarding GT-I and GT-II the effect is shown in percent of control without addition 
of ions; GT-III: no activity without addition of the ions.

of (NH4)2S 0 4 employed in the same range. Addition 
of MgCl2 does not cause any effect. These ob­
servations show clearly that anions like C l- and SO2- 
do not affect glycosyltransferase activity at all (Ta­
ble Ic). Furthermore, the data obtained show that 
bivalent heavy metal ions like Cu2+, Mn2+ and Zn2+ 
did affect the reaction strongly when applied in 
higher concentrations.

b.3. Influence of SH reagents and of PCMB

The influence of SH reagents and of PCMB on the 
activity of the glycosyltransferases is shown in Ta­
ble II. SH reagents, particularly DTE, enhance the 
activity of the enzymes slightly. SH reagents and 
PCMB hardly affect GT-II activity as opposed to 
GT-I and GT-III activities.
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Table la. The influence of inorganic ions and EDTA on 
GT-I activity (effect in percent of control without addition 
of ions).

Reagents Concentration [m]

5 x l0 -2 5x 10~3 5 x 1 0 - 5x 10~5

MgS04 18 80 92 97
ZnS04 0 8 68 90
CuS04 0 13 78 86
MgCl2 29 90 94 95
MnCl2 0 0 11 39
EDTA 31 87 94 111

Table I b. The influence of inorganic ions and EDTA on
GT-II activity (effect in percent of control without addition 
of ions).

Reagents Concentration [m]

5 x l0 -2 5x 10~3 5 x 1 0 - 5 x l0 -5

MgS04 174 136 116 108
ZnS04 2 18 91 94
CuS04 0 48 83 90
MgCl2 127 137 116 97
MnCl2 100 106 111 104
EDTA 70 97 100 102

Table Ic. The influence of inorganic ions and EDTA on 
GT-III activity (effect in percent of control without addi­
tion of ions).

Reagents Concentration [m]

5xl0"2 5x 10~3 5 x 1 0 - 5 x l0 -5

MgS04 95 98 100 100
ZnS04 32 40 74 88
CuS04 56 85 95 100
MgCl2 93 97 100 100
MnCl2 36 49 80 92
NH4C1 774 320 219 121
NH4C1 + CaCL798 345 249 134
EDTA 91 98 100 100

b.4. Influence of sucrose and of BSA

Because of the presence of sucrose in the ex­
traction medium using the contents of anthers as en­
zyme source, a possible effect o f sucrose on the ac­
tivity of glycosyltransferases was investigated. As 
shown in Table III, sucrose enhances GT-III acitivity 
but only slightly GT-I activity. The GT-II activity is 
not influenced. Addition of BSA causes no effect on 
glycosyltransferase activity.

b.5. Substrate specificity

b.5.1. Acceptor specificity 
Various aglycones, mono- and diglycosides were 

employed for the evaluation of the substrate speci­
ficity of the three glycosyltransferases. As shown in 
Table IV (compare Fig. 1), GT-1 exhibits a major 
affinity towards flavonol aglycones; the best ac­
ceptors were isorhamnetin and quercetin. GT-II does

Table II. The effects of SH-reagents and /j-chloro- 
mercuribenzoate (PCMB) on the activities of the different 
glycosyltransferases (control: without addition o f a rea­
gent = 100%). Maximum values are labelled.

Reagents [m] GT-I GT-II GT-III

control 100 100 100
DTE
1 0 - 109 110 109
io -2 115 110 134
io -3 124 101 135
1 0 - 109 97 106
io -5 103 97 102

glulathion
1 0 - 91 103 94
io -2 112 107 112
io -3 118 104 103
1 0 - 112 106 101
io -5 106 106 100

mercantoethanol
1 0 - 89 111 90
io -2 105 110 110
10~3 120 103 122
1 0 - 110 100 108
io -5 102 100 101

PCMB
1 0 - 28 81 24
10-5 30 88 37
10-6 97 99 92

Table III. The effect of sucrose and bovine serum albumin
on the different glycosyltransferase activities.

Reagents Activity, in percent o f control
without addition of a reagent

GT-I GT-II GT-III

sucrose 5% 123 98 109
25% 107 101 121
50% 108 96 149

BSA 10 ng 104 106 100
50 ng 109 106 100

100 ng 106 112 98
500 jig 107 114 95
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Substrate Relative

GT-Ib

activity [%]a 

GT-IIc GT-IIId

Quercetin 93 — —

Kaempferol 45 - -
Isorhamnetin 100 — —
Kaempferid 13 n.d. n.d.
Luteolin — n.d. —
Dihydroquercetin - - n.d.
Naringenin - - —
2',4,4',6'-tetrahydroxychalcone — n.d. -
Cyanidin - - —
Catechin — n.d. n.d.
Coniferyl alcohol - - -
/j-Coumaric acid — — —
Ferulic acid — - —
Quercetin 3-O-glucoside - 100 65
Kaempferol 3-O-glucoside n.d. 96 100
Isorhamnetin 3-O-glucoside n.d. 93 42
Quercetin 3-O-galactoside n.d. 32 111
Quercetin 3-O-rhamnoside — 23 11
Kaempferol 3-O-rhamnoside n.d. 21 13
Myricetin 3-O-rhamnoside
2',4,4',6'-tetrahydroxychalcone
4'-0-glucoside

n.d. 9 6
— — —

Apigenin 7-O-glucoside n.d. - —
Eriodictyol 7-O-glucoside n.d. - —
Rutin 4 45 13
Isorhamnetin 3.7-O-glucoside n.d. - 9
Quercetin 3-O-arabinoglucoside n.d. — 8

a Activities were compared to the reaction rate determined with isorhamnetin = 100% 
(GT-I), quercetin 3-O-glucoside = 100% (GT-II), kaempferol 3-O-glucoside = 100% 
(GT-III). Enzyme source: anthers at the staye o f middle postmeiotic pollen ripening. 
b Donor. UDP-glucose. 
c Donor UDP-rhamnose. 
d UDP-xylose.

not react with aglycones. For this enzyme, flavonol due to contamination by GT-III protein because for
3-O-glucosides were most attractive substrates this assays, only partially purified enzyme prep-
whereas flavonol 3-O-diglycosides were glycosylated arations were used. The value measured for UDP-
to a minor extent. In a similar way, GT-III also did glucuronic acid with rutin as substrate seems to be
not have any affinity towards aglycones; this enzyme surprisingly high in so far as, in tulip anthers, the
exhibits a high specificity for flavonol 3-O-glu- existence of glucuronic acid derivatives could not be
cosides as well as flavonol 3-O-galactosides. Both en- demonstrated as yet. 
zymes, the GT-II and GT-III were able to glycosilate
a flavonol 3-O-diglycoside forming triglycosides. b.5.3. K m values

b.5.2. Donor specificity In this investigation, only a GT-I preparation was 
For GT-I, UDP-glucose was demonstrated to be a used for K m determination. For this enzyme, UDP- 

better donor than UDP-galactose whereas UDP- glucose as a donor exhibited a K m of 1.0x10 4 m 
rhamnose, UDP-glucuronic acid, UDP-xylose and with quercetin (K m = 0.9 x 10 6 m) as an acceptor. 
ADP-glucose were not effective (Table V). By con­
trast, UDP-rhamnose turned out to be a very attrac- b.6. Molecular weight
tive donor for GT-II as did UDP-xylose for GT-III. Chromatography on Sephadex G-200 showed a
With GT-II, a distinct activity was observed also MW of 40 000 for each GT-I and GT-II and 30 000
when UDP-xylose was used as a donor. This may be for GT-III
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Table V. Donor specifity of the three glycosyltransferases.

Substrate Relative activity [%]a

GT-Ib GT-IIc GT-IIId GT-III6

UDP-glucose 100 18 38 10
UDP-galactose 45 20 48 9
UDP-rhamnose — 100 29 50
UDP-glucuronic acid - - 55 11
UDP-xylose — 50 100 100
ADP-glucose — — —

a Activities were compared to the reaction rate determined with UDP-glucose = 100% 
(GT-I). UDP-rhamnose =  100% (GT-II), UDP-xylose = 100% (GT-III). 
b Acceptor Isorhamnetin. 
c Acceptor quercetin 3-O-glucoside. 
d Acceptor rutin.
e Acceptor Quercetin 3-O-glucoside.

c. Free reversibility o f  the UDP-glucose flavonol
3-O-glucosyItransjerase reaction

Using a partially purified enzyme preparation and 
quercetin 3-0-[U-14C]glucoside and UDP as sub­
strates, the glucose moiety was transfered to UDP, 
forming UDP-glucose. Control experiments without 
UDP showed that deglycosylation of the quercetin 
glucoside took place only in the presence of UDP in 
the reaction mixture.

d. Development o f the three glycosyltransferases 
during microsporogenesis

During the microsporogenesis, the development of 
glycosyltransferase activities was pursued on enzyme 
extracts from anthers (GT-I, II and III), and from the 
contents of anthers as well as from the tapetum and 
pollen fraction (GT-I and II; Fig. 6a, b). In whole 
anthers, highest specific activities of GT-I and GT-II 
were found during late stages of the postmeiotic 
microsporogenesis which are characterized by an in­
tensive accumulation of flavonol glycosides [3]. 
Similar results were obtained using the contents of 
anthers or the tapetum fraction, respectively, as en­
zyme source: Also in this case, glycosyltransferase 
activity develops during pollen ripening. It reaches a 
maximum during the time of the beginning accumu­
lation of flavonol glycosides. In contrast, high GT-
III activity can be detected already in younger stages. 
Moreover, its activity varies during the development 
of anthers; a correlation between GT-III activity and 
flavonol glycoside accumulation cannot be given 
(Fig. 6 c)

e. Localization o f the glycosyltransferases

The data obtained after fractionation of the con­
tents of anthers suggest that highest activity of the 
three glycosyltransferases is localized in the tapetum 
fraction (Fig. 7). A part o f GT-III activity seems to 
be associated with the pollen fraction when com­
pared to GT-I and GT-II activity.

Discussion

The results presented here show for the first time 
the enzymatic formation of flavonol 3-O-mono, di- 
and triglycosides performed by three different 
O-glycosyltransferases in anthers of Tulipa cv. Apel­
doorn (see footnote on page 587). According to their 
substrate specificity, GT-I catalyzes the glucosyla- 
tion of flavonol aglycones at the 3-hydroxy-position; 
the second (GT-II) catalyses the transfer o f rhamno- 
se to the glucose bound in 3 position to form a ruti- 
noside; the third (GT-III) specifically adds xylose to 
flavonol 3-O-glucosides or to the flavonol 3-O-ruti- 
noside yielding the corresponding di- or triglycoside. 
The results obtained show that the formation of fla­
vonol 3-O-xylosyl rhamnosylglucosides proceeds in 
a sequential manner.

The investigations reported here are closely relat­
ed to others performed on different systems such as 
intact plants and cell cultures [1 0 -1 3 , 17]. The enzy­
matic formation of quercetin 3-O-rhamnosylgluco- 
side was already demonstrated by [10], using enzyme 
preparations from seedlings of Phaseolus aureus. 
However, no efforts were made to detect different
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GT-I GT-II GT - III

topelum fraction 
d l  pollen fraction 
E 3 complete conlenls of the anthers

Fig. 7. Distribution o f  the glycosyltransferase activities in 
the separated tapetum and pollen fraction and in the con­
tents o f  tulip anthers (values in % o f highest specific activi­
ties).

glycosyltransferases, and only a few quantita tive 
data were available from  this work. Sim ilarly, Shute 
et al. [17] described the form ation o f  quercetin  3 -0 - 
triglucoside in an enzym e p repara tion  from  Pisum  
sativum  seedlings. These authors, how ever, d id  not 
report on the separation and biochem ical characteri­
zation o f the enzymes involved.

Most properties o f the glycosyltransferases from 
tulip anthers are in accordance to those reported 
from the literature: pH  optim a are w ith in  a range of
7.5 to 8.5 [13, 16, 21]. T he tu lip  enzym es are ranging 
slightly higher (pH  8.7 to 9.0). These results agree 
with data published by [15]. C ations like M g2+, N H J 
and Ca2+ as well as ED TA  did  not o r only poorly af­
fect GT-I and G T-II activity which corresponds with 
results reported by [11, 22, 23], on the contrary, G T-
III activity is enhanced by C a2+ and NH+ ions in an 
extraordinary m anner. This result agrees w ith data 
reported by [24]. The activity o f  the isovitexin 6-C- 
glucosylglucosyltransferase from  petals o f Melandri- 
um album is also clearly stim ulated  by the add ition  
of Ca2+ ions [21]. In accordance w ith o ther studies
[11], bovine serum  album in  slightly enhances G T-I 
and G T-II activity, w hereas no effect o f BSA could 
be observed on GT-III. SH-reagents, particularly  
DTE, show a stim ulating effect on the glycosyltrans­
ferase activities. This effect corresponds well w ith 
previous observations [22 — 24]. The M W  of 
30 000 -  40 000 is in the range o f values reported  for 
various glycosyltransferases from  o ther p lan t systems
[16].

W ith regard to the ir substrate specificity, G T-I 
predom inantly glycosylates flavonols particularly

flavonol aglycones like quercetin , kaem pferol and 
isorhamnetin whose derivates occur in the natural 
system [1—3]. N o activity could be detected w ith 
tetrahydroxychalcone, naringenin, d ihydroquercetin , 
luteolin, cyanidin or with flavonol 3-O-glycosides as 
substrates. The enzyme acts specifically in the 3-po­
sition; no 7-O-glucosyltransferase activity as d e ­
scribed for enzyme preparations from  parsley cell 
suspension cultures could be detected [11, 12, 15]. 
UDP- glucose was the m ost effective donor (com ­
pare Sutter et al., 1972). The apparen t K m value for 
UDP- glucose is 1 .0x10-4 m and for quercetin  is 
0.9x10~6 m, respectively. These data are w ith in  the 
range reported previously [11, 13, 16, 24],

The glycosyl transfer catalyzed by the U D P-glu- 
cose: flavonol 3-O-glucosyltransferase tu rned  ou t to 
be a freely reversible reaction. A free reversibility  
was also described for a sim ilar transferase from  
parsley cell cultures [25].

As described for G T-I, G T-II also exhibits a strict 
position specificity. F or G T-II flavonol 3-O-glu- 
cosides are the effective substrates. Lower activity 
was observed with rutin, quercetin  3-O -galactoside 
or flavonol 3-O-rham nosides as acceptors. T he in­
troduction of a second glycoside m oiety takes place 
in subsequent steps [com pare 26 — 29]. W ith respect 
to the donor specificity, U D P-rham nose tu rned  out 
to be the most effective substrate. F o r G T -III, a 
flavonol 3-O-glucoside or flavonol 3-O -galactoside 
acts as main acceptor, and ru tin  to a m inor extent 
only (due to a lack o f su itable com pounds o ther 
flavonol 3-O-rutinosides could not be tested as sub ­
strates). In the course o f the present investigations it 
could not be clarified w ether xylosylation o f ru tin  in ­
volves a transfer o f xylose to the glucose o r to the 
rhamnose moiety. It can be assum ed, how ever, tha t 
the transfer takes place to the glucose m oiety be­
cause the flavonol 3-O-glucoside was shown to be a 
very attractive substrate.

Most effective donors were U D P-glucose for G T-I 
U DP-rham nose for G T-II and U D P-xylose for G T-
III. This donor specificity corresponds well to the 
glycosyl moieties which participate in the synthesis 
o f the different flavonol glycosides as found in the 
ripe pollen [1],

For the system of tu lip  anthers, the results rep o rt­
ed here clearly establish the existence o f th ree d is­
tinct glycosyltransferases which are involved in 
flavonoid biosynthesis. W ith regard to the acceptors 
in question, GT-I and G T-II show a rem arkably
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small substrate specificity w hereas G T-III obviously 
exhibits a b roader one. O n the basis o f the different 
data described we therefore propose the following 
designations for the enzymes.

GT-I: UDP-glucose: flavonol 3-O-glucosyltrans- 
ferase;

GT-II: U D P-rham nose: flavonol 3-O-glucoside 
rham nosyltransferase and 

GT-III: UDP-xylose: flavonol 3-O-glycoside xy- 
losyltransferase.

In the course o f m icrosporogenesis, the devel­
opm ent of glycosyltransferase I and II activity cor­
relates well w ith the kinetics o f the accum ulation of 
flavonols when the whole anthers are used as en­
zyme source. The presence o f high enzym e activity 
during stages with high flavonol accum ulation  is 
plausible. On the o ther hand, no good explanation 
can be given for the developm ent o f G T-III. R egard­
ing the localization o f the glycosyltransferases, 
highest activities could be detected in the tapetum  
fraction; in the pollen fraction, only low enzyme 
activity was present. These results correspond well 
to those dem onstrated recently [7]. Once more, 
they prove the im portant role o f the an ther tapetum  
in the regulation o f phenylpropanoid  m etabolism  
within the loculus o f anthers [30].

The course o f G T-I and G T-II developm ent d u r­
ing the m icrosporogenesis was investigated using 
both the contents o f anthers as well as the tapetum  
fraction as enzyme source. In bo th  cases m axim um  
activity was found during late stages o f pollen devel­
opment. These stages are characterized by ju s t a be­
ginning accum ulation o f flavonol glycosides. At 
present there is no obvious explanation  for the  con- 
com m itant accum ulation o f flavonol glycosides and 
a drastic decrease o f transferase activities. T he d e­
generation of the tapetum , starting in this stages (as 
indicated by an arrow, Fig. 6 a, b), m ay be connected 
to this phenom enon.

The results presented here prove for the first tim e 
that a major part o f the activity o f these gly­
cosyltransferases is localized in the tapetum  fraction 
during the whole period  o f tapetum  developm ent 
until its degeneration.
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