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ABSTRACT 

Suspension cultures from several cell lines 
of Digitalis lanata, as well as cultures from 6 
other plant species were checked for their 
ability to form purpurea-glycoside A from digi- 
toxin. An in-vitro assay for the UDP-glucose: 
digitoxin q-~---O-~lucosyltransferase (DGT, EC 
2.4.1.-) has been established based on an HPLC 
method. The enzyme is located in the soluble 
fraction. Its pH optimum is at 7.4. No enzyme 
activity was found in either purified vacuole 
preparations or lysed vacuoles. Ascorbate (I0 
mM) increased the transferase activity about 4- 
fold. Of the sugar nucleotides tested, only 
UDP-glucose served as a glucosyl donor. Digi- 
toxin, digoxin, ~ -acetyldigitoxin, and ~- 
acetyldigoxin are substrates for the glucosyl- 
transferase. The role of the DGT during the 
biotransformation of cardenolides in Digitalis 
lanata cell suspension cultures is discussed. 

INTRODUCTION 

Cell cultures of Digitalis lanata modify 
exogenous cardenolides [Reinhard et al. 1975, 
Heins et al. 1978, D~ller and Reinhard 1979). 
Upon the addition of various cardiac glycosides 
to the culture medium different reactions oc- 
cur, including glucosylation, acetylation, dea- 
cetylation, and 12S-hydroxylation. Among these 
reactions, the 12B-hydroxylation of A-glyco- 
sides to the corresponding C-glycosides is of 
special interest, since these 12S-hydroxylated 
cardenolides (e.g. digoxin) are of greater 
pharmaceutical relevance than the respective 
deoxy compounds. 

However, attempts to use digitoxin (pro- 
duced during the technical isolation of digoxin 
from Digitalis lanata plants) as the substrate 
for hydroxylation have failed so far. Most of 
the digitoxin administered to suspension-cult- 
ured foxglove cells is rapidly glucosylated at 
the 16"-position of the sugar chain (fig. i) 
and purpurea-glycoside A is formed. Upon pro- 
longed incubation, all of the digitoxin ad- 
ministered to the cultured cells is biotrans- 
formed to a series of primary glycosides, such 
as the lanatosides A and C, purpurea-glycoside 
A, and deacetyl-lanatoside C. Obviously, glu- 
cosylation is the most prominent biotrans- 
formation reaction and may be regarded as a 
competitive reaction to the hydroxylation. 
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As a continuation of our attempts to opti- 
mize the 12S-hydroxylation process with cul- 
tured Digitalis cells we decided to character- 
ize an~ localize the formation of purpurea- 
glycoside A from digitoxin. We here report that 
the glucosylation of secondary glycosides is 
catalysed by a UDP-glucose-requiring glucosyl- 
transferase (DGT, EC 2.4.1.-). In addition we 
present evidence that this reaction takes place 
in the cytosol, rather than in the vacuolar 
space of cultured Digitalis lanata cells. 
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F i g . 1 .  C o n v e r s i o n  o f  s e c o n d a r y  c a r d e n o l i d e s  t o  t h e i r  
c o r r e s p o n d i n g  p r i m a r y  c a r d e n o l i d e s  i n  D. l a r i a t &  c e l l  
suspension cultures. 

MATERIALS AND METHODS 

Cell suspension cultures: Suspension cult- 
ures were established from D. lanata callus 
(Heins 1978) and routinely subcultured every 
10.5 d in a modified Murashige and Skoog (1962) 
medium as described (Kreis and Reinhard 1985a). 
the cultures were grown under either dark or 
light conditions (continuous fluorescent light 
Osram L 18W/77 Fluora, approx. 2000 Ix). 
Protoplasts and vacuoles: Protoplasts were 
prepared from cultured cells by incubation for 
1.5 h in a modified Murashige and Skoog medium 
containing 0.5 M mannitol, 1% desalted Cellu- 
lase RS Onozuka (Yakult Honsha Co., Japan) and 
0.3% Rhozyme HP 150 (Rhom and Haas Co., USA). 
Vacuoles were released from the protoplasts by 
osmotic shock treatment at pH 8 in the presence 
of EDTA. The vacuoles were then purified by 
floatation through a three-step Ficoll grad- 
ient. Details of protoplast and vacuole isol- 
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ation have been described in a previous public- 
ation (Kreis and Reinhard 1985a). 
In-vivo assay for glucosyltransferase activity!. 
2 g (fresh weight) of cells in 20 ml condit- 
ioned culture medium were incubated with digi- 
toxin (i00 mg/l) under culture conditions 
(24°C, 120rpm). After 6 h the cells were separ- 
ated from the medium by filtration through 
paper. The wet cells were suctioned dry after 
which 400 mg of the dried material were mixed 
with 800 ~i of methanol, sonically lysed and 
extracted for 5 min at 40°C (Bandelin Sonorex 
RK 510). After vortexing (30 s) the cell resi- 
dues were pelleted by centrifugation (15000 x 
g, 15 min) and the supernatant analysed by HPLC 
for its cardenolide content. 
In-vitro assay for the glucosyltransferase: 
Cells were frozen with liquid nitrogen and then 
extracted with 2 volumes of 50 mM Tris-HCl 
buffer (pH 7.4) containing I0 mM ascorbate. The 
enzyme activity was assayed in a final volume 
of 500 ~i containing 18 mM UDP-glucose and 780 
~M digitoxin (stock solution i0 mg/ml in DMSO). 
After 3h of incubation at 37°C the reaction was 
stopped by adding 500 ~i of methanol. The pre- 
cipitate was spun down and the supernatant 
analysed by HPLC for the purpurea-glycoside A 
formed. 

Protein was determined according to Bradford 
(1976) with bovine serum albumin as the stand- 
ard. 
High performance liquid chromatography (HPLC): 
The cell extracts (or the cell-free incubation 
mixtures) were analysed for their cardenolide 
content with a Hewlett Packard 1084 B Liquid 
Chromatograph using a combination of a 40 x 4.6 
mm column and a 250 x 4.6 mm column, both 
filled with Nucleosil 5 C 18 (Macherey and 
Nagel, F R G) as the stationary phase. The 
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Fig.2. HPLC separation of substrates and products of 
the UDP-glucose:digitoxin 16'-O-glucosyltransferase. 
(I) deacetyl-lanatoside C, (2) lanatoside C, (3) dig- 
oxin, (4) ~-acetyldigoxin, (5) purpurea-glycoside A, 
(6) lanatoside A, (7) digitoxin, (8) ~-acetyldigitoxin. 
The dotted line indicates the percentage of aceto- 
nitrile (84%) in the liquid phase. HPLC parameters: 
flow rate 2 ml /min, oven temp. 40°C, temp. solvent A 
(water) 50°C, temp. so~ent B (acetonitrile) 30°C. 
Detection at 220 nm, injection volume 40 pl. Computing 
integrator: Hewlett Packard 79850 B LC Terminal. 

cardenolides were eluted with a three-step 
acetonitrile-water gradient (fig.2). The pro- 
ducts of the glucosyl transfer were identified 
by their retention times and quantified on the 
basis of their extinction coefficients at 220 
nm. In addition their identity was checked by 
thin layer chromatography on silica gel 
(chloroform: methanol: water = 80: 18: 2). 

Lanatoside A was purchased from Serva AG, 
FRG. S-Methyldigoxin was produced via hydroxyl- 
ation of S-methyldigitoxin in fermenter cult- 
ures of Digitalis lanata (Heins et al. 1978). 
Purpurea-glycoside A was prepared by biotrans- 
formation of digitoxin with the D. lanata cell 
line K 10HL (Details will be published else- 
where). All other cardiac glycosides were gen- 
erous gifts from Boehringer Mannheim AG, FRG. 

RESULTS 

i. Glucosylation in-vivo 
In a first set of experiments we checked 

several D. lanata cell lines for their ability 
to convert digitoxin into purpurea-glycoside A 
(tab. i). We found considerable variation among 
them, not only in terms of their glucosylation 
capacity but also with regard to their 12 B- 
hydroxylation rate. Lines with low hydroxyla- 
tion capacity showed the highest glucosylation 
rates in-vivo. 

In addition, culture strains derived from 6 
other plant species were tested for their abil- 
ity to glucosylate digitoxin to purpurea-glyc- 
oside A (tab. i). As expected, the cultured 
Berberis and Hyoscyamus cells were not able to 
perform this biotransformation step. Cell cul- 
tures of Thevetia neriifolia, which is a 
cardenolide-producing plant, also failed to 
form purpurea-glycoside A from digitoxin. The 3 

Tab .1 .  In-vivo 16'-O-glucosylation and 1 2 8 - h y d r o x y l -  
ation rates of various cell suspension cultures. 

b a 
C e l l  c u l t u r e  G l u c o s y l a t  ion  H y d r o x y l a t i o n  

D. l a n a t a  l i n e  
K 1 HD 
K 10HD 
K 1 0 H L  
K 2  HD 
K 2 0 H D  
K 2 0 H L  
K 3 HD 
K 3 0 H D  
K 3 0 H L  
K 4 H D  
K 4 0 H D  
K 4 0 H L  

D. h e y w o o d i i  
D. p u r p u r e a  
D. l u t e a  
B e r b e r i s  w i l s o n a e  
Hyoscyamus mu t i cus  
Thevetia neciifolia 

65 
63 
29 

4 
13 

3 
3 
2 
3 
4 
4 

24 

22 
16 

8 
0 
0 
0 

0 
0 
0 

16 
11 

1 
18 
11 
14 
10 

7 
6 

C 
n .d .  
n . d .  
n . d .  
n . d .  
n .d .  
n . d .  

a G l u c o s y l a t i o n  Pates a re  exp ressed  i n  te rms o f  
pmol p u r p u r e a - g l y c o s i d e  A .  kg -1 f r e s h  w e i g h t -  h -1 
formed in  the s t a n d a r d  ± n - v i v o  a s s a y ,  

b H y d r o x y l a t i o n  r a t e s  were d e t e r m i n e d  by i n c u b a t i n g  
15 g c e l l s  ( f r e s h  w e i g h t )  w i t h  8 - m e t h y l d i g i t o x i n  
(40 mg/1) f o r  48 h. The c u l t u r e  medium was e x t r a c t e d  
and a n a l y s e d  f o r  i t s  8 - m e t h y l d i g o x ± n  c o n t e n t .  The 
a c t i v i t i e s  ape c a l c u l a t e d  as pmol B - m e t h y Z d i g o x i n  
-kg  -1 f r e s h  w e i g h t ,  h - 1 .  

Cn.d.  = no t  d e t e r m i n e d .  
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Digitalis species, on the other hand, showed 
considerable glucosylation rates in the respec- 
tive in-vivo experiments. 

The changes during a cell-culture cycle of 
in-vivo glucosylation of digitoxin were ex- 
amined in 2 different cell strains, cultivated 
either under dim light or in the dark (fig. 3). 
In the case of the strain which glucosylated 
well, glucosyl transfer was optimal during the 
logarithmic growth phase (i.e. Days 4-8 of 
subculture). No such clear optimum was found 
for the cell strain with low glucosylation 
capacity. Significant differences were found 
between dark or light-grown cell lines of com- 
mon origin (i.e. derived from the same culture 
strain) in terms of their glucosyltransferase 
activity in-vivo. 
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Fig.3. Time course of in-vivo glucosyltransferase act- 
ivity. 2 different O. lanata cell strains were monit- 
ored (e-e/o-ostrain K 1, A-A/A-~ strain K 3). Light 
symbols indicate the light-grown cell lines (K I OHL, 
K 30HL), shaded symbols the dark-grown lines (K I OHD, 
K 3 0 H D ) .  

2. Glucosyltransferase activity in-vitro 
The glucosyltransferase activity could be 

recovered in 15000 x g supernatants of extracts 
from cultured D. lanata cells. As expected, the 
extractable specific enzyme activity was much 
higher in the non-hydroxylating cell lines than 
in those hydroxylating well (fig. 4). Cell line 
K 10HL (cultured under light) showed the high- 
est activity in the in-vitro assay. Therefore 
this line was used ~n further investigations 
into the properties of the glucosyltransferase. 
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Fig.4. Time course off UDP-glucose:digitoxin 16'-O- 
glucosyltransferase activity in-vitro. The cell lines 
K 10HL, K I OHD, K 30HL, and K 30HD were monitored. 
(Symbols are explained in the legend of fig.3). 

It should b4 added that, with the assay de- 
scribed, DGT activity was also detected in 
cell-free extracts of other Digitalis cell 
cultures, such as D. heywoodii, D. purpurea, 
and D. lutea (data not shown~.-- 

The glucosyltransferase described requires 
two substrates, a secondary cardiac glycoside 
and a sugar nucleotide. Of the five sugar 
nucleotides tested only UDP-glucose served as a 
glucosyl donor, whereas CDP-glucose, GDP-gluc- 
ose, ADP-glucose, and TDP-glucose, as well as 
glucose-6-phosphate failed to show any activ- 
ity. The K M value for UDP-glucose, as calcul- 
ated from a double reciprocal plot, was 5 mM. 

The glucosylation rate in-vitro was linear 
up to 3 hours (at 37°C) and then decreased 
rapidly. No loss of activity was observed when 
storing the crude extracts in the presence or 
absence of 10% glycerol for 4 weeks at -20°C. 

Optimal transferase activity occured at pH 
7.4, with half maximal activities at pH 7.1 and 
7.7, respectively. The addition of ascorbate or 
other reducing agents to the extraction buffer 
resulted in a considerable increase in the 
transferase activity. The effects, alone or in 
combination, of ascorbate, mercaptoethanol, and 
dithiothreitol are summarized in tab. 2. 

Of the cardenolides tested digitoxin was the 
best substrate for the glucosyltransferase 
(tab.3) which we therefore propose to be refer- 
red to as a UDP-glucose:digitoxin 16"-O-gluc- 
osyltransferase (EC 2.4.1.-; DGT). The relative 
activities for the respective substrates as 
well as their K M values, which were taken from 
Lineweaver-Burk plots, are summarized in tab.3. 

Tab.2. The effects of ascorbate, mercaptoethanol, and 
dithiothreitol on the glucosyltransferase activity 
in-vitro. 

Compound C o n c e n t r a t i o n  R e l a t i v e  DGT a c t i v i t y  
(mM) (%) 

C o n t r o l  - 100 
D i t h i o t h r e i t o l  1 182 

10 264 
M e r c a p t o e t h a n o l  1 209 

1Q 295 
A s c o r b a t e  2 254 

10 455 
50 659 

A s c o r b a t e  (10 mM) 
+ d i t h i o t h r e i t o l  1 623 

10 669 

T a b . 3 .  K M v a l u e s  f o p  s u b s t r a t e s  o f  U D P - g l u c o s e : d i g i -  
t o x i n  g l u c o s y l t r a n s r e r a s e .  

S u b s t r a t e  Relative activity a K M 
(%) (~M) 

D i g i t o x i n  100 110 
D i g o x i n  71 410 
~ - A c e t y l d i g i t o x i n  21 540 

I G - A c e t y l d i g o x i n  18 810 

aThe amount  ( i n  t e r m s  o f  nM) o f  p u r p u r e a - g l y c o s i d e  A 
f o rmed  i n  t he  s t a n d a r d  assay  was s e t  t o  e q u a l  1OO %. 
The r e l a t i v e  DGT a c t i v i t i e s  f o r  t he  o t h e r  s u b s t r a t e s  
were c a l c u l a t e d  on t he  b a s i s  o f  t he  amounts  (nM) o£ 
the  c o r r e s p o n d i n g  p r i m a r y  g l y c o s i d e s  f o r m e d  i n  a 
s t a n d a r d  assay  w i t h  the  a p p r o p r i a t e  s u b s t r a t e .  The K M 
v a l u e s  were t a k e n  f r o m  L i n e w e a v e r - B u r k  p l o t s .  
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3. Subcellular localization of the DGT. 
Only a little DGT activity was found in the 

15000 x g pellet. Upon centrifugating the 15000 
x g supernatant for 1 h (i00000 x g) the DGT 
activity was recovered in the supernatant and 
no enzyme activity could be detected in the 
microsomal pellet. 

Protoplasts as well as crude protoplaSt 
lysates containing intact vacuoles showed con- 
siderable DGT activity, whereas no activity was 
detected in purified vacuole preparations or 
lysed vacuoles even after prolonged incubation 
(up to i0 h) with digitoxin and UDP-glucose. 
Thus we concluded that, in suspension-cultured 
D. lanata cells, the DGT is a cytosolic enzyme. 

DISCUSSION 

The biotransformation of cardenolides by 
suspension-cultured D. lanata cells has been 
studied for many years. However, nothing was 
known about the enzymes involved in these 
reactions. Recently, Petersen and Seitz (1985) 
reported on a cytochrome P-450 dependent mono- 
oxygenase which catalyses the 12 ~-hydroxyl- 
ation of methyldigitoxin to methyldigoxin in 

found that after 2 d of incubation with digi- 
toxin the purpurea-glycoside A formed is almost 
exclusively located in the vacuoles of cultured 
Digitalis cells (Kreis and Reinhard 1985c). 
This type of spatial organisation, i.e. gluc- 
osylation of a given compound in the cytosol 
and subsequent storage of the glycoside formed 
in the vacuole, seems to be a common principle 
of natural product accumulation and/or detoxi- 
fication and has been demonstrated in many 
cases (see Matile 1984, for a review). In this 
context it has to be mentioned, however, that 
L~ffelhardt and Kopp (1981), when investigating 
the enzymatic glucosylation of convallatoxin to 
convalloside in Convallaria found the glucosyl- 
transferase activity associated with a very 
light membrane fraction which was thought to 
represent vacuolar membranes. As a consequence 
the authors proposed that the cardenolide gluc- 
osylation takes place at the tonoplast. 

In suspension-cultured Digitalis lanata 
cells the high DGT activity, together w~h the 
lack of specific glucosidase, is most likely 
responsible for the fact that the in-vivo 12 B- 
hydroxylation of digitoxin to its corresponding 
C-glycoside, namely digoxin, has not succeeded 

cell-free extracts of D. lanata cell cultures, up to now. As pointed out, the DGT plays a key 
The UDP-glucose:di~to-o-x~16"-O-glucosyl- role in the storage of cardenolides in cultured 

transferase described in our present report foxglove cell's. A knowledge of the properties 
catalyses the formation of primary cardiac and the localization of the DGT may lead to a 
glycosides from secondary ones. The properties better understanding of the cellular processes 
of the DGT found in the extracts of D. lanata involved in the biotransformation of cardenol- 
cells are at some variance with those of a UDP- ides in D. lanata cells. This in turn may 
glucose-dependent digitoxin glucosyltransferase result in the establishment of a cell culture 
in the leaf homogenates of D. purpurea (Franz 
and Meier 1969). The pH optS-mum was at pH 6.8 
and the K M for digitoxin 240 uM (as calculated 
from the data presented). This discrepancy with 
our data may be partially due to the fact that, 
in the case of D. purpurea leaf extracts, high 
levels of digipurpidase are present (Stoll et 
al. 1935). This specific glucosidase hydrolyses 
primary glycosides to their corresponding 
secondary glycosides. Although quite a bit of 
unspecific S-glucosidase is present in suspens- 
ion-cultured foxglove cells (Kreis and Reinhard 
1985b), a specific glucosidase ("digilanidase") 
was detected neither in-vivo nor in-vitro (un- 
published observations-~. 

Franz and Meier (1969) found the DGT activi- 
ty associated mainly with a particulate protein 
fraction. In the case of D. lanata suspension 
cultures the DGT was located predominantly in 
the soluble fraction. Maybe the enzyme is solu- 
bilized more easily in non-differentiated cells 
than in mature leaf cells. L~ffelhardt and Kopp 
(1981) found a similar effect for a cardenolide 
glucosyltransferase in the leaves of Convalla- 
ria majalis. Two weeks after the onset of 
flowering, the enzyme activity was located 
mainly in the soluble fraction, whereas later 
on glucosylation was performed by both a sol- 
uble and a particulate protein fraction. 

It should be noted that the sterol:UDP- 
glucose glucosyltransferase purified from D. 
purpurea leaves and callus (Yoshikawa an--d 
Furuya 1979) also glucosylates digitoxin to 
some extent. 

Since the isolated, purified vacuoles prep- 
ared via protoplasts from the cultured foxglove 
cells were not able to form purpurea-glycoside 
A from digitoxin, we inferred that the DGT is 
located in the cytosol and neither associated 
with the tonoplast nor located in the vacuolar 
sap, although the possibility of dissociation 
from the tonoplast during the vacuole isolation 
cannot be ruled out. On the other hand, we 

system with a high capacity for 12 B-hydroxyl- 
ation of digitoxin to digoxin or other 
cardenolides of the C-series. 
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