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A 3B-hydroxysteroid oxidoreductase was isolated and characterized in the microsomes of
Digitalis lanata cell cultures. The enzyme catalyzes the conversion of 5a-pregnane-3.20-dione
to Sa-pregnan-3f-0l-20-one and requires NAD(P)H,. The enzyme was found to have a pH
optimum of 8.0. The reaction had an optimum incubation temperature of 25 "C with linear
reduction for the first 4 h, reaching maximum enzyme activity after 7 h. Substrate kinetics for
Sa-pregnane-3,20-dione and NADPH, resulted in apparent K -values of 18.5-20 pm for
Sa-pregnane-3,20-dione and 50— 120 pum for the co-substrate NADPH,. In order to localize
3 B-hydroxysteroid oxidoreductase differential centrifugation as well as linear sucrose density
gradient centrifugation were performed. The results obtained lead to the conclusion that
3B-hydroxysteroid oxidoreductase is not associated with a single cell compartment, but con-
sists of @ major soluble part and a markedly smaller part of endoplasmic reticulum-associated
activity.
Introduction to convert progesterone to Sa-pregnane-3,20-
dione in the presence of NADPH, [3]. The reduc-
tion of progesterone to Sa-pregnane-3,20-dione
and small amounts of 5a-pregnan-3f-ol-20-one
by leaf homogenates of Cheiranthus cheiri, Digital-
is purpurea, Strophanthus kombé and Corchorus
olitorius was described by [4]; these species failed
to produce 5fB-derivatives. In addition, the me-
tabolism of 3 B-hydroxy-5Sa-pregnan-20-one and
3 B-hydroxy-5 B-pregnan-20-one by leaf homogen-
ates of a number of different plants was investigat-
ed [5], this time also resulting in small amounts of
SB-derivatives. Hirotani and Furuya [6] reported
on the metabolism of 5 —pregnane-3,20-dione and
3 B-hydroxy-5 B-pregnan-20-one by Digitalis sus-
pension cultures. Although numerous investiga-
tions concerning pregnane metabolism demon-
strated the production of 5a-derivatives, the sig-
nificance of Sa-pregnanes in cardenolide biosyn-
thesis is not yet known. Cardenolides isolated
from intact plants are 5fB-derivatives without ex-
ception. Digitalis tissue cultures have lost the abili-
ty to synthesize cardiac glycosides [2]. Luckner and
Diettrich [7] therefore suggested that the deficiency
in cardenolide biosynthesis could be based on a
lack of enzymes involved in the cardenolide path-
way. The feeding of precursors of cardenolides
could not stimulate cardenolide and steroid pro-

The knowledge on the enzymic background of
steroid and cardenolide biosynthesis is fairly poor.
Progesterone and pregnenolone are putative pre-
cursors for both pathways. The metabolism of
pregnanes and various pregnane derivatives in
plants and plant tissue cultures has been the sub-
ject of numerous studies in the last decades, mainly
with regard to steroids and cardenolides. Steroid
biotransformations were performed with various
pregnane derivatives, mostly resulting in the ster-
eospecific reduction of 3-keto- and 20-keto-groups
as well as the reduction of the C,-Cy double bond.
Benett and co-workers [1] reported on biotransfor-
mations with progesterone. When they applied
14C-labelled progesterone to leaves of Digitalis la-
nata, a large variety of radioactive compounds was
detected including, among others, 5a-pregnane-
3,20-dione, 5B-pregnane-3,20-dione, Sa-pregnan-
3B-0l-20-one  and  5B-pregnan-3B-ol-20-one.
Graves and Smith [2] observed that a large number
of suspension cultures, including Digitalis species,
were able to metabolize progesterone to
Sa-pregnane-3,20-dione and Sa-pregnan-33-ol-
20-one. Microsomes of Dioscorea deltoidea and
Cheiranthus cheiri suspension cultures were found
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duction as well. The main problem is that there is
little information available on the enzymes which
might be involved in cardenolide biosynthesis. A
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microsomal activity of progesterone 5 a-reductases
found in Cheiranthus cheiri and Dioscorea delto-
idea catalyzing the conversion of progesterone to
one single metabolite, 5a-pregnane-3,20-dione, in
the presence of NADPH, at a pH of 7.0 [3].

Progesterone Sa-reductase from Digitalis lanata
microsomes, which converts progesterone into
Sa-pregnane-3,20-dione and smaller amounts of
Sa-pregnan-3 3-o0l-20-one without producing de-
tectable amounts of 5B-derivatives, was recently
isolated and characterized by [8]. The conversion
of Sa-pregnane-3,20-dione was catalyzed by a
3 B-hydroxysteroid oxidoreductase. In the pres-
ent report we will describe 3B-hydroxysteroid
oxidoreductase, which was found to reduce 50-
pregnane-3,20-dione to Sa-pregnan-3(-ol-20-one
(Fig. 1).
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Fig. 1. Reaction catalyzed by 3 B-hydroxysteroid oxido-
reductase.

Materials and Methods
Cell cultures

Suspension cultures of Digitalis lanata were pro-
pagated in 1000 ml Erlenmeyer flasks containing
300 ml medium and subcultivated weekly as pre-
viously described [9].

Determination of fresh weight and packed cell
volume

For the determination of fresh weight 2 ml of
the cell suspension were filtered under suction. The
packed cell volume was taken from 1 ml of the cell
suspension using a modified hematokrit method
[10].

Preparation of microsomes

Homogenization was performed in 0.1 M
HEPES-buffer containing 0.25 M sucrose, 2 mMm
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EDTA, 1mm DTT, pH 8.0 (1 ml per g fresh
weight). Unless otherwise stated this buffer was
used throughout. All operations were carried out
at 4 "C. Cells were harvested 5—6 days after onset
of cultivation, dried under suction and homogen-
ized with an Ultra Turrax homogenizer (Janke and
Kunkel, Staufen im Breisgau, F.R.G.). After fil-
tration the crude homogenate was centrifuged at
8000 x g for 20 min and the pellet was discarded.
MgCl, was added (final concentration 0.025 m)
and the solution stirred for 20 min in order to pre-
cipitate cell membranes [11]. After centrifugation
(49,000 x g, 20 min) the microsomal pellet was
washed with 1 ml buffer and afterwards resus-
pended in buffer to a final protein concentration of
0.2-0.7mg-ml™".

Standard enzyme assay

The microsomal fraction was incubated for 2 h
with 40 uMm Sa-pregnane-3,20-dione, dissolved in
acetone, in the presence of a NADPH,-regen-
erating system (I mm NADP*, 5mm glucose-
6-phosphate and 42 nkat glucose-6-phosphate-de-
hydrogenase) in a total volume of 5 ml homogeni-
zation buffer. The reaction was initiated by the ad-
dition of Sa-pregnane-3,20-dione as the substrate.
Incubations were performed at 25 °C on a gyrato-
ry shaker and the reaction terminated by adding
10 ml methylene dichloride. The assays were either
frozen at —18 "C or used immediately for preg-
nane extraction.

For the determination of the pH-optimum the
microsomal pellet was resuspended in 0.1 M
HEPES or 0.1 M TRIS-HCIl (both containing
0.25 M sucrose, | mm DTT, 2 mm EDTA) and ad-
justed to pH-values ranging from 6.0 up to 9.0.

Extraction of pregnanes

Each assay contained 40 uM 5a-androstane-
17 B-o0l-3-one as an internal standard. Enzyme as-
says were mixed for 30 s. Phase separation was fa-
cilitated by centrifugation (5 min, 7000 rpm). The
organic phase was removed and collected and the
water phase was re-extracted using 10 ml CH,ClI,.
The combined organic phases were evaporated un-
der reduced pressure. The residue was dissolved in
1.2ml CH,Cl,, which was then removed in a
stream of filtered air. Lipids and other membrane
components were removed by additional washing
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steps, which involved the addition of 0.5 ml 80%
acetone and 0.1 ml petroleum benzine (b.p. 100—
140 “C) to the residue. The samples were mixed for
30s and centrifuged at 16,000 x g. The acetone
phase was transferred to a new vial and the petro-
leum benzine phase washed once again with 0.5 ml
80% acetone. The combined acetone phases were
evaporated in a stream of filtered air and the resi-
due redissolved in 20 pl methylene dichloride.
Samples were analyzed by gas liquid chromato-
graphy. The absolute amounts were calculated by
the use of relative response factors obtained by
standard mixtures of known concentrations.

Localization

Differential centrifugation. Cell homogenates
were prepared as described above. The subcellu-
lar fractions were separated by centrifugation
into 8000 x g-soluble, 20,000 x g-soluble and
100,000 x g-soluble portions and their respective
insoluble parts. Fractions were diluted to a final
protein content of 0.2—0.7 mg-ml ™! for the stand-
ard enzyme assays. Each fraction was assayed in-
dividually for enzyme activity.

Linear sucrose density gradient. Five ml of the
supernatant from a 8000 x g centrifugation were
layered on a 33.5 ml linear sucrose density gra-
dient ranging from 15 to 45% (w/w) or 20 to 40%
(w/w) sucrose in 0.1 mm HEPES, 1 mm DTT and
2mm EDTA, pH 8.0. The gradients were centri-
fuged for 3 h at 27,000 rpm in a LK B ultracentri-
fuge (Ultrospin 70, rotor SRP 28 SA) and the frac-
tions (2.2 ml) assayed for 5a-pregnane-3,20-dione
reductase activity and marker enzymes.

Due to the small sample volumes the standard
enzyme assay for Sa-pregnane-3,20-dione was
modified. The total volume of the assay was 1 ml
instead of Sml. The concentration of the
NADPH,-regenerating system and the substrate
concentration were the same as in the standard as-
say (s.a.), as were incubation time and tempera-
ture. The reaction was terminated with 2 ml meth-
ylene dichloride and pregnanes were extracted as
described above.

Identification of pregnanes

All pregnanes were identified and quantified by
gas liquid chromatography. The separations were
carried out on a Packard GC 427 gas chromato-

graph equipped with a hydrogen/synthetic air
flame ionization detector. One microliter extract in
methylene dichloride was injected and analyzed on
a column (180 cm-0.2 cm i.d.) packed with 3%
silicone OV-17 (Serva, Heidelberg) on gas-chrome
Q (0.125-0.15). The column temperature was
230 "C. Helium was used as the carrier gas.
Sa-Pregnan-3B-0l-20-one was identified as the
sole reaction product by co-chromatography with
commercially available pregnanes, comparing re-
lative retention times.

The product Sa-pregnan-3 3-o0l-20-one was ad-
ditionally identified by GC-MS.

Determination of marker enzymes

NADH-dependent cytochrome ¢ oxidase (mito-
chondria) was assayed according to [12].

The assays for the antimycin-insensitive
NAD(P)H cytochrome ¢ reductase activity (endo-
plasmic reticulum) were performed according to
[13].

UDPG-steroyl-glucosyltransferase activity
(plasma membrane) was assayed according to [14].

Enzyme assays for glucansynthetase I activity
with GDP-glucose as the substrate (GS I-G; Gol-
gi apparatus) were performed according to [15].

Analytical techniques

The protein concentration was determined using
the method of Bradford [16] with bovine serum al-
bumin as the standard. The sucrose concentration
of the gradient fractions was determined with an
Abbé refractometer.

Results

The activity of a 3 B-hydroxysteroid oxidoreduc-
tase was detected in the supernatant of a 8000 x g
centrifugation as well as in the microsomal frac-
tion of Digitalis lanata cell cultures. Pregnanes
were extracted from the enzyme assay by several
washing steps and afterwards separated and iden-
tified by gas liquid chromatography. The metabol-
ite obtained in the enzyme assay was identified by
comparing its retention time with those of authen-
tic pregnanes (5a/B-pregnan-3a-ol-20-one, Sa/B-
pregnan-3 -ol-20-one). It was found to be
Sa-pregnan-3 B-ol-20-one. No 5B-pregnan-3 p-ol-
20-one was formed in vitro. These results were con-
firmed by GC-MS analysis.
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In order to determine the optimum physiologi-
cal conditions for the enzyme activity a cell culture
characterization was carried out. Different growth
parameters as well as enzyme activity were ex-
amined in their dependence on the time of cul-
ture (Fig.2). 3B-Hydroxysteroid oxidoreductase
showed maximum activity between the 5th and 6th
day after inoculation. This coincides with the max-
imum of growth of the cell culture. Additionally,
the protein content of the 8000 x g supernatant
during cell cultivation was measured. The resulting
data revealed a linear increase in the protein con-
centration up to day four with a continuous
decline in the subsequent period of cultivation.

Characterization of 3 f-hydroxysteroid
oxidoreductase
Time course of the reaction. 3 B-Hydroxysteroid

oxidoreductase exhibited a linear reduction rate
for the first 4 h of the incubation period. Beyond 4
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Fig. 3. Time course of reaction. The protein concentra-
tion was in the range of 0.25t0 0.5 mg-ml ™.

to 5 h, product formation slowed down, stopping
completely after 7 h (Fig. 3).

Effect of pH. The effect of the pH on the reduc-
tion of 5a-pregnane-3,20-dione was tested with
HEPES/KOH buffer and TRIS/HCI buffer in the
range of pH 6.0—9.0. 3B-Hydroxysteroid oxido-
reductase showed a pH-optimum at 8.0 (data not
shown).

Effect of temperature. Enzyme assays were incu-
bated at different temperatures ranging from 0 °C
to 60 °C. The temperature optimum obtained was
25 °C. An increase in the temperature to 27 °C re-
sulted in a distinct reduction of 3 B-hydroxysteroid
oxidoreductase activity. At higher temperatures
enzyme activity was reduced further, resulting in
10-20% of maximum activity at temperatures
above 40 °C (Fig. 4).

T T T T T T
4o -
o
= | b .
o 0 -
L A
= ° S\
< 20— o % _
.‘§
€ o_e \o
o
o 10— B \\ \o _
g o >~O
o _
| | I | | | |
0 10 20 30 40 50 60

temperature [°C]

Fig. 4. Effect of temperature on the activity of
3B-hydroxysteroid oxidoreductase. The results of two
independent experiments (A and B) are shown.
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Fig. 5. Effect of protein concentration on the reduction
of Sa-pregnane-3,20-dione.

Effect of protein concentration in the assay.
Fig. 5 shows the dependence of 3 B-hydroxysteroid
oxidoreductase activity on the protein concentra-
tion. Reduction appeared to be linear up to
0.75 mg protein content per ml final volume. From
0.75 to 2 mg- ml~! no constant values could be ob-
tained. For this reason standard assays contained
0.2-0.5 mg-ml ! of protein.

Effect of bivalent cations. The effect of bivalent
cations on 3 B-hydroxysteroid oxidoreductase ac-
tivity was investigated by adding Ca’*, Co’*,
Mn?*, Mg>* or Zn?* as chlorides (data not shown).
In this case NADPH, at a concentration of 1 mm
was used in place of the NADPH,-regenerating
system, since glucose-6-phosphate dehydrogenase
is said to be inhibited by some bivalent cations.
Enzyme activity could not be stimulated by any of
the cations added. On the contrary, all of the ca-
tions tested inhibited oxidoreductase activity to a
greater or lesser degree, without exception. The
loss of activity amounted to 14 to 39% of the ac-
tivity found in the control. The inhibitory effect of
MgCl, on enzyme activity was quite important
with regard to MgCl, precipitation during micro-
somal preparation. The microsomal pellet there-
fore had to be washed carefully with buffer before
being resuspended for the enzyme assays.

Effect of sulfhydryl reducing agents. The influ-
ence of varying concentrations of dithiothreitol
(DTT), mercaptoethanol, mercaptoethanol/cy-
stein and Na-ascorbate on oxidoreductase activity
was investigated and compared to a control with
no sulfhydryl reducing agents added. DTT (1 mm,
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10 mM) and mercaptoethanol (1 mm) were found
to increase enzyme activity, whereas higher con-
centrations of mercaptoethanol (10 mm) as well as
mercaptoethanol/cystein and Na-ascorbate (1 mm,
10 mm) resulted in a loss of enzyme activity of up
to 50%. 1 mm DTT caused the largest increase in
activity, namely 175% of the activity of the con-
trol, whereas with 10 mm DTT only 135% of the
activity of the control was reached. Standard en-
zyme assays were performed adding | mm DTT to
the buffer.

Substrate dependence. Substrate affinity and K-
values of 3B-hydroxysteroid oxidoreductase for
the substrate Sa-pregnane-3,20-dione and for
NADPH, were determined. 5a-Pregnane-3,20-
dione was added to the enzyme assays in concen-
trations of 0—120 uM without causing enzyme in-
hibition (Fig. 6). The data were evaluated in a
Hanes-plot, and the apparent K, -value was calcu-
lated to be 18.5 pm—20 pm.

3 B-Hydroxysteroid oxidoreductase was found
to be NAD(P)H,-dependent with both NADPH,
and NADH, being able to provide the necessary
reduction equivalents. Standard enzyme assays
were performed with a NADPH,-regenerating sys-
tem containing glucose-6-phosphate, NADP* and
glucose-6-phosphate dehydrogenase in order to
maintain a constant NADPH, concentration dur-
ing incubation. To determine the incubation time
at which NADPH, was totally oxidized, a short
time course of enzyme activity with concentrations
of 1 mm NADPH, per assay was established. If re-
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Fig. 6. Effect of 5Sa-pregnane-3,20-dione concentrations
on 3 B-hydroxysteroid oxidoreductase. The inset shows
the Hanes-plot which was used to calculate the apparent
K,,-value for the substrate 5a-pregnane-3,20-dione.
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duced NADPH, was applied an optimum incuba-
tion time of 1 h was observed. Fig. 7 shows the ef-
fect of increasing NADPH, concentrations on the
enzyme activity. Concentrations above 1 mm lead
to distinct enzyme inhibition. The K, -value for
NADPH, in the range between 57 pM and 120 pm
was determined by a Hanes-plot from Fig. 7.

Localization of 3 f—hydroxysteroid oxidoreductase

In a previous paper we described an exclusive
association of a Sa-progesterone reductase with
microsomes [8]. The enzyme reduces progesterone
to Sa-pregnane-3,20-dione which is further con-
verted to Sa-pregnan-3f-ol-20-one by the micro-
somal fraction. For this reason 3 B-hydroxysteroid
oxidoreductase was prevailingly characterized in
the microsomal fraction.

Differential  centrifugation at 8000 x g,
20,000 x g and 100,000 x g, resulting in six differ-
ent fractions, revealed that the 3 3-hydroxysteroid
oxidoreductase showed high activity in soluble
fractions (supernatant) as well as in membrane
fractions (pellet). According to Fig. 8 (upper part),
which gives information on the total enzyme activ-
ity in the different fractions, the major part of the
oxidoreductase seemed to be soluble. When spe-
cific enzyme activity was analyzed (Fig. 8, lower

part), 3pB-hydroxysteroid oxidoreductase was
found to be accumulated in the microsomal pellet.

More detailed information concerning the local-
ization of the 3B-hydroxysteroid oxidoreductase
was obtained by means of linear sucrose density
gradients. Marker enzymes for the membrane sys-
tems, plasma membrane (sterosyl-glucosyl-trans-
ferase), endoplasmic reticulum (cytochrome c re-
ductase), Golgi apparatus (glucansynthetase I)
and mitochondria (cytochrome ¢ oxidase) were
examined in the different gradient fractions
and compared to the distribution pattern of
3B-hydroxysteroid oxidoreductase. The results
are presented in Fig. 9. The greatest part of the
3 B-hydroxysteroid oxidoreductase does not enter
the gradient, but is found in the overlay. It can
therefore be characterized as soluble. A distinctly
smaller part of the enzyme activity seems to be as-
sociated with the endoplasmic reticulum, accord-
ing to the distribution patterns of cytochrome c
reductase and the oxidoreductase.

300

enzyme activity per fraction Cpkat]

specific activity [ukat -kg’1]

8000g

200009 100 000g

Fig. 8. Localization of 3 B-hydroxysteroid oxidoreduc-
tase by a differential centrifugation. Enzyme activity per
fraction (top) as well as specific activity (bottom) is
shown for the different fractions. P = pellet, S = super-
natant.
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Discussion

3 B-Hydroxysteroid oxidoreductase activity was
characterized in vitro using the microsomal frac-
tion of Digitalis lanata suspension cultures for the
enzyme assays. The enzyme catalyzes the reduc-
tion of 5Sa-pregnane-3,20-dione to Sa-pregnan-
3B-0l-20-one. Feeding experiments with cell cul-
tures from plants which usually accumulate car-
denolides provided the first hints for the existence
of a 3B-hydroxysteroid oxidoreductase. In most
cases, pregnenolone or progesterone were applied
and converted to S5a/5B-pregnan-3-ol-20-one
[17, 18]. In mammalian tissues similar reactions
were found with regard to steroid biosynthesis,
transforming for example progesterone, testoster-
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Fig. 9. Linear sucrose density gradient fractionation,
showing the distribution of 3 B-hydroxysteroid oxido-
reductase and the different marker enzymes in the
gradient. Enzyme activities were determined as
described in Materials and Methods.

one and 5Sa-dihydrotestosterone [19—21]. Some of
the mammalian enzymes involved in steroid
biosynthesis have already been characterized,
especially 5a/5B-reductases [19, 22, 23]'and 3a/
3 B-hydroxysteroid  oxidoreductases [23—25].
3a-Hydroxysteroid oxidoreductases have also
been characterized in microorganisms, for exam-
ple in Brevibacterium fuscum [26].

5a/5B-Reductases catalyze the reduction of the
C,-C; double bonds of unsaturated steroids
producing 5a/5 B-dihydrosteroids. The same reac-
tion is catalyzed by progesterone Sa-reductase in
plants [8].

3u/3B-Hydroxysteroid oxidoreductases cata-
lyze the hydroxylation of C; of steroids. These
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reactions are equivalent to the reduction catalyzed
by the 3 B-hydroxysteroid oxidoreductase charac-
terized in the present paper in the microsomes of
Digitalis lanata suspension cultures. To date, no
3a/B-hydroxysteroid oxidoreductase has been de-
scribed or characterized in detail in plants.

As reported above, Sa-progesterone reductase
and 3 B-hydroxysteroid oxidoreductase in micro-
somes of Digitalis lanata seem to be associated ex-
clusively with one another. Similar observations
were reported for the enzymes catalyzing the
transformation of testosterone to androstandiol in
microsomal preparations of human skin [21] and
preparations of rat epididymis [27].

3B-Hydroxysteroid oxidoreductase was found
to have a pH-optimum at 8.0. Comparisons of
pH-optima from 3a/B-hydroxysteroid oxido-
reductases and 5Sa/B-reductases of different mam-
malian orgarzisms revealed a large variety of differ-
ent pH-optima, ranging even in rat liver from 5.5
[19] to 8.0 [22]. With regard to plant enzymes
possibly involved in cardenolide biosynthesis,
only AS5-3B-hydroxysteroid dehydrogenase/-AS/
A4-ketosteroid isomerase [28] and progesterone
Sa-reductase have been characterized in greater
detail. The pH-optimum for AS5-3B-hydroxy-
steroid dehydrogenase was found to be 8.0 [28],
the pH-optimum for progesterone 5a-reductase
7.0 [3, 8].

The highest 3 B-hydroxysteroid oxidoreductase
activity was found at an incubation temperature of
25 °C, dropping markedly at 27 °C and higher
temperatures. Progesterone Sa-reductase showed
a temperature optimum at 40 °C [8]. At tempera-
tures below 45 “C the resulting product Sa-preg-
nane-3,20-dione was subsequently reduced to
Sa-pregnan-3 -o0l-20-one, indicating the presence
of 3B-hydroxysteroid oxidoreductase. Investiga-
tions of 3a/3 B-hydroxysteroid oxidoreductases in
mammalian organisms, for example in human epi-
didymis, revealed maximum enzyme activity at a
temperature of 46 “C [23]. 7a-Hydroxysteroid de-
hydrogenase of Brevibacterium fuscum [26] showed
maximum activity between 25 “C and 30 “C.

According to the time course obtained for
Sa-pregnane-3,20-dione reduction, 3B-hydroxy-
steroid oxidoreductase activity was linear for the
first 4 h, reaching a plateau after 7 h of incubation
time with no further product accumulation. Seidel
[28] reported that A 5-3 B-hydroxysteroid dehydro-
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genase activity remained linear for the first 2 h of
incubation. Experiments with microsomes from
Cheiranthus cheiri and Dioscorea deltoidea ascer-
tained that the reduction of progesterone to
Sa-pregnane-3,20-dione reached maximum con-
version after 3 h without producing any further
metabolites [3]. An interesting situation is de-
scribed for the microsomes of the human skin.
Maximum conversion of testosterone was already
observed after 20 min of incubation. Two enzymic
reactions were triggered successively, namely tes-
tosterone Sa-reductase converting testosterone to
Sa-dihydrotestosterone and 3 a-hydroxysteroid re-
ductase using Sa-dihydrotestosterone as the sub-
strate. The first 10 min of incubation showed a li-
near increase of Sa-dihydrotestosterone resulting
from testosterone Sa-reductase activity. The lack
of androstandiol ensured that 3 a-hydroxysteroid
dehydrogenase was not active at that time. After
10 min a linear increase in 3 a-hydroxysteroid de-
hydrogenase activity could be observed, convert-
ing the intermediate dihydrotestosterone to an-
drostandiol [21]. A similar system is described for
the microsomes of Digitalis lanata suspension cul-
tures involving the two enzymes progesterone
5a-reductase and 3 B-hydroxysteroid oxidoreduc-
tase [8]. Shortly after the initiation of the reaction
5a-pregnane-3,20-dione was found as a reaction
product, but further incubation time resulted in
the metabolite 5a-pregnan-3 f3-ol-20-one. The two
reactions could almost be separated by taking ad-
vantage of the different temperature optima of the
two enzymes.

3B-Hydroxysteroid oxidoreductase was found
to be NAD(P)H,-dependent, showing equivalent
activity with either NADPH, or NADH,. The ap-
parent K -value for NADPH, ranged from 57 um
to 120 uMm. 3a-/3B-Hydroxysteroid dehydrogen-
ases investigated by [23] were also able to use both
NADPH, and NADH,, but preferred NADPH, to
NADH,. Slightly different results were obtained
for 3u-/3B-hydroxysteroid dehydrogenases in rat
liver microsomes [25]. 3a-Hydroxysteroid de-
hydrogenases preferred NADPH, to NADH,.
3 B-Hydroxysteroid dehydrogenases showed high-
er affinity to NADH,. 5a-Reductases, for example
progesterone Sa-reductase from microsomes of
Digitalis lanata [8] and a progesterone reductase
from microsomes of Cheiranthus cheiri and Dios-
corea deltoidea [33] as well as testosterone
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Sa-reductase from rat prostate [29] and human
skin microsomes [21], were found to require
NADPH, but could not use NADH,. Progester-
one Sa-reductase from microsomes of Digitalis
lanata [8] had an apparent K, -value for NADPH,
of 130 pm.

3 B-Hydroxysteroid oxidoreductase from micro-
somes of Digitalis lanata exhibited an apparent
K,-value between 18.5 uM and 20 pum for Sa-preg-
nane-2,30-dione, and 5a-progesterone reductase
from microsomes of Digitalis lanata had a K, -val-
ue for progesterone of around 30 um [8]. 3a- and
3 B-Hydroxysteroid dehydrogenases from human
epididymis showed an apparent K, -value for their
substrates of 80 pum [23].

Investigations concerning the localization of
3B-hydroxysteroid oxidoreductase showed that
the enzyme activity could be divided in two differ-
ent parts, namely a soluble and a membrane-
bound enzyme activity. According to the data ob-
tained by linear sucrose density gradient centrifu-
gation, the major part of the enzyme activity
turned out to be soluble, whereas a distinctly
smaller part seemed to be associated with the
endoplasmic reticulum. At least two different
3 a-hydroxysteroid oxidoreductase activities were
found in rat hypothalamus, exhibiting differ-
ent subcellular localization and cofactor require-
ments [24]. Most of the NADPH,-dependent
3a-hydroxysteroid oxidoreductase activity was
thought to be located in the cytosol, whereas the
NADH,-dependent 3 a-hydroxysteroid oxido-
reductase was enriched in the plasma membrane.
From the soluble fraction of rat liver homogenates
a 3u-hydroxysteroid dehydrogenase was isolated,
which preferred NADPH, to NADH, [22]. Bjork-
hem and co-workers [25] reported on different 3 a-
and 3 B-hydroxysteroid dehydrogenases of rat liver
microsomes, being membrane-bound. In the case
of Sa/B-reductases, the results obtained for their
location are slightly different. Progesterone
Sa-reductase from Digitalis lanata suspension cul-
tures [8] was associated exclusively with the endo-
plasmic reticulum. Rat epididymal A#steroid

Sa-reductase converting testosterone to dihydro-
testosterone was characterized as a membrane-
bound enzyme found in both nuclear and microso-
mal fractions [20]. McGuire and Tomkins reported
on 5 B-reductases in the soluble fraction of rat liver
[30] and a variety of Sa-reductases [31] in the mi-
crosomal fraction of rat liver. Additionally, in rat
liver a A*-ketosteroid 5B-reductase was found to
be soluble [22].

The most interesting question with regard to
cardenolide biosynthesis is the function of
3 B-hydroxysteroid oxidoreductase; it must remain
unanswered at the moment. Assuming that the en-
zyme is part of the biosynthetic pathway of car-
denolides, the existence of an isomerase converting
Sa-derivatives into 5 B-derivatives has to be postu-
lated. Taking into account that 3 3-hydroxysteroid
oxidoreductase is involved in other parts of steroid
biosynthesis this would explain its lack of ability to
form 5 f-derivatives and its maximum activity dur-
ing the growth phase of the cell culture where a lot
of new membrane material has to be formed.
Further knowledge on the interrelation between
Sa-progesterone reductase and 3 B-hydroxysteroid
oxidoreductase is necessary to ensure that both en-
zyme reactions found do not result from the activi-
ty of one single enzyme protein. It is also of partic-
ular interest to detect an isomerase which forms
5B-derivatives or an enzyme which is able to syn-
thesize 5B-derivatives of pregnanes from proges-
terone.

Acknowledgements

The authors wish to thank M. Oberdérfer (De-
partment of Chemistry, Tiibingen) for performing
the gas chromatographic-mass spectrometric ana-
lysis and Prof. Dr. E. Reinhard (Department of
Pharmacy, Tubingen) for providing the cell cul-
tures. For several gas chromatographic analysis
the Shimadzu GC-9 A of Prof. Dr. K. Poralla (De-
partment of Biology, Tiibingen) was used; this is
also gratefully acknowledged. This work was sup-
ported by a grant of the Deutsche Forschungs-
gemeinschaft.



972 H. M. Warneck and H. U. Seitz - 3B-Hydroxysteroid Oxidoreductase in Suspension Cultures of Digitalis

[1]R. D. Bennett, H. H. Sauer, and E. Heftmann, Phy-
tochemistry 7,41 (1968).

[2] J. M. H. Graves and W. K. Smith, Nature 214, 1248
(1967).

[3] S. J. Stohs, Phytochemistry 8, 1215 (1969).

[4] S. J. Stohs and M. M. El-Olemy, Phytochemistry 11,
1397 (1972).

[5] S. J. Stohs, Phytochemistry 14, 2419 (1975).

[6] M. Hirotani and T. Furuya, Phytochemistry 14,
2601 (1975).

[7] M. Luckner and B. Diettrich, in: Cell Culture and
Somatic Cell Genetics of Plants (F. Constabel and I.
K. Vasil, eds.), Vol. 5, p. 193, Academic Press, San
Diego, New York, Berkeley, Boston, London,
Sydney, Tokyo, Toronto 1988.

[8] S. Wendroth and H. U. Seitz, Biochem. J. 266, 41
(1990).

[9] M. Petersen and H. U. Seitz, FEBS Lett. 188, 11
(1985).

[10] H. U. Seitz, U. Seitz, and W. A. Alfermann, Pflanz-
liche Gewebekultur. Ein Praktikum, Gustav Fischer
Verlag, Stuttgart, New York 1985.

[11] H. Diesperger, C. R. Miiller, and H. Sandermann,
FEBS Lett. 43, 155 (1974).

[12] T. K. Hodges and R. T. Leonard, in: Methods of
Enzymology (C. S. P. Colowick and N. O. Kaplan,
eds.), Vol. 32B, p. 392, Academic Press, New York
1974.

[13] T. Priester, Ph. D. Thesis, Tiibingen 1989.

[14] A.Sauerand D. G. Robinson, Planta 164,287 (1985).

[15] E. Ingold, H. Quentmeier, and H. U. Seitz, J. Plant.
Physiol. 129, 327 (1987).

[16] M. M. Bradford, Anal. Biochem. 72, 248 (1976).

[17] S.J. Stohs and M. M. El-Olemy, Phytochemistry 11,
2409 (1972).

[18] B. Yagen, G. E. Gallili, and R. I. Mateles, Applied
and Environmental Microbiol. 36, 213 (1978).

[19]J. S. McGuire, V. W. Hollis, and G. M. Tomkins, J.
Biol. Chem. 235, 3112 (1960).

[20] H. Scheer and B. Robaire, Biochem. J. 211,65 (1983).

[21] W. Voigt, P. Fernandez, and S. L. Hsia, J. Biol.
Chem. 245, 5594 (1970).

[22] O. Berseus, Eur. J. Biochem. 2,493 (1967).

[23] Y. Kinoshita, Endocrinol. Japon. 28, 499 (1981).

[24]J. E. Krause and H. J. Karavolas, J. Steroid Chem.
13,271 (1980).

[25] I. Bjorkhem, H. Danielsson, and K. Wikvall, Eur. J.
Biochem. 36, 8 (1973).

[26] S. Kinoshita, K. Kadota, T. Inoue, H. Sawada, and
H. Taguchi, J. Ferment. Technol. 66, 145 (1988).

[27] B. Robaire, L. L. Ewing, B. R. Zirkin, and D. C.
Irby, Endocrinology 101, 1379 (1977).

[28] S. Seidel, Ph. D. Thesis, Tiibingen 1988.

[29] D. W. Frederiksen and D. J. Wilson, J. Biol. Chem.
246, 2584 (1971).

[30]J. S. McGuire and G. M. Tomkins, Arch. Biochem.
Biophys. 82,476 (1959).

[31]J. S. McGuire and G. M. Tomkins, J. Biol. Chem.
235, 1634 (1960).



