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Summary: 3-Oxo-5a-steroid: NAD+ A4-oxidoreductase ("NADH-5<x-reductase", EC 1.3.1.?) is rapidly in-
activated in the presence of 17ß-hydroxy-4-androsten-3-one (testosterone). This inactivation is prevented by
increasing the phosphate concentration. When the enzyme assay is carried out in Tris-HCl, only a small
activity (1.7 nmol x min"1 x mg"1) is observed which may be further decreased by addition of phosphatases.
Addition of the phosphatase inhibitor dextran sulphate or ATP, Mg++ and c-AMP results in a significant
increase of activity (228% and 273%, respectively) compared with the Tris-HCl control. Glycerol 2-phos-
phate and glycerol 3-phosphate have a stabilizing effect on 3-oxo-5<x-steroid: NAD+ A4-oxidoreductase by
decreasing the Km towards the Substrate testosterone from 1.2 x 10~5 mol/1 to 3.3 x 10~6 mol/1. V remains
unchanged. Half maximal velocity (testosterone reduction) is achieved with 20 / glycerol 2-phosphate
and glycerol 3-phosphate. Addition of c-AMP dependent protein kinase (EC 2.7.1.37) to a microsomal prep-
äration pretreated with alkaline phosphatase (EC 3.1.3.1) results in a significant increase of 3-oxo-5a-steroid:
NAD+ A4-oxidoreductase activity compared with the control.

Modulation der Enzymaktivität der 3-Oxo-5a-steroid &4-Dehydrogenase aus der Rattenleber durch Verände-
rung des Phosphorylierungszustandes
Zusammenfassung: Die 3-Oxo-5a-steroid: NAD+ Ä4-Oxidoreduktase („NADH-5a-Reduktase", EC
1.3.1.?) wird in Gegenwart von 17ß-Hydroxy-4-androsten-3-on (Testosteron) rasch inaktiviert. Steigende
Phosphat-Konzentrationen verhindern zunehmend diese Inaktivierung. Bei einer Durchführung des enzyma-
tischen Ansatzes in Tris-HCl-Puffer ist nur eine geringe Enzymaktivität (1,7 nmol x min"1 x mg"1) meßbar,
wobei die Aktivität durch Zusatz von Phosphatase weiter vermindert werden kann. Die Gegenwart des Phos-
phatase-Inhibitors Dextransulfat und von ATP, Magnesium und c-AMP verursacht im Vergleich mit der
tris-HCl-Kontrolle einen signifikanten Anstieg (228% und 273%) der Enzymaktivität. Glycerin-2- und Gly-
cerin-3-phosphat haben eine stabilisierende Wirkung auf die 3-Oxo-5a-steroid: NAD+ A4-Oxidoreduktase,
indem die Km für Testosteron von 1,2 X 10"5 mol/1 auf 3,3 x 10"6 mol/1 vermindert wird. K bleibt unverän-
dert. Die halb-maximale Reaktionsgeschwindigkeit (Reduktion von Testosteron) wird bei ca. 20 / Gly-
cerin-2- und Glycerin-3-phosphat erreicht. Eine mit alkalischer Phosphatase (EC 3.1.3.1) vorbehandelte
Mikrosomenpräpaifation weist nach Zugabe einer c-AMP abhängigen Proteinkinase (EC 2.7.1.37) einen im
Vergleich zur Kontrolle signifikant erhöhten Anstieg der 3-Oxo-5a-steroid: NAD+ Ä4-Oxidoreduktase-Ak-
tivität auf.

Introduction present in microsomes (1) and possibly to the testos-
3-Oxo-Sa^steroid: NAD+ A4-oxidoreductase from terone concentration in rat plasma (2). A potential,
female rat liver microsomes undergoes a diurnal ya- yet unexplored mechanism for this circadian modu-
riation of activity which is related to phosphatases lation of 3-oxo-5a-steroid: NAD+ Ä4-oxidoreduc-
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tase activity is the reversible change in phosphoryla-
tion state. A large body of evidence has suggested
that other microsomal enzymes such s the choleste-
rol-7a-hydroxylase (EC 1.14.13.17) (3) and the hy-
droxymethylglutaryl CoA reductase (EC 1.1.1.34)
(4), which in part have a diurnal vairiation of activity,
also are regulated by phosphatases and protein ki-
nases.
3-Oxo-5a-steroid: NAD+ A4-oxidoreductase in the
endoplasmatic reticulum of the rat liver cell together
with 4,5a-dihydrocortisone: NADP+ A4-oxidore-
ductase ("NADPH-5<x-reductase", EC 1.3.1.4) con-
verts 4-en-3-oxosteroids to 5a-reduced products
(5). These 5a-dihydrosteroids are the biological ac-
tive compounds, such s 17 -hydroxy-5a-andros-
tane-3-one (5a-dihydrotestosterone) in the prostate
(6) or 5a-pregnane-3,20-dione (5a-dihydroproges-
terone) in the hypothalamus (7). In the liver cell of
the female rat ll ,17a,21-trihydroxy-5a-pregnane-
3,20-dione (5'a-dihydrocortisol) and ll ,21-dihy-
droxy-5a-pregnane-3,20-dione (5a-dihydrocorti-
costerone) cause a significant decrease of enzyme ac-
tivities that limit the gluconeogenesis rate, such s
pyruvate carboxylase (EC 6.4.1.1) or phosphoenol-
pyruvate carboxykinase (GTP) (EC 4.1.1.32), ac-
companied by a concomitant decrease in insulin con-
centration (8). Nothing is known about the influence
of other 5a-dihydrosteroids on biochemical path-
ways in the liver, but it must be assumed that the
effect of steroids on enzymatic reactions in the liver
cell may be regulated by 3-oxo-5a-steroid: NAD+

A4-oxidoreductase.

Materials and Methods
Reagents

NADH, ATP, c-AMP and acid phosphatase (potato) were pur-
chased from Boehringer, D-6800 Mannheim. Steroids, buffer rea-
gents, magnesium Chloride and sheep anti-alkaline phosphatase
antibodies were obtained from Merck, D-6100 Darmstadt. Gly-
cerol 3-phosphate and glycerol 2-phosphate, alkaline phosphatase
(E. coli) and c-AMP dependent protein kinase (rabbit muscle)
were purchased from Sigma, D-8000 M nchen.

Animals

Female Wistar rats (Zentralinstitut f r Versuchstiere, D-3000
Hannover) received water and feed ad libitum and were exposed
to a light-dark cycle with light from 6.00 to 18.00. They were
sacrificed at 8.00 and liver microsomes were prepared immediate-
ly (9). The protein concentration was determined by the biuret
method (9).

3-Oxo-5ot-steroid: NAD+ &4-oxidoreditctase assay

The reaction mixture (3.0 ml) contained 0.2 mol/1 potassium
phosphate buffer pH 6.5, 300 nmol testosterone, 2.4 μιηοΐ
NADH and 0.08—0.74 mg microsomal protein. After 10 minutes
the reaction was stopped by ether extraction and the steroid sub-
strate and products were determined by gas chromatography fol-
lowing CrO3 oxidation of steroids (10).

Effect of protein kinase on 3-oxo-5a-steroid: N AD* &4-oxidore~
ductase
Microsomal protein (0.13 mg) was incubated (15 min) in the pres-
ence of 0.2 mol/1 potassium phosphate buffer pH 6.5, 0.41 units
alkaline phosphatase, 0.132 mmol/1 ATP, 6.4 μπιοΐ/ΐ c-AMP,
1.11 mmol/1 MgCI2, 62 mmol/1 glycerol, 2-phosphate or glycerol
3-phosphate, assay volume 1.0ml. After phosphatase pretreat-
ment 4 units of anti-alkaline phosphatase antibodies (sheep) and
80 picom l units c-AMP dependent protein kinase were added;
the control contained no protein kinase. After inc bations of 15
and 30 min, 3-oxo^5a-steroid: NAD+ A4-oxidored ctase activity
was measured by addition of 0.8 μπιοί NADH and 100 nmol tes-
tosterone s described above.

The results described represent the mean values obtained from at
least four repetitions of the experiments. The probability level
chosen for significant differences was P < 0.05 (t-test).

Results and Discussion

3-Oxo-5cc-steroid: NAD+ A4- xidoreductase from
rat liver microsomes is an enzyme which can be dif-
ferentiated from the NADPH dependent 5<x-reduc-
tase (EC 1.3.1.4) by inhibitors (5), solubilization
with detergents (11), affinity labeling with nucleo-
side analogues (10), diurnal Variation f activity (l,
2, 12) and adn nistration of chlorinated hydrocar-
bons to rats (13). 3-Oxo-5cx-steroid: NAD+ A4-oxi-
doreductase is phosphate or arsenate dependent
(14). The activity of 3-oxo-5a-steroid: NAD+ Δ4-
oxidoreductase rapidly declines when the enzyme as-
say is carried out in low phosphate concentration
(0.05 mol/1) (fig. 1). The enzyme has an unusually
short half-life (2.5min) under these conditioris in
presence of testosterone. The activity may be stabil-
ized by a higher phosphate concentrati n (fig. 1).
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Fig. 1. Specific activity of 3-oxo-5a-steroid: NAD+ A4-oxidore-
ductase s a function of time of inc bation in potassium
phosphate buffer pH 6.5. O-^D 0.5 ihoj/l; O—O 0.05
mol/1; B—· 0.5 mol/1 in the presence of 62 mmol/1 gly-
cerol 3-phosphate ·—O 0.05'mol/I in the presence of 62
mmol/1 glycerol 2-phosphate.
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The exact nature of the phosphate ion effect is not
known, but it may be presumed that it acts s an in-
hibitor of phosphatases, which, in turn modulate 3-
oxo-5a-steroid: NAD+ A4-oxidoreductase activity.
Acid and alkaline phosphatases are present in the
liver cell (15) and in microsomes (16). In addition, it
was shown that testosterone pretreatment of micro-
somes greatly enhances acid phosphatase activity
(EC 3.1.3.2) (1). When the enzyme assay is carried
out in the presence of the phosphatase inhibitor,
dextran sulphate, and antibodies (sheep) against al-
kaline phosphatase, both partially prevent the de-
crease of 3-oxo-5a-steroid: NAD+ 4-oxidoreduc-
tase activity (tab. 1).

Glycerol 2-phosphate and glycerol 3-phosphate in
the enzyme assay also prevent the rapid inactivation
of 3-oxo-5a-steroid: NAD+ A4-oxidoreductase. In
low phosphate concentration (0.05 mol/1) the half-
life of the enzyme is extended from 2.5 minutes to 6
minutes (fig. 1). A distinct effect of glycerol 2-phos-
phate and glycerol 3-phosphate on 3-oxo-5a-ste-
roid: NAD+ 4-oxidoreductase is also seen in 0.2
mol/1 phosphate buffer (fig. 2), a clear indication
that its effect is not a phosphate ion effect. The Km of
3-oxo-5a-steroid: NAD+ A4-oxidoreductase for the
Substrate testosterone is decreased from 1.2 x 10~5

mol/1 to 3.3 x 10~6 mol/1 while the maximal testos-
terone reduction remains unchanged. Both glycerol
2-phosphate and glycerol 3-phosphate have the
same effect (fig. 2).

Tab. 1. 3-Oxo-5a-steroid: NAD+ A4-oxidoreductase activity of
rat liver microsomes in Tris-HCl buffer in the presence of
several modifiers.
The incubation was carried out in 0.2 mol/1 Tris-HCl buf-
fer pH 6.5 (3.0 ml), containing 0.74 mg microsomal pro-
tein, 3.0 μπχ>1 NADH, 300 nmol testosterone, 3 μπιοί
ATP and Mg++, 300 nmol c-AMP, 4 units anti-alkaline
phosphatase antibodies (sheep), 10 units alkaline phos-
phatase from calf intestines and 40 units acid phosphatase
from potato s indicated. Incubation was for 10 minutes
at 37 °C.

Effectors present in
incubation mixture

Specific activity
nmol testosterone reduced per min
and mg
χ ± SD % Signifi-

cance

No (control)
Dextran sulphate (10 mg)
ATP, c-AMP, Mg++
Phosphatase antibodies
Acid phosphatase
Alkaline phosphatase

1.6810.15
3.83 ± 0.36
4.59 ± 0.46
1.98 ±0.22
1.65 ±0.16
0.36 ± 0.05

100
228
273
118
83
21

P < 0.05
P < 0.05
P < 0.10
P < 0.05
P < 0.05

Glycerol 3-phosphate, for example, is present in the
rat liver cell at a concentration of 200—500 μπιοΐ/ΐ
(17). This is sufficient for an in vivo modulation of 3-
oxo-5a-steroid: NAD+ 4-oxidoreductase activity
s is seen in figure 2. Half maximal 3-oxo-5a-ste-

roid: NAD+ 4-oxidoreductase activity is obtained
with 20 μπιοΐ/ΐ glycerol 3-phosphate.
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Fig. 2. Effect of glycerol phosphate on 3?oxo-5a-steroid: NAD+ A4-oxidoreductase, Linewaver-Burk piot
a) varying testosterone concentration; -·- control, b = 8.02 x 10~4a -l· 6.7 x 10~2, corr. = 0.925, V= 14.91 nmol x min'1 x

mgJl, A:m = 1.2 x 1 -2 mmol/1; -O- glycerol 3-phosphate (62 mmol/l), b = 3.27 x lQ-4a + 9.85 x 10'2, corr = 0.981,
~ "V = 10.15 nmol x min-1, Km = 3.32 x 1CT3 mmol/1; -x- glycerol 2-phosphate, b

0.993, V = 13.65 nrn l x min"1, Km = 3.31 x 10~3 mmol/1.
b) varying glycerol 3-phosphate concentration; b = 1.44 x 10~3a + 6.98 x 10"2, corr. = 1.0, V

Km = 2.06 x 10'2 mmol/1.

2.43 x 10~4a 4- 7.32 χ ΙΟ"2, corr.

14.32 nmol x min"1 mg
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There are several possible explanations for the ob-
served effects of glycerol 2- and glycerol 3-phos-
phate on 3-oxo-5a-steroid: NAD+ A4-oxidoreduc-
tase. The liver cytosol contains a NAD+/NADH
linked glycerol 3-phosphate dehydrogenase (EC
1.1.1.8) which catalyses the reversible oxidation of
dihydroxyacetone phosphate and glycerol 3-phos-
phate. As a result, high glycerol 3-phosphate con-
centration in the enzyme assay could lead to continu-
ously reduced NADH when this coenzyme is oxi-
dized during the 5a-reduction, accompanied by a
possibly higher 3-oxo-5ot-steroid: NAD+ Δ4^οχΐ-
doreductase activity. This assumption, however, is
not probable, since glycerol 2-phosphate has the
same effect on 3-oxo-5a-steroid: NAD+ Δ4-οχί-
doreductase s glycerol 3-phosphate. In addition the
glycerol 3-phosphate dehydrogenase thermodynam-
ically favours the formation of NAD+ and glycerol
3-phosphate (18). Secondly, an increased 5<x-reduc-
tion of testo'sterone in the presence of glycerol 3-
phosphate or glycerol 2-phosphate might be possible
via the NADPH-cytochrome reductase (EC
1.6.2.4). This enzyme is involved in the 3-oxo-5a-
steroid: NAD* A4-oxidoreductase enzyme System
(19) and normally is able to oxidize NADH (sub-
strate cytochrome c) to an extent of less than l nmol
x min"1 x mg"1 (20). In the presence of glycerol 3-
phosphate, however, no activation of NADH oxida-
tion by purified NADPH-cytochrome reductase was
observed (20). In addition, the change of Km of 3-
oxo-5a-steroid: NAD+ A4-oxidoreductase for the
Substrate testosterone indicates a direct modulation
by glycerol 2-phosphate and glycerol 3-phosphate of
the 3-oxo-5a-steroid: NAD4" A4-oxidoreductase
protein conformation (fig. 2).

Glycerol 2-phosphate sometimes is used s an acti-
vator of protein kinases (21). The involvement of
protein kinases in the increase of 3-oxo-5a-steroid:
NAD+ A4-oxidoreductase activity by glycerol 2-
phosphate and glycerol 3-phosphate is indeed possi-
ble s seen in table 1. Addition of ATP, Mg++ and c-
AMP to the 3-oxo-5a-steroid: NAD+ A4-oxidore-
ductase assay causes a significant 173% increase of
activity compared with the control. If this change of
activity is caused by a protein kinase, then this en-
zyme must be present in microsomes. All protein ki-
nases from liver cells described so far have been lo-
cated in the cytosol, although in other Organs, such
s the brain, almost 60% of c-AMP dependent pro-

tein kinases is associated with the p rticulate subcel-
lular fraction (22). The observed effects could be
caused by a displaced cytoplasmic protein kinase or
by an enzyme which is an integral component of the
microsomal membrane.

A direct phosphorylation of microsomal 3~oxo-5a-
steroid: NAD* A4-oxidoreductase is not proved by
these experiments. This only will be possible with a
purified enzyme, but such a preparation is not avail-
able (11).

Modifikation of the above experiments, however,
clearly indicates that 3-oxo-5a-steroid: NAD"1" Δ4-
oxidoreductase activity is being modulated by phos-
phorylation and dephosphorylation reactions
(fig. 3). Microsomes are incubated with an alkaline
phosphatase so that the 3-oxo-5a-steroid: NAD+

A4-oxidoreductase activity rapidly declines (1). Then
alkaline phosphatase antibodies, c-AMP dependent
protein kinase and its activators (ATP, c-AMP,
Mg++) are added while the control contains no pro^
tein kinase. It is seen in figure 3 that at least part of
the 3-oxo-5a-steroid: NAD+ A4-oxidoreductase ac-
tivity which was lost by a phosphatase hydrolysis can
be restored by a c-AMP dependent protein kinase
catalysed reaction.

to
30

Fig. 3. Effects of protein kinase on S-oxo^-Sa-steroid: NAD+ Δ4-
oxidpreductase activity. Microsomes were incubated for
15 min in the presence of ATP, c-AMP, MgCl2, alkaline
phosphatase and glycerol phosphate. Anti-alkaline phos-
phatase antibodies and c-AMP dependent protein kinase
were then added. At the indicated time corresporiding
samples were taken from the incubation mixture to detef-
mine 3-oxo-5a-steroid: N AD"1" A4-oxidoreduetase activity
after addition of NADH and testosterone. -x- glycerol
3-phosphate, -O- glycerol 2-phosphate.

Our results offer considerable proof that the sub-
stantial alteration of microsomal 3-oxo-5a-steroid:
NAD+ A4-oxidoreductase activity is caused by a
phosphorylation-dephosphorylation reaction. These
results constitute the first evidence that the forma-
tion of active androgens iii the female rat liver is s b-

0 ject to a regulation s expressed by the state of phos-
phorylation of 3-oxo-5a-sterpid: NAD* A4^oxi-
doreductase.
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