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SUMMARY 

Rat liver microsomal NADPH: 4-ene-3-oxosteroid-5a-oxidoreductase was successfully solubilized by 
use of the non-ionic detergent Lubrol WX, sodium citrate and glycerol. It consists of 5 fractions 
which are necessary for maximal enzymatic activity: membraneous fragments, NADPH: cytochrome 
oxidoreductase, steroid-5a-reductase, phosphatidylcholine and coenzyme Q,,,. The separation of 4 of 
these fractions was achieved by afFmity chromatography on testosterone-linked Sepharose and Sepha- 
rose-testosterone mixture. The fraction containing steroid-5z-reductase was partially separated into 
a testosterone-5x-reductase and a progesterone-5z-reductase by isoelectric focusing. The participation 
of NADPH:cytochrome oxidoreductase could be proved by inhibition of the testosterone-Sa-reduction 
by rabbit antibodies against NADPH: cytochrome oxidoreductase. 

NADPH: 4-ene-3-oxosteroid-5a-oxidoreductase in rat 

liver, a membrane-bound enzyme system, is respon- 
sible for the conversion of 4-ene-3-oxosteroids to 
the corresponding 3-oxo-5a-dihydrosteroids. We suc- 
ceeded in solubilizing this system by means of Lubrol 
WX, a non-ionic detergent [ 11. Several fractions par- 

ticipate in the &x-reduction of testosterone. The elec- 
trons are transferred from NADPH to coenzyme QtO 
via NADPH: cytochrome oxidoreductase and then to 
testosterone by a testosterone-5+reductase. The 
enzyme system has been partially resolved by affinity 
chromatography with a testosterone-l 7 linked 
Sepharose column [Z]. We have continued these 
experiments and have found that further fractions 
participate in the 4-ene-3-oxosteroid-So-reduction. 

EXPERIMENTAL 

Liuer microsomes. Preparation of liver microsomes 
from female rats (Wistar) and chemical reagents have 
been described elsewhere [3,4, 51. Lubrol WX (Cirra- 
sol Aln Wf) was obtained from ICI, D-6000 Frank- 
furt, Germany. 

Enzyme assay. The activities of NADPH: 4-ene-3- 
oxosteroid-SEt-oxidoreductase were determined with 
testosterone, progesterone and cortisone as substrates. 
The reaction mixture contained in a final vol. of 
3.0 ml: 0.2 M potassium phosphate buffer pH 7.0, 
0.4 mM NADPH or 0.1 mM reduced coenzyme QIo, 
0.1 mM steroid and a varying protein concentration. 
Incubation time 10-30 min at 37°C. Formed products 
were determined by gas-liquid chromato~aphy [4, S]. 

preparation of substituted ~ep~aro~e. The methods 
for coupling of Sepharose 4B with octamethyienedia- 
mine as spacer and the reaction of substituted Sepha- 
rose with testosterone-17/I-yl-hemisuccinate have been 
described in a previous communication [4]. The tes- 
tosterone-linked Sepharose used for the separation of 
microsomal NADPH: 4-ene-3-oxosteroid-5z-oxido- 
reductase contained 9.52 pg testosterone/mg dry 
Sepharose. 

So~a~~~izatia~. A suspension of rat liver microsomes 
(10 ml) containing 200-300 mg protein was stirred for 
30 min at 0°C with 16 ml of glycerol, 4 ml I M KCI, 
4 ml 1 M sodium citrate, 2 ml 10% Lubrol WX, 
0.01 ml thioglycerol and 4 ml water. The supernatant 
obtained after centrifugation (1 h, 105 000~) was used 
for affinity chromatography. 

Afinity ehromat~raphy cm testosterone leaked 
Sepharase.- The washing buffer contained 0.01 M 
potassium phosphate pH 7.0, 4O’x glycerol, 0..5”/;, 
Lubrol, 10e4M thioglycerol, 0.01 M EDTA and 
1 mM NADP’. The same buffer containing 1 M KC1 
was used as elution buffer. 40ml of solubilized liver 
microsomes were applied to the column (3.3 x 13 cm) 
containing testosterone-linked Sepharose. The 
column was washed with 50mf of washing buffer. 
Elution was carried out with 250mI of elution buffer. 
Samples with a volume of 8 ml were collected. 

AfJinity chromatography on Sepharose/cr,vstallized 
testosterone. A column (3.5 x 15 cm) was packed with 
a mixture of 40ml Sepharose and 20g testosterone 
and equilibrated with 0.01 M potassium-phosphate 
buffer pH 7.0 containing‘40% glycerol, 0.5% Lubrol, 
10m4 M thioglycerol and 0.01 M EDTA. 5 ml of liver 
microsomes were solubi1~~ and applied to the 
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column. The column was washed with 50ml of the 
same buffer and eluted with elution buffer which con- 

tained 1 M KCI. 
Isoelectric focusing. The principal method has 

already been described [6]. Tubes No. 28 and 29 

(16 ml) from affinity chromatography on testosterone 
linked Sepharose were used as protein solution for 

isoelectric focusing. 
Dcterminc~tion C$ phosphafidplcholine ii? jbcfions qf 

q!fj(ioi~y chromutography. The samples obtained by 

affinity chromatography were extracted with 3 x 25 
ml chloroform-methanol (2: 1). Phosphatidylcholine 

was isolated from the extracts by thin layer chroma- 

tography on silica gel/magnesium silicate (20:2 w/w) 
in chloroform-methanol-water (97: 37: 6). The spots 

of pure phosphatidylcholine were colored by iodine 
and according to Dragendorff [7]. Phosphate in the 
eluate was determined by the method of Debuch [S]. 

Determinution qf coenzyme Q1 ,,. Coenzyme Q, ,, was 
determined according to the method of Rokos [9]. 

The sample was dissolved in 5 ml 0.067 M KOH in 
freshly distilled ethanol:cyanoacetate (I : 3. v/v). The 

stoppered tubes were kept in the dark at room tem- 
perature. Fluorescence was measured after six days 

(excitation 430nm. emission 520nm). For CoQ,, 

determination of fractions obtained by affinity 

chromatography. 3 ml samples were extracted with 
3 x 3 ml of petrol ether (boiling range 4@6O”C). 

CoQ,o was separated by thin layer chromatography 
on silica gel in chloroform-benzene (50:50. v/v) and 
its fluorescence was measured as described above. 

Extraction of phosphatidylcholine and coenzyme Qlo 

from rat liver microsomes. IO ml of a rat liver micro- 

somal suspension (32 mg protein/ml) were frozen at 
-60°C and lyophilized for 2.5 h. One-hundred milli- 
grams of lyophilized microsomes were stirred with 
5 ml of acetone for 10 min in an ice bath and centrif- 

uged at 10,OOOg (10min). After removing the super- 
natant the residue was suspended in 3 ml of 0.1 M 
potassium phosphate buffer pH 7.0 and homogenized 

in a Potter-Elvehjem homogenizer. 

RESULTS 

Soluhili-_ation 

Solubilization of microsomal NADPH: 4-ene-3- 

oxosteroid-5a-oxidoreductase has been achieved by 
the non-ionic detergent Lubrol WX in the presence 

of high concentration of glycerol (4O’A). sodium 
citrate (0.1 M) and potassium chloride (0.1 M). The 
NADPH:4-ene-3-oxosteroid-5a-oxidoreductase re- 
mained in the supernatant after centrifugation at 

105,OOOg. It appears that sodium citrate is essential 

for successful solubilization [I]. 

Afinify chromatography on testosterone-linked 

Sepharose 

NADPH:4-ene-3-oxosteroid-5cc-oxidoreductase 
from rat liver microsomes consists of several frac- 

tions which were partially separated by affinity 
chromatography on testosterone-linked Sepharose 
(Fig. 1). The testosterone concentration bound to the 

I I 
Fract. I Fract II Fract III 

-c-----) * ) 

Fract l?Z 
a * 

20 

Tube number 

Fig. I. Affinity chromatography of solubilized rat liver microsomes. Protein (-----) was determined 
by the absorption at 280 nm of the 1: 6 diluted samples. NADPH: cytochrome-oxidoreductase activity 
(O---O) was estimated spectrophotometrically [3]. The NADPH : 4-ene-3-oxosteroid-5a-oxidoreduc- 
tase activity (M) in the tubes of fraction I was determined in the presence of 0.05 ml aliquots 
of tubes No. 15. 28 and 34. The activity in the tubes of fraction II (+O.O5ml of No. 7. 28 and 
34). fraction III (+O.OS ml of No. 7. 15 and 34) and fraction IV (+O.O5ml of No. 7, 15 and 28) 
was determined accordingly. Substrate: testosterone, time of incubation: 30 min. hydrogen donor: 

NADPH. 
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Sepharose (containing the spacer octamethylenedia- 
mine) was crucial for the reproducibility of the separ- 
ation. Affinity chromatography on testosterone-linked 
Sepharose with a higher content of testosterone (15.57 
pg steroid/mg dry Sepharose) yielded no usuable sep- 
aration of NADPH : cytochrome oxidoreductase from 
testosterone-5x-reductase. After elution of the column 4 
fractions were separated which contained NADPH : 4- 
ene-3-oxosteroid-Sff-oxidoreductase activity after re- 
combination. All 4 fractions were necessary for maxi- 
mal enzymatic activity. The first three fractions (I, 
II, III) were completely inactivated by incubation at 
100°C for 10min. The fourth fraction (IV) was not 
denatured by boiling. Two fractions (I and II) were 
not adsorbed to the column, but were separated from 
each other by the molecular sieve effect of the Sepha- 
rose. 

Fraction I contained probably membraneous frag- 
ments which were necessary to restore the activity 
of NADPH : 4-ene-3-oxosteroid-5x-oxidoreductase. An 
identification of this fraction was not carried out. 

Fraction II contained NADPH : cytochrome oxido- 
reductase, because it was able to reduce cytochrome 
c with NADPH (Fig. I), In recombination experi- 
ments it was possible to substitute fraction II by puri- 
fied NADPH: cytochrome oxidoreductase [3]. We 
could prove the participation of NADPH:cyto- 
chrome oxidoreductase in testosterone-5x-reduction 
by use of rabbit antiserum against NADPH:cyto- 
chrome oxidoreductase. Testosterone-5%-reductase 
activity in rat liver microsomes was inhibited by addi- 

I I 1 

IO 20 30 

Fig. 2. Inhibition of rat liver microsomal enzyme activities 
by antiserum against NADPH:cytochrome oxidoreduc- 
tase. c+---o NADPH : testosterone-5x-reduction, pH 7.0, 
11.4nmol~min-‘.mg- ’ = 100°~. +---+ NADPH:testo- 
sterone-5a-reduction with non-immune antiserum. x ~ x 
NADPH : cytochrome c reduction, pH 7.7, 168.6 nmol I 
min-‘.mg-’ = IO@?& El-13 NADPH:cyt~hrome c re- 
duction, pH 7.0. 128.7 nmoI.min-’ ‘rng- ’ = 100% A--A 
NADPH:coenzyme QiO reduction, pH 7.7, 27.3 nmol. 

‘min-‘.mg-’ = 100’~. 

Table 1. Steroid-Sa-redoctase activity of the protein peak 
fractions from isoelectric focusing 

Steroid substrates 

(a) with NADPH 
Testosterone 
Progesterone 
Cortisone 

(b) with reduced 
CoQ,o 
Testosterone 

Peak fractions from isoelectric 
focusing 

(nmol reduced steroid/min/ml) 
111 A III B III C 

31.93 13.66 0.63 
4.30 34.18 6.76 
7.13 32.55 0 

55.83 29.75 0 

The reaction mixture contained in a total volume of 3.0 
ml (a) O.OSml of fraction III A. Ill B and I11 C. resoec- 
tively; obtained by isoelectric focusing, 0.05 ml of fractions 
I, II and IV from affinity chromato~aphy, 0.1 mM steroid 
and 0.4mM NADPH as hydrogen donor. The reaction 
mixture (b) contained 0.05mi of fraction III A, III B or 
III C, 0.1 mM testosterone and 0.1 mM reduced coenzyme 
QIO. 

tion of antibodies against NADPH : cytochrome oxi- 
doreductase (Fig. 2). The coenzyme Q,,-reduction in 
rat liver microsomes was inhibited by these anti- 
bodies, too. 

Fraction III, which contained testosterone-&- 
reductase, was completely eluted by buffer containing 
1 M KCI. A complete separation of NADPH:cyto- 
chrome oxidoreductase and testosterone-Sz-reductase 
was not possible by affinity chromatography on 
testosterone-linked Sepharose. 

For further purification fraction III was subjected 
to isoelectric focusing. A separation into 3 peaks was 
obtained. The peak fractions III A, III B and III C 
were tested for different specificity toward testoster- 
one, progesterone and cortisone as substrates. Each 
one of these protein fractions was by itself inactive 
toward reduction of 4-ene-3-oxosteroids in the pres- 
ence of NADPH, however in the presence of fractions 
I, II and IV considerable NADPH : 4-ene-3-oxoster- 
aid-So--oxidoreductase activity was shown (Table I). 
A partial separation of testosterone- and progester- 
one-Sa-reductase activity was observed. While testo- 
sterone-5a-reductase activity was mainly found in frac- 
tion III A, progesterone- and cortisone-5x-reductase 
activities were highest in fraction III B. The fractions 
obtained by isoelectric focusing were able to reduce 
testosterone by reduced coenzyme Qio, 

Fraction IV, which was necessary to obtain maxi- 
mal enzymatic activity of NADPH : 4-ene-3-oxoster- 
oid-Sa-oxidoreductase, was heat resistant. Sonicated 
phosphatidylcholine [lo] was able to replace this fac- 
tor (Table 2). We found that 20mg phosphatidylcho- 
line/mg protein were most effective. It is noted that 
exogenic phospholipid micelles at least partially re- 
store the activity of NADPH:4-ene-3-oxosteroid-Sa- 
oxidoreductase even in the absence of fraction I. The 
eluate fractions obtained after affinity chroma- 
tography were analyzed for phosphatidyl~holine con- 
tent. It was found that two fractions of the eluate 
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Table 2. Influence of phosphatidylcholine (PC) on solubilized and recombined NADPH:4-ene-3.oxosteroid-k- 
oxidoreductase 

mg PC/mg protein 

S.A. of NADPH : 4-ene-3-oxosteroid-5a-oxidoreductase (nmol/min mg) 

Recombined Recombined 
Solubilized steroid-Sz-reductase steroid-5a-reductase 
microsomes (fractions 1. II and III) (fractions II and III) 

5.69 22.00 10.90 
IO 13.65 26.09 10.12 
20 15.49 42.04 24.65 
80 9.16 6.40 4.71 

The reaction mixture was incubated for 10 min at room temperature before starting the reaction by addition of 
NADPH. 

(111 and IV). contained phosphatidylcholine (Fig. 3). 
During solubilization microsomal specific enzyme 
activity decreased from 30.00 + 1.71 nmol/min/mg to 
5.69 f 0.5 nmol/min/mg. The activity increased again 
by addition of sonicated phosphatidylcholine (20 mg/ 
mg protein) to 15.49 nmol/min/mg. Other phospho- 
lipids (phosphatidylethanolamine and phosphatidyl- 
serine) were unable to substitute phosphatidylcholine. 

A.fiuity chronlatoyraphy on Sepharose/crystallized 

ttwostcronc~ 

As shown in Fig. I the separation of NADPH: 
cytochrome oxidoreductase from steroid-5a-reductase 
by affinity chromatography on testosterone-linked 
Sepharose was incomplete. The eluate fraction (III) 
contained NADPH:cytochrome oxidoreductase and 
steroid-Sa-reductase. Even by variation of chroma- 
tography conditions the complete separation of both 
enzymes was not possible. 

Finally we succeeded in obtaining a preparation 
of steroid-5cc-reductase which contained no NADPH : 
cytochrome oxidoreductase. Solubilized microsomes 
were applied to a column filled with a mixture of 
Sepharose 4B and crystallized testosterone. By wash- 
ing with buffer solution all NADPH:cytochrome 
oxidoreductase was removed (Fig. 4). The elution was 
performed with buffer containing 1 M KCl. The 
eluate tube No. 15 contained steroid-5a-reductase. 
Testosterone was not reduced by this sample in the 
presence of NADPH, however. by addition of sample 
No. 5 or purified NADPH: cytochrome oxidoreduc- 
tase testosterone was reduced. 

Participation of cornzyme Q,,, in the See-reduction of 

testostrronr 

Coenzyme Q,,, was isolated from rat liver micro- 
somes by extraction with n-hexane [ 121 and sub- 
sequent thin layer chromatography. The isolated 
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Phosphatidylcholine content (expressed in pg inorganic phosphorus) in fractions of affinity 
chromatography of solubilized rat liver microsomes. 
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I M KC1 eluat 

Tube number 

Fig. 4. Affinity chromato~aphy on Sepharose/cryst. testosterone of solubilized rat liver microsomes. 
Protein (------) was determined by the absorption at 280 nm. NADPH:cytochrome oxido-reductase 
activity () was determined Spe~rophotometrica~Iy [3]. NADPH: 4-ene-3-oxosteroid-5a-oxido- 
reductase activity was measured in presence of 0.05 ml of tube 5 (Cl-Cl) and in presence of purified 

NADPH:cytochrome oxidoreductase [3] (B-m) and phosphatidylchohne (20mg/mg protein). 

coenzyme Qlo had the same RF as pure coenzyme 
Q,,, in two solvent systems (chloroform-benzene (1: 1) 
and benzene) and produced a blue color after spray- 
ing the chromato~~ with ~eucomethyleneblue. The 
microsomal fraction contained 0.207 nmol coenzyme 
Qlo/mg protein. All fractions obtained by affinity 
chromatography of solubilized microsomes on testo- 
sterone-linked Sepharose were analyzed for coenzyme 

Q*0 content. Coenzyme Q,e was uniformly distrib- 
uted in all fractions. Each of them contained 
3.8-6.6 fig coenzyme Q , ,,. 

The partici~tion of coenzyme Q,e in testosterone 
%-reduction was proven by the following experiment: 
Lyophihzed microsomes were extracted with acetone. 
By this procedure phospholipids and coenzyme Qlo 
were removed. The extracted microsomes had lost 
testosterone-%reductase activity (Table 3) and re- 
mained inactive after addition of coenzyme Qle. The 
activity of extracted microsomes was very tow, too, 
after addition of phosphatidylcholine, but increased 
markedly in the presence of phosphatidylchoIine and 
coenzyme Q I *. 

DISCUSSION 

In previous papers [2,6] we have found that 
NADPH:4~ne-3-oxosteroid-So-oxidoreductase in rat 
liver microsomes is an enzyme system which consists 
of several fractions. In the reduction of the double 
bond the electrons are transferred from NADPH to 

coenzyme Q, o via a NADPH : cytochrome 
reductase and then to testosterone. 

We succeeded in solubiiizing this enzyme 
by means of Lubrof, a non-ionic detergent, 

oxido- 

system 
in the 

presence of sodium citrate. The solubihzed NADPH :4- 
ene-3-oxosteroid-5a-oxidoreductase was partially 
separated by affinity chromatography on testoster- 
one-linked Sepharose. Our experiments show that five 
fractions are necessary for the maximal enzymatic 
activity: membraneous fragments, NADPH:cyto- 
chrome oxidoreductase, steroid-%reductase, phos- 
phatidylcholine and coenzyme Q,O. Exogenic phos- 
phatidylcholine at least partially restores the activity 
of recombined NADPH : 4-ene-3-oxosteroid-Sa-oxido- 

Table 3. Testosterone-k-reduction with lyophilized and 
acetone-extracted microsomes 

Enzyme source Additions 
S.A. 

(nmol/min.mg) 

Lyophilized 
microsomes 

- 4.44 

Lyophilized and - 0 
acetone-extracted 
microsomes 

0.1 mM CoQ,e 0 
Phosphatidylcholine 0.58 
(20 mg/mg protein) 
Phosph~idylcholine 2.12 
(20 mg/mg protein) 
and 0.1 mM CoQ,, 
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reductase even in the absence of fraction I (mem- 
braneous fragments). 

Fraction II (NADPH : cytochrome oxidoreductase) 
could be substituted by purified NADPH:cyto- 
chrome oxidoreductase in the recombination experi- 
ments. The participation of this enzyme could be 
proved by inhibition of testosterone-5r-reduction by 
rabbit antibodies against NADPH : cytochrome oxido- 
reductase. As expected the coenzyme Q,e reduction 
by NADPH in rat liver microsomes was inhibited 
by these antibodies, too. 

The third fraction which was separated from soht- 
bilized NADPH:4-ene-3-oxosteroid-5a-oxidoreduc- 
tase by affinity chromatography was a steroid-k- 
reductase. This fraction was separated into two 52- 
reductases by isoelectric focusing: a testosterone-%- 
reductase and another fraction responsible for pro- 
gesterone and cortisone reduction. The testosterone- 
5a-reductase was capable to reduce testosterone with 
reduced coenzyme Q l o. When solubilized microsomes 
were separated by atfinity chromatography on testo- 
sterone-linked Sepharose the fraction of steroid-5ct- 
reductase contained some NADPH : cytochrome oxido- 
reductase. Even by variation of the experimental 
conditions a complete separation of both enzymes 
was not possible. However, by affinity chromato- 
graphy on Sepharose/crystaliized testosterone a ster- 
oid-5a-reductase was obtained which was free from 
NADPH : cytochrome oxidoreductase. 

By affinity chromatography we isolated an addi- 
tional fraction containing phosphatidylcholine which 
was also required for maximal activity of NADPH : 4- 
ene-3-oxosteroid-5-oxidoreductase. Lumper er al. [ 1 I] 
found that phospholipjds probably participate in the 
4-ene-3-oxosteroid-5~-reduction of rat liver micro- 
somes. By treatment of rat hver microsomes with 
phospholipase C the NADPH: 4-ene-3-oxosteroid-5r- 
oxidoreductase was completely inactivated. In our 
recombination experiments we found that other phos- 
pholipids were not capable to substitute phosphatidyl- 
choline. A concentration of 20mg phosphatidyl- 
choline/mg protein was optimal for the testosterone- 
%-reduction. 

The participation of coenzyme QIo in NADPH:4- 
ene-3-oxosteroid-5a-reduction could not be proved 
by recombination experiments with fractions obtained 
by affinity chromatography, because coenzyme Q,e 
was uniformely distributed in all fractions, But the 
participation of coenzyme Q10 could be shown by 
another experiment. Lyophilized and with acetone 
extracted microsomes had no NADPH:4-ene-3-oxo- 
steroid-5~-redu~tas~ activity, Coenzyme QIo and phos- 
phatidylcholine were removed by acetone extraction. 
By addition of phosphatidyfcholine and coenzyme 
Q,9 the testosterone-5x-reduction was possible again. 

However, the activity was lower than in original 
mi~rosomes, because the enzymes were partialiy in- 
activated by treatment with acetone. Extraction of 
lyophilized microsomes with acetone for more than 
IOmin resulted in a complete inactivation and testo 
sterone-5a-reduction was not restored by addition of 
phosphatidylcholine and coenzyme Q,e. Another in- 
dication for the participation of coenzyme Q,e in the 
NADPH:4-ene-4-oxosteroid-5a-oxidoreductase was 

the observed 5%-reduction of testosterone in the pres- 
ence OF reduced coenzyme Q,9 and testosterone-% 
reductase which was obtained by isoelectric focusing. 
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