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SUMMARY 

The effects of (4R)-5,10-secoestra-4.5-diene-3,10,17-trione (I) and of (4R)-5,10-seco-19-norpregna-4,5- 
diene-3,10,20-trione (II) on epididymal A4-5a-reductase and 3r-hydroxysteroid dehydrogenase were in- 
vestigated. Assessment by Is,, values showed that A“-5a-reductase was inhibited approximately 50 and 
250 times more effectively than 3a-hydroxysteroid dehydrogenase by compound I and 11 respectively. 
The onset of the inhibition of A4-5a-reductase by these compounds occurs in less than five minutes. 
Both compounds were shown to be non-competitive inhibitors of A4-5a-reductase. For A4-5?-reductase 
the K,‘s for compounds I and II were 5.47 x lo-‘M and 0.98 x 10eh respectively. The results of 
equilibrium dialysis experiments suggested that the observed A4-5cc-reductase inhibition was irreversible, 
The relative specificity of these compounds with respect to inhibitor structure and enzyme inhibition 
is discussed. 

INTRODUCTION 

The role of androgens in the maintenance of normal 
epididymal function, maturation and storage of sper- 
matozoa is well established [l, 23. A growing body 

of evidence has demonstrated that SE-reduced meta- 
bolites of testosterone, namely Sa-dihydrotestosterone 
(DHT) and 5cr-androstane-3a,l78-diol (3a-diol) are 

most active in the maintenance of such functions [3, 
41. The presence in the rat epididymis of testosterone, 
DHT, and 3r-diol has been demonstrated by a 
number of investigators [S, 61. Furthermore, A4-5cr- 

reductase and 3cc-hydroxysteroid dehydrogenase, the 
enzymes which synthesize the latter two steroids have 
also been found in the epididymis [7-93. 

There is to date no report of a non-competitive 
inhibitor of A4-5a-reductase. If such inhibitors were 
available, they would be of great value in elucidating 
the relative roles of testosterone and its %-reduced 
metabolites on target tissues as well as in providing 

better tools for gaining insight into the molecular 
properties of A4-5a-reductase. 

In contrast, competitive inhibitors of A4-5m-reduc- 

tase found in skin have been reported by Voigt and 
Hsia [lo]. These molecules are analogs of testoster- 
one; the most potent of these analogs is 4-andros- 
ten-3-one- 17/Gcarboxylic acid. We have been unable 
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to find any reports on either competitive or non-com- 
petitive inhibitors of epididymal A4-5a-reductase. 

Conjugated allenic 3-oxo-5,10-secosteroids (1 and 
II) have been found by Covey and Robinson [l l] 
to be irreversible inhibitors of 5-ene-3-ketosteroid iso- 
merase (EC 5.3.3.1) obtained from Pseudomonas tes- 
tosteroni. X-ray crystallographic studies by Carrel1 rt 
al. [12] have shown that the conjugated allenic 

3-0x0-5,10 secosteroid (I) has a closely similar confor- 
mation to that of the normal tetracyclic steroid 
4-androstene-3,17-dione. Analogous conformational 
similarity should apply to the allenic secosteroid (II) 

with respect to progesterone. The conformational 
similarities between compounds I and II and 4-ene-3- 

ketosteroids, together with the presence of an alkylat- 

ing system (the conjugated allenic ketone grouping), 
led us to expect that compounds I and II might in- 
hibit A4-5cc-reductase. 

In this communication we report (1) the relative 
inhibitory potencies of these compounds on both 
A4-5a-reductase and 3cr-hydroxysteroid dehydrogen- 

ase found in rat caput-corpus epididymis and (2) the 
nature of the inhibition observed as determined by 
kinetic analysis. 

METHODS 
Preparation of subcellular fractions fbr assuying 

A4-5a-reductase and 3x-hydroxysteroid dehydrogentrse 
activities. Caput-corpus epididymides from Sprague- 

Dawley rats (25G-300 g) were removed immediately 
after decapitation. The epididymal fat pad was care- 
fully trimmed off and the tissues were weighed. All 
subsequent operations were done at 4°C. The solution 
used for homogenization and for the washing of pel- 
lets was a Krebs-Ringer phosphate buffer (KRP) con- 
taining 116 mM NaCI, 4.5 mM KCl, 2.5 mM CaCl,, 
1.3 mM MgC12, 10 mM phosphate buffer and 5q; v/v 
glycerol; the pH was adjusted to 6.9 with 6 N HCl. 
The tissues were first homogenized (10ml KRP/g tis- 
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sue) in an Omni-Mixer (Ivan Sorvall, Inc.) at maxi- 
mum speed for two 15 s periods separated by a 15 s 
interval and then with 10 strokes of a Potter-Elveh- 
jem homengizer (1,000 rev/min). The homegenate was 
then filtered through a nylon mesh, 93 p, (Tech0 Co.), 

and the filtrate was centrifuged at 1,500 g for 
10 min in an IEC model B-20 centrifuge. The pellet 
was washed three times with a vol. of KRP buffer 

equivalent to 30 times the tissue wet weight and the 
washes were discarded. The washed pellet, nuclear 
fraction, was resuspended in 10 times the original tis- 

sue wet weight and was used for assaying A4-Sa- 
reductase activity. The supernatant was then centri- 

fuged at 100,000 g for 1 h in a Beckman L ultracen- 

trifuge. The supernatant, cytosol fraction, was used 
for assaying 3a-hydroxysteroid dehydrogenase ac- 

tivity. 

Assay of A4-Sa-reductase and 3r-hydroxysteroid de- 
hydrogenase. A4-5c+reductase and 3a-hydroxysteroid 

dehydrogenase activities were assayed using a modi- 
fied method of Moore et al. [13]. A4-5r-reductase ac- 

tivity was assayed by adding an aliquot of the nuclear 
fraction to 1 ml of KRP buffer containing 
5 x 10e4M NADPH (Sigma), 5 x lo-’ M testoster- 

one (Sigma, crystallized) and 0.05 pcurie of [ 1, 2, 6, 
77”H]-testosterone (New England Nuclear). 3r-hyd- 
roxy-steroid dehydrogenase activity was assayed in a 
similar manner using cytosol fraction as the enzyme 

source and [1,2-3H]DHT and unlabelled DHT 
(5 x 10m7 M) as substrate. The reaction was allowed 
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Fig. 1. The influence of conjugated allenic 3-0x0-5,10- 
secosteroids on epididymal 3cl-hydroxysteroid dehydrogen- 
ase and A4-5wreductase. A. The effects of compound 
1-(4R)-5,10-secoestra-4,5-diene-3,10,17-trione on 3cc-hy- 
droxysteroid dehydrogenase M and on A4-5x-reduc- 
tase x--x. B. The effects of compound II (4R)-5,10- 
seco-19-norpregna-4,5diene-3,10,20-trione on 3whydroxy- 
steroid dehydrogenase M and on A4-5wreductase 

X---X. 

to take place for 1 h at 22 C while shaking at 120 
cycles/min. It was then stopped and the steroids were 
extracted by the addition of 10ml of ethyl acetate 
containing carrier testosterone, Sr-dihydrotestoster- 
one, 4-androstene-3,17-dione. 5r-androstane-3a, 
17fl-diol and Sa-androstane-3/j. 17[Gdiol each at a 
concentration of 10-j M. 

The solution was immediately vortexed for 15 s, 
allowed to stand 10min and vortexed for an ad- 

ditional 15 s. Samples were then centrifuged at 1,000 g 
for 10min in an IEC model V centrifuge. The lower 
(aqueous) phase was frozen in an acetone-dry ice 
bath. The upper phase was transferred to a 15 ml 

conical tube and evaporated to dryness at 45’ C under 
nitrogen. Each tube was washed twice with 2 mls of 
chloroform-methanol (1 : 1 v.‘v). 

Each sample was applied in chloroform~~methanol 
(I: 1 v/v) on silica gel 60 (0.25 mm thickness) plastic 
plates (E. Merck Co.) and developed in an equili- 

brated thin layer tank twice using the solvent system 
benzene-acetone (4 : 1 v/v). The R,: values for 
4-androstene-3.17-dione, DHT, testosterone and both 
3x- and 3[Gandrostanediols were 0.52, 0.62. 0.75. 0.85, 
respectively. In order to visualize the steroids, control 
lanes were sprayed with 5”,, w,‘v phospho-molybdic 

acid in acetone and heated for 10 min at 80 C. Each 
lane was then cut into eight sections and the radioac- 
tivity contained in each section was determined by 

scintillation spectrometry (Packard tricord 2000). The 
scintillation fluid contained 90”,, viv toluene, lo”,, v/v 
methanol, 0.4”,, w/v PPO and 0.004 w/v POPOP. 

Dihydrotestosterone. the product of the Sr-reduc- 
tase reaction. and 5x-androstane-3x, 17/Gdiol. the 

product of the 3r-hydroxysteroid dehydrogenase reac- 
tion, were found to account for more than 90”,, of 
the ethyl acetate extractable steroid metabolites from 
the nuclear and cytosol fractions respectively. The 
identity of these steroids was demonstrated by recrys- 
tallization to constant specific radioactivity [14]. 

Synthesis of’ c~oHju(Jtrterl llllmlit 3-ore-.i, IO 
secostcroids. The synthesis of both (4Rt5.10, 
seco-19norpregna-4, 5-diene-3. I0,20-trione (I) and 

(4R)-5,10-secoestra-4,5-diene-3.10.17-trione (II) has 
recently been described by Covey et trl. [I 11. 

RESL’LTS 

The elfects of conjugated allenic 3-0x0-5,10-secos- 
teroids on rat epididymal nuclear A4-5E-reductase 
and cytoplasmic 3a-hydroxysteroid dehydrogenase 
are shown in Fig. 1. It is clear from Fig. la that 
the inhibition of See-reductase activity by compound 
I is approximately 100 fold greater than the inhibition 
of 3cl-hydroxysteroid dehydrogenase activity. We did 
not feel that inhibition of enzymatic activity at drug 
concentrations exceeding 2 x 10m4 M would be sig- 
nificant because of solubility problems and thus this 
concentration was not exceeded in our studies. Simi- 
larly, compound I1 was also found to be a much bet- 
ter inhibitor of A4-Sr-reductase activity than of 
3x-hydroxysteroid dehydrogenase activity (Fig. 1 b). 
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Table 1. I,, of (4R)-5,10-secoestra-4,5-diene-3,10,17-trione 
and of (4R)-5,10-seco-l9-norpregna-4,5-diene-3,10,20 trione 
for A4-Sa-reductase and 3a-hydroxysteroid dehydrogenase 

Drug 

A4-5a- 
Reductase 
(10m6 M) 

3a-Hydroxysteroid 
dehydrogenase 

(1O-6 M) 

(4R)-5,10-secoestra- 
4,5-diene-3,10,17- 
trione 
(4R)-5,10-seco-19- 
norepregna- 
4,5-diene- 
3.10,20-trione 

3.8 180 

0.68 200 

Moreover, compound II was a better inhibitor of 
Sa-reductase activity than compound I. These obser- 

vations have been quantified by obtaining I,,, values 

for each enzyme using both compounds (Table 1). The 
results show that A4-5a-reductase inhibition obtained 

with compound II is superior to that obtained with 
compound I by a factor of 5. Thus, these compounds 

selectively inhibit A4-5a-reductase over 3a-hydroxy- 
steroid dehydrogenase while the presence of 17/I-ace- 
tyl side-chain permits better inhibition of A4-5a- 

reductase than does a 17-keto substituent. 
Since the inhibitor is included with both the 

enzyme and the substrate during the 1 h incubation, 
more accurate characterization of the time needed to 
initiate inhibition should be determined. In order to 
do this, A4-5a-reductase was incubated with 
5 x 1O-7 M testosterone and the enzyme activity was 

followed and found to be linear as a function of time. 
After a 30min incubation period, 10e6 M of com- 
pound II (enough to cause 60% inhibition) was added 
to the reaction mixture and aliquots were then 
removed and assayed over the next 30min. The 
results of this experiment showed that a constant per- 

centage inhibition (60%) was reached in less than five 
min, thus indicating that the onset of action of the 
inhibitors is relatively rapid. 

1.6 
r 

We next turned our attention to the nature of the 

inhibition of A4-5a-reductase by compounds I and II. 
Since the apparent K, of the enzyme is needed in 

order to select proper substrate concentrations for a 
Dixon plot [15] and since the apparent K, for testos- 
terone of this enzyme in the epididymis has not been 

reported, we first obtained this value (Fig. 2). The 
apparent K, value obtained by fitting this data to 
the Wilkinson model (16) is 0.34pM and the I’,,,, is 

1.4 x 10e6 mol/h/g wet weight tissue. When these 
data were analyzed using the Lineweaver-Burk 

double reciprocal plot [17] (Fig. 2, insert), the values 
obtained by linear regression analysis were 0.36 PM 
for the apparent K, and 1.8 x 10e6 mol/h/g wet 

weight tissue for the V,,,. 
Based on these observations, Dixon plots were 

obtained for testosterone concentrations of 200 and 

500 nM. The results shown in Fig. 3a and 3b demon- 
strate that both compounds are non-competitive in- 
hibitors of A4-5a-reductase. The Ki values obtained 
for compound I by regression analysis of the data 

shown in Fig. 3a are 5.1 x 10e6 M using 200nM tes- 
tosterone and 5.5 x 10m6 M using 500 nM testoster- 
one. The Ki values for compound II were obtained 

similarly and are 0.84 x 10m6 M using 200 nM testos- 
terone and 0.98 x 10m6 M using 500 nM testosterone. 

The correlation coefficient for each of the four lines 

was greater than 0.980. Thus, these results show that 
compounds I and II are non-competitive inhibitors 
of epididymal nuclear A4-5a-reductase and that com- 
pound II inhibits this enzyme approximately five 
times better than does compound I. 

The question of reversibility of this inhibition 

remains to be answered. Consequently, equilibrium 
dialysis experiments were done toward this goal. 
When A4-5a-reductase was incubated with compound 

II (10d6 M), dialyzed against KRP buffer with 
changes at least once every 12 h over a three day 
period and then assayed four times during this three 

day period, it was found that the drug-treated enzyme 

2 3 4 5 6 7 8 9 IO II 

TESTOSTERONE (/AM) 

Rate of A“-5a-reductase versus concentration of testosterone. The insert is a Lineweaver~ 
analysis of these data. 

Fig. 2. -Burk 
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Fig. 3. Dixon plot analysis of the inhibitory effects of conjugated ailenic-3-oxo-$10~secosteroids on 
rate of reduction of testosterone by epididymal A’-Sr-reductase. .A. Inhibition by (4R)-5.10~secoestra-4,5- 
diene-3,10,17-trione on A’-5r-reductase at testosterone concentrations of 2 x lo-‘M O--O and 
5 x lo-’ M x--x B. Inhibition by (4R)-5,10-seco-19-norpregna-4,5 diene-3,10,20-trione on A4-5c(- 

reductase at testosterone concentrations of 2 x lo-’ M 0-d and 5 x lo-’ M x ~ x 

had less activity than the untreated dialyzed enzyme. 

Such experimental results suggest an irreversible type 
of inhibition by these molecules but until A4-5a- 
reductase can be further purified, no definite conclu- 

sion may be drawn in this regard. 

DISCUSSJON 

The results presented in this manuscript show that 
compounds I and II are powerful non-competitive in- 
hibitors of epididymai A”-Sa-reductase but very poor 
inhibitors of 3cc-hydroxysteroid dehydrogenase. Dif- 
ferences in the degree of inhibition of A4-5a-reductase 

by compounds I and I1 suggest that the 17&acetyl 
derivative may bind to the active site of the enzyme 
more tightly than does the 17-keto derivative. This 
is consistent with the previously known binding pre- 

ference of prostatic [IS] and skin [IO] A4-Scc-reduc- 
tase for 4-ene-3-ketosteroids containing a 17/I-acetyl 

substitutent versus those contain&g a 17-keto group-., 

ing. This selectivity might be enhanced by other 
modifications at the 17 position such as hydroxyl, car- 

boxy. carboxymethyl, etc. 
In the studies presented by Voigt and Hsia [lOI 

on the inhibition of skin A4-Sa-reductase by a number 

of testosterone analogs, it was shown that all such 
analogs, though of varying potency. were pure com- 
petitive inhibitors. Thus. these conjugated allenic 
3-oxo-S,lO-secosteroids appear to be the first mol- 

ecules to be shown to be non-competitive and poss- 
ibly irreversible inhibitors of epididymal A’-Sa-reduc- 

tase. 
Since at least one other enzyme, bacterial S-ene-3- 

ketosteroid isomerase is inhibited by compounds I 
and II [1 11, one could speculate that a spectrum of 
effects on steroid synthesizing and metabolizing 
enzymes would be obtained by these inhibitors. How- 
ever, we are encouraged that this may not be the 
case since one other steroid metabolizing enzyme. epi- 
didymal 3~-hydroxysteroid dehydrogenase, is rela- 
tively unaffected by these compounds. Since the sub- 
strate of 3cc-hydroxysteroid dehydrogenase differs 
from that of A4-5a-reductase by a double bond at 
the carbon 45 positions, a certain degree of speci- 

ficity by these compounds had been expected in this 

case. To confirm this hypothesis, the effects of these 
compounds on other steroid synthesizing and meta- 
bolizing enzymes in the epididymis and in other tis- 

sues will be elucidated. 
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