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OF STRUCTURE TO ACTIVITY 
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SUMMARY 

The inhibitory effect of a series of estranes on the human placental enzyme which catalyzes conversion 
of pregnenolone to progesterone was investigated in vitro. Inhibition tended to increase with structural 
changes such as unsaturation of ring B, increased planarity, and oxidation of the 17-hydroxyl to a 
ketone, while biological “estrogenic” activity decreased. The finding that weak estrogens inhibit pro- 
gesterone synthesis suggests a natural mechanism for control of hormonogenesis in the human placenta 
and a new approach to pharmacologic control of fertility. 

INTRODUCTION 

Since the advent of the hypothesis that the actions 
of estrogens and other steroid hormones on target 
tissues involve binding to cytosol “receptor” pro- 
teins [l] little attention has been paid to the direct 
interaction of steroids and enzyme proteins. Estrogens 
for example, have significant effects on a number of 
electron transport enzymes [24], and on a variety 
of dehydrogenases [S]. Evidence that other steroids 
may regulate the synthesis of hormonally active 
steroids has been provided by several groups of inves- 

tigators who have studied enzymes involved in the 
synthesis of estrogens by the human placenta [6-91. 

Our laboratory has been interested in the inhibition 
of the synthesis of progesterone (4-pregnene-3,20- 
dione), a hormone necessary for establishing and 
maintaining mammalian pregnancy [l&12]. Previous 
studies have shown that the conversion of pregneno- 
lone (3fl-hydroxy-5-pregnen-20-one) to progesterone 
is mediated by two coupled enzymes: 3/?-hydroxyster- 
oid: NAD’ oxidoreductase (EC 1.1.1.51 (3/?-HSD)) 
and 3-ketosteroid 4-ene, 5-ene-isomerase (EC 5.3.3.1. 
(5-ene-isomerase)). These studies have also shown that 
dehydrogenation is the initial and rate limiting reac- 
tion [13-181. We have now measured the effect of 
other steroids on the rate of conversion of radio- 
labeled pregnenolone to progesterone using an in 
vitro test system consisting of a partially purified 
human placental enzyme. 

EXPERIMENTAL 

Preparation of the enzyme and measurement of 

*Now at University of Texas Health Science Center. 
San Antonio. Texas. 

enzyme reaction velocities were according to pro- 
cedures which we have described in previous publica- 

tions [l&12]. Briefly, the enzyme reaction mixture 
consisted of 50pM Na2HP04 (pH 9.5) in 30% gly- 
cerol. Pregnenolone was the varied substrate, ranging 
in concentration from l.&lO.OpM; NAD’ was the 
invariant substrate (200 PM). The soluble enzyme 
preparation was diluted to a protein concentration 

between 0.2 and 0.8 mg/ml. The final vol. of the reac- 
tion medium was l.Oml. Steroidal inhibitors were 

added in 25 ~1 ethanol; equivalent vols of ethanol 
were added to control assays. All reaction com- 
ponents were allowed to incubate for two min prior 
to initiation of the enzymatic reaction by addition 

of [3H]-pregnenolone in 50 ~1 ethanol. Incubations 
were carried out in a Dubnoff metabolic incubator 
at 30”. Separation of pregnenolone from its conver- 

sion product, progesterone, was achieved by selective 
precipitation with digitonin. The formation of enzyme 
products was then determined by liquid scintillation 
counting. Incubations were carried out for 5 min so 
that reaction rates could be regarded as initial veloci- 
ties: the relationship of the reaction rate and the con- 

centration of the enzyme protein was always linear. 
To quantitate inhibition of progesterone synthesis, 

we used KI values (inhibition constants) which ap- 
proximate the dissociation constants for enzyme-inhi- 
bitor complexes. The KI is thus an inverse measure- 
ment of the strength of the binding of the inhibitor 
as long as the interaction between inhibitor and 
enzyme is competitive with formation of an enzymee 
substrate complex. The smaller the value of the K,, 
the greater the potency for inhibition. K, Values were 
determined graphically using Lineweaver-Burk (l/u us 
l/s) plots [19] or Dixon (l/u us i) plots [20]. The data 
were statistically fitted to linear regression curves by 
the method of least squares. 
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RESULTS 

A large number of estranes were found to inhibit 

progesterone synthesis by the placental enzyme. In 
Table 1 the compounds are arranged in three main 
structural groups: estratrienes, estratetraenes, and 
estrapentaenes. Within each group the steroids are 
listed in descending order of the K, values. the more 

potent inhibitors having the lower K, values. Figure 
l(a) provides an example of K, estimation for equi- 
lenin. a very potent inhibitor of the enzyme reaction: 

the point of intersection on the horizontal axis indi- 
cates that the Kr for equilenin was approximately 
4 x lo-* M. The parallel regression lines of the same 

data on the Cornish-Bowden (s/u us i) plot (Fig. l(b)) 
show that the inhibition by equilenin was competi- 
tive [21]. The values given for biological potency 
listed in Table 1 are based on data selected as repre- 
sentative of the literature. Compounds with little or 
no estrogenic activity were the most elfective inhibi- 

0) 

( r 

Pregnenolone 
. 5.OpM 
0 IO.OpM 1 x 20.0/&M 

. 
.02 

/ 
. 

-K, 0 0.1 0.2 
[II Eauilenin, LLoM3 

b) Pregnenolone 
. 20pM 
o IOpM 
x 5pM 

2.0 

c 

01 0.2 0.3 
[I] Eaullenin, pM 

Fig. 1. Effect of equilenin on the human placental 
3P-HSD:5-ene isomerase as a function of inhibitor concen- 
tration. Dixon plots (A) and Cornish-Bowden plots (B). 
(s: concentration of substrate; v: velocity of substrate con- 
version to product; i: concentration of inhibitor). Incuba- 
tion conditions: 0.05 M sodium phosphase in 30% glycerol 
(pH 9.5), NAD+ as the invariant substrate (2OOpM) and 
soluble enzyme preparation (0.75 mg protein/ml). Measure- 
ment of the reaction velocity (nmol of product formed per 
min per mg protein) was over a 5 min period at 30”, with 
increasing concentrations of equilenin and with the three 
different fixed concentrations of pregnenolone indicated in 
the figure. Each value is the mean determination from 
duplicate incubations. Regression lines were calculated by 

the method of least squares. 

tors while diethylstilbestrol, the most potent (non- 

steroidal) estrogenic compound tested as far as utero- 

tropic effects are concerned, did not inhibit 3p- 

HSD: 5-ene isomerase activity. 
Certain generalizations on the relationship between 

inhibitory potency and specific structural features 

may be deduced. Inhibitory potency is related to the 
degree of unsaturation of carbon-carbon bonds in 
rings A and B of the estrane nucleus. Estranes which 
did not have an aromatized A ring were poor inhibi- 
tors. Estrenol did not inhibit and estrenone was a 
very weak inhibitor. Ring A aromatized estranes 
(1,3,5( 10) estratrienes) were significant inhibitors. Un- 
saturation in ring B (estratetraene) at either C-6 or 
C-7 increased inhibition further; the position of the 

double bond in ring B seemed to be of little conse- 
quence. Equilenin and its derivative dihydroequilenin- 
diacetate which are ring A + B aromatized estrogens 

(1,3,5(10,6,%estrapentaenes) were the most potent in- 

hibitors tested. 
Large substituent end groups on the estrane nu- 

cleus prevented inhibition: estradiol-hemisuccinate, 

estradiol-glucuronide, estradiol l’la-sodium sulfate, 
estradiol-17a-3-sodium sulfate, equilenin-benzyl ether 
and dihydroequilenin-17-sodium sulfate proved to be 

ineffective as inhibitors. The inability of dihydroequi- 
lenin-17-sodium sulfate and estradiol-17-sodium sul- 

fate to inhibit even at very high concentrations sug- 
gests that esterification in uiuo at C-17 with a sulfate 
ester may inactivate steroids as inhibitors. 

17a-Ethinyl estradiol, commonly used as the 

estrogen component in oral contraceptives, proved to 
be a moderately potent inhibitor. Its 3-methyl ether 
derivative (mestranol) showed no inhibitory action in 
vitro. The presence of an ether at C-3 appears to pre- 
vent inhibition, whereas esterification at C-3 seems 
to have less dramatic effects. Although addition of 

the 17a-ethinyl group to estradiol enhances estrogenic 
(eg. uterotropic) activity, it did not significantly affect 
inhibition of 3fl-HSD: 5-ene-isomerase. The effect of 

inhibition of the substituents at C-17 is predictable 
for each estrane series: 17-acetoxy > 17-keto > 17- 
ethinyl = 17/Ghydroxy > 17u-hydroxy. A comparison 
of the K, values for estradiol, estriol and epiestriol 
shows that hydroxyl substitution at C-16 decreases 
inhibition. Epiestriol which has the 16-hydroxy group 
in the p-orientation as opposed to a-orientation in 
estriol. is the more effective inhibitor of the two. 

DISCUSSION 

Our findings thus show a definite relationship 
between structural characteristics of estranes and the 
ability to inhibit the human placental 3P-HSD: 5-ene- 
isomerase. The following generalizations seem to 
apply: (1) Increased planarity of the estrane nucleus 
enhances inhibition, suggesting that the effectiveness 
of compounds in the estrane series may be due in 
part to the conformation of the steroid carbon skele- 
ton Three dimensional Dreiding models show that 



aromatization in ring A and ring B results in rings 
A and B being more nearly planar to rings C and 
D. Figure 2 shows that the phenolic ring B aroma- 

tized estrane equilenin approximates the planarity of 
the 21 carbon substrate prcgneno~one to a much 
greater extent than the less potent inhibitor estradioi 
17/j. (2) Substituents cis to ring D or in the /&orien- 
tation tend to increase inhibition. whereas substi- 
tuents trcrns to ring D or in the a-orientation tend 
to decrease inhibition. (3) Small polar substituents 
have predictable effects on inhibitio1~ whereas large 

end group substitutents (C-3 and C-17) appear to 
abolish inhibition, presumably because they impede 
interactions of the steroid and the active site of the 
enzyme. 

Although the structure-activity relationships 
observed in the present study bear some resembfances 
to the results obtained with the effects of steroids on 
other enzymes 12.3; 6-81. these relationships are 
novel and may be unique to inhibition of the 
3/I-HSD:5-ene isomerase activity. Our data from cx- 

periments with 3P-HSD:S-ene isomerase enzymes 
from ovary and adrenal cortex are consistent with 
the data on inhibition reported in this paper [l&12]. 

Progesterone production by the human placenta 
has been presumed to be relatively autonomous 
because the placenta is a temporary steroidogenic 
organ of pregnancy. and because a mechanism for 
regulating svnthcsis of this steroid has not been 

demonstrated. We have found ho\\c\cr that the mag- 

nitude of the K, values for inhibition of the placental 
enzyme irt 11irro by estrone. estradiol and estriol is 
consistent with the cndogenous concentrations oi 

these steroids normally found in the human pla- 
centa [9.22]. Therefore progesterone synthesis by the 
human placenta id z’irc~ could bc. as has been sug- 

gested by Wiener [E--24]. inlluenccd by a feedback 
mechanism involving enzyme inhibition. 

The synthetic steroidal analogue cyanoketonc (ZZ- 
cyano-17~~-l~ydroxy-4. 4.1 ?z-trimethql-androst-~-en-3- 
one) has been used extensisely as an inhibitor of the 
3/j’-HSD and S-ene-isomerase reactions [25 301. 

Cyanoketone has the advantage of being a potent in- 
hibitor at low concentrations (K, = I.8 x IO-” M) as 

well as having little other hormonal activity. It has 

the disadvantage howeccr of undesirable side-effects 
irr riw including interference with adrcnocortical hor- 
monogenesis. We have found that ring B unsaturated 
estrapentaenes (1.3,5(10),6.X) are also effective inhibi- 
tors at very low concentrations and that cquilcnin. 
which has very weak cstrogenic activity. is nearly as 

potent an inhibitor of the human placental enzyme 
system as is cyanokctone. Low Ictcls of both steroids 
(lo-’ M) also inhibit the conversion of pregnenolone 
to progesterone in cultured human trophoblast cells 

[?!I]. 
A substance which would lower lcvcls of circulating 

progesterone before or after conception might be of 

Fig. 2. Three-dimensional Dreiding models of the carbon skeletons of &radio]-17/i (Ii. eyuilenin (II) 
and pregnenolone (III). The molecules are drawn as though in space as viewed from an angle of 
approximately 5 degrees above the plane of the junction of the A/B rings. The larger the circles 
denoting carbon atoms are. the closer they are to the viewer. Carbons 3. 4 and 5 are loci involved 
in the transformation of pregnenolone to progesterone by 3fi-HSD:5-ene isomerase. See the text for 

further discussion. 
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considerable value as an antifertility agent. If the 10. Bransome E. D. Jr., Edwards D. P. and O’Conner 

uterine endometrium is deprived of sufficient pro- J. L.: J. c/in. Invest. 52 (1973) 12a. 

gesterone, implantation will not occur; if the feto- 11. Bransome E. D. Jr., Edwards D. P., O’Conner, J. L. 

placental unit is deprived of progesterone, pregnancy 
and Braselton W. E. Jr.: 56th Meeting of the Endocrine 

will not proceed [32]. Both in uiuo and in vitro experi- 
Society (1974), abstract 325. 

12. Edwards D. P., O’Conner J. L., Bransome E. D. Jr. 

ments with rats and rhesus monkeys have shown that 
equilenin can inhibit progesterone synthesis, thus sug- 
gesting that very planar estranes are potential anti- 
fertility agents. The partial definition in this paper 
of structure-activity relationships for inhibition of the 
enzymatic conversion of pregnenolone to progester- 

one may also provide a basis for identification of 
other steroidal inhibitors which would also have 

potential as antifertility agents. 
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