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SUMMARY 

Progesterone and certain other steroids induce the resumption of meiotic division in amphibian oocytes 
in oitro. This system permits the examination of structure-function relationships of various steroids 
relative to their capacity to induce two specific physiological responses, nuclear breakdown and ovula- 
tion. The results indicate that the spatial arrangement of substituents on the upper, )V surface of the 
steroid molecule is of critical importance in the induction of nuclear breakdown; the 3, 20-dione, 
21-01 configuration being the most active. This must include an angular methyl group at carbon 19. 
The most potent inducers have an unsubstituted a surface, and any introduction of a polar group 
diminishes or abolishes biological activity. Ovulation demonstrates similar a and p surface requirements, 
but ovulation is much more sensitive to substitution in the fi surface at carbon 11. The results suggest 
that progesterone interacts with a receptor in such a way that the /3 surface is specifically bound 
to a proteip and the c( surface exibits non-specific binding to an adjacent hydrophobic region. 

INTRODUCTION 

Progesterone has been considered to be the primary 
inducer of meiotic maturation [l-3] or ovulation [4] 
in amphibians. Progesterone is believed to exert its 

primary action at the oocyte surface, since exogenous 
but not injected progesterone initiates the resumption 
of meiotic maturation [3]. However, a variety of 

nonestrogenic steroids have been shown to be potent 
ovulators [4] or initiators of nuclear breakdown 
[Z, 3,5-111, which is an early morphological event in 
meiotic maturation. These include cortisol, corticos- 
terone and testosterone, as well as progesterone. The 
steroids previously studied have, in general, been 

examples of naturally occurring steroids (estrogens, 
androgens, etc.) and involve multiple differences in 
the steroid nucleus. There has been no systematic 
study of the possible structure-function relationships 
for either the resumption of meiosis or of ovulation. 
An important question is whether there is a single 
meiotic and ovulatory steroid for the amphibian, or 
whether several steroids may be equally effective as 
long as they incorporate the required active func- 

tional groups. 
The present study examines the structure-function 

relationships for steroids which induce both ovulation 
and nuclear (germinal vesicle) breakdown. Ram 
pipiens follicles have been chosen for this study since 
each sexually mature female contains l-3 thousand 
fully grown oocytes, and these can be induced to un- 
dergo synchronous maturation and ovulation in vitro. 

In addition, induction of meiotic maturation can be 
readily studied in oocytes free of follicle cells. The 

results presented here indicate that there are unique 
structural requirements for inducing both meiotic 
maturation and ovulation and suggest a possible 
mechanism of interaction between steroid and the 
oocyte surface. 

MATERIALS AND METHODS 

Adult Ram pipiens females were obtained from 
Vermont and maintained in artificial hibernation at 
4°C. All experiments were carried out during the 
months of November-May, and were replicated over 
the course of two winter and spring seasons. Except 
as noted, all studies were carried out in Ringer’s solu- 
tion containing 111 mM NaCI, 2.0 mM KCl, 2.0 mM 

NaHCO,, 1.1 mM CaCl,, and 0.08 mM NaH2P04. 
This solution differs from classical Ringer’s solution 
in that it contains inorganic phosphate. Previous 
studies in this laboratory also used phosphate con- 
taining Ringer’s solution [lo, 111. Steroids were 
obtained from Steraloids (Pawling, N.Y.) and Sigma 

Chemical Co. (St. Louis, MO.); purity was confirmed 
by thin-layer chromatographic analysis. 

Ovaries were removed from a sexually mature frog, 
rinsed with full strength Ringer’s solution, and cut 
into sections, each section containing a cluster of 
a50 fully grown intact oocytes, held together by 
a thin sheet of connective tissue. All oocytes were 
surrounded by serosa and an epithelium of follicle 
cells. In parallel experiments, oocytes free of follicle 
cells were prepared by a modification of the method 
of Masui [l] as follows: clusters of oocytes were incu- 
bated at room temperature in Ca-free Ringer’s solu- 
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tion for 0.5 I.0 h. and the epithclial layer was care- 

fully peeled off using watch-makers’ forceps under a 

25 power binocular microscope. Both intact oocytc- 

follicle cell preparations and denuded oocytcs were 

equilibrated in Ringer’s solution at Icast 60 min prior 

to transfer to steroid-containing solutions. 

Individual clusters or denuded oocytcs were blotted 

on tilter paper. and transferred to a glass scintillation 

counting vial containing IO ml of Kinper’s solution 

to which had been added varying concentrations of 

dilferent steroids. Steroids were dissolved in W,, eth- 

anol and the concentrations adjusted so that the final 

alcohol concentration in the Ringer’s solution was 

(II”,,. Steroids were routinely put into Ringer’s solu- 

tion by vigorous shaking and heating on a water bath. 

Steroid concentrations arc cxprcssed in Itmolar units: 

10.0 pg.ml steroid is 7X 35 Itmol. Since each female 

contains I 3 thousand fully-grown oocytes. it was 

possible to screen IO 15 diffcrcnt steroids. each at 

several concentrations. with sibling oocytcs. 

All incubations wcrc carried out at IX ‘2 under 

a hood to reduce airborne contamination. At the 

times indicated. the number of oocytes released from 

the total follicle population were noted. and the vials 

were capped and placed in a boiling water bath for 

IO min. Twenty-tive oocytes from each sac were then 

examined for germinal vesicle breakdown by disscc- 

tion under a binocular microscope. C‘arc was taken 

to choose a reprcsentati\c population from both ovu- 

lated and unovulated eggs. 

It should bc emphasized that these studies were 

carried out in Ringer’s solution containing 80~tM in- 

organic phosphate ion. Incubation in phosphate-free 

medium produced a more varied response and gener- 

ally required higher steroid concentrations for an 

equivalent response. It should be noted that other 

investigators have variously used phosphate-free 

Holtfreter’s solution [Z]. phosphate-fret Ringer’s 

solution [I. 3.6. 71. or phosphate-free Barth’s medium 

[5] for studies of steroid induction of germinal vesicle 

breakdown. Serum albumin has also been added to 

the incubation medium in one previous study [I]: 

we have found no significant effect from adding 0.5”,, 

serum albumin to Ringer’s solution and have omitted 

it from all media to avoid steroid binding to the 

serum albumin. 

A total of 40 steroids were tested for their ability 

to induce germinal vesicle breakdown. The results 

presented here represent a composite of findings with 

more than 20 females. Unless otherwise stated, studies 

were carried out with oocytes with intact follicle cells. 
A representative time course for germinal vesicle 

breakdown is shown in Fig. I. The onset of germinal 

vesicle breakdown was essentially identical for 

various steroids when compared using sibling oocytcs. 

In the example shown. onset of germinal vesicle 

breakdown occurred about IO h after imtial exposure 

to inducing Icvcls of deoxycorticostcronc. progester- 

enc. and the 5r- and 5/I-pregnancdiones. The onset 

of germinal vesicle breakdown varied from about 

X I3 h between different females. Furthermore. onset 

of germinal vesicle breakdown was essentially the 

same for both submaximal and maximal inducing 

Icvcls of each of the active steroids. In contrast to 

the time of onset of breakdown. the time required 

for X0”,, germinal vesicle breakdown varied from less 

than I h for deoxycorticosterone to about 4 h for pro- 

gcstcrone or pregnanedione. Maximum breakdown 

was reached after a similar time interv,al with all four 

steroids. i.e.. about 4 h. 

The relative ability of increasing concentrations of 

several pregnene derivatives to induce germinal vesicle 

breakdown is illustrated in Fig. 2. As can be seen. the 

?I-hydroxy derivative of progesterone (deoxycorticos- 

terone) was much more cffectivc than progesterone. 

The I I/l-hydroxy progesterone was somewhat less 

active than progesterone. In contrast. 17~hydroxy- 

progesterone was only slightly active and 1 ls-hydroxy- 

progesterone was completely inactive. 

The relative inducing ability of the active steroids 

can be best estimated from the linear portions of the 

dose response curves (see Fig. 2). Since the progester- 

one response varied with the season [Z. IO], the ster- 

oid concentration required to produce 50”,, GVBD 

has been related to an arbitrary value of 1.0 for pro- 

gesterone in each experiment. As shown in Table I. 

the response is reproducible: steroids with values less 

than I .O are more effective than progesterone whereas 
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Fig. I. Time course of germinal vesrcle breakdown 
(GVBD). Clusters of 4&50 follicles containing fully grown 
oocytes were incubated at 1X-C in Phosphate Ringer’s 
solution containing 15nM concentrations of the steroid 
indicated: 21-01. deoxycorticosterone: Prog, progesterone; 
5/&dione. S/%pregnanedione: and 5x-dione: 5x-pregnane- 
dionc. Values shown are for sibling oocytes and are repre- 

sentative of three such experiments. 
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-2101 Table 2. Comparison of steroid induction of germinal vesicle 
breakdown in intact follicles and denuded oocytes 

% GVBD* 

Intact Denuded 
Steroid PM follicles oocytes 

None 0 0 
Progesterone 32 88 80 
11~Hydroxyprogesterone 32 0 0 
17a-Hydroxyprogesterone 32 8 10 
Deoxycorticosterone 3.2 100 100 

* Based on examination of 25 follicles or 10 denuded 
oocytes for each steroid. Values shown are for sibling 
oocytes and are typical of three experiments. 

0.032 0.32 3.2 32 

Steroid, pM 

Fig. 2. Maximal germinal vesicle breakdown (GVBD) as 
a function of steroid concentration in the medium. Clusters 
of 4&50 follicles with fully grown oocytes were incubated 
for 24 h at 18°C in 10 ml Phosphate Ringer’s solution con- 
taining the steroid concentration indicated on the abscissa. 
Values shown are for sibling oocytes and are typical for 

May. 

those with values greater than 1.0 are less effective. 
The values shown in Table 1 will be discussed in 

greater detail in connection with subsequent tables. 
The experiments outlined in Figs. 1 and 2 were 

carried out with isolated ovarian follicles, i.e., oocytes 

with a layer of follicle cells closely applied to the 
oocyte surface. Since follicle cells could be a selective 
barrier to steroids such as the 11~ or 17c+hydroxy- 

progesterone, parallel experiments to those in Figs. 
1 and 2 were repeated with isolated follicles and de- 
nuded oocytes (Table 2). Again the 11~ and 17a-hy- 
droxyprogesterones were essentially inactive, whereas 
progesterone and deoxycorticosterone demonstrated 
similar activity in both systems. Germinal vesicle 
breakdown was never seen in isolated follicles or 
denuded oocytes incubated in Ringer’s solution with- 

out steroid. 

The results of experiments presented above (Figs. 
1 and 2, Table 1) emphasize the importance of the 

Table 1. Relative steroid concentrations required to induce 
50% germinal vesicle breakdown 

Steroid 

Deoxycorticosterone 0.18 + 0.05* 
Cortisol 0.53 & 0.03 
17cc-Methyltestosterone 0.77 f 0.09 
Progesterone 1.0 
Testosterone 1.4 * 0.2 

1 I/?-Hydroxyprogesterone 3.3 & 0.5 
See-Pregnanedione 3.3 + 0.9 

Relative concentration 
required to induce 

50% GVBD 

* S.E., 4 experiments. 

position of the substituents in the steroid molecule 
in determining biological activity. For that reason a 
series of experiments have been carried out compar- 

ing the effect of selective and systematic changes in 
the steroid molecule. 

E&t of axial and equatorial hydroxyl group substitu- 
tions 

The general pattern of structure-function relation- 
ships can be most easily seen by comparing the effects 

of axial or equatorial substitutions on induction of 
germinal vesicle breakdown. A comparison of the 

effect of selective substitution of a single hydroxyl 
group on various carbon atoms of the 4-pregnene 
nucleus (Table 3) indicates that an OH in an equa- 
torial conformation greatly reduces (2~7 and 6u posi- 

tions) or completely inhibits (11~~) induction of ger- 
minal vesicle breakdown. Similarly, introduction of 
an OH group into a quasi-axial position below the 
plane of the ring system (17~) also markedly inhibits. 
In contrast, OH groups in an axial position above 
the plane of the ring system (68, lip, or 16~9 or on 
an angular methyl group above the ring system (posi- 
tion 18) has little effect on activity. These findings 
indicate a requirement for a hydrophobic, non-polar 

c( surface of the progesterone molecule. 

Effect of changes in ring D and C-17 side chain 

A second phase of this study has been to compare 
the effect of selective changes in the D ring and in 
the side chain at carbon 17. As shown in Table 4, 
reduction of the 20-keto group to a 20P-hydroxy deri- 
vative has no effect on maximal inducing activity, 
although the results indicate that a higher concen- 
tration of 20/3-dihydroprogesterone is required for a 
response equivalent to that of progesterone. In con- 
trast, the 20~ isomer has greatly reduced activity with 
only 3&40% GVBD occurring at its limit of solu- 
bility. Examination of a Dreiding model indicates that 
the fl configuration is above the plane of the ring 
system while the CI hydroxyl is slightly below. This 
is again consistent with the general findings in Table 
3. Loss of the 20-oxygen function (as in 4-pregnen-3- 
one) completely abolished activity. Thus, a 20-car- 
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Table 3. ElTect of hydroxylation of 4-prcgncne-3. 20-dione (progesterone) on its ability lo mducc germmal ~CSICIL’ hrcah- 
down in isolated R. pipims oocytes 

Hydroxylation Relative concentration* 
required to induce 5tY,a Maximal 

Ring Carbon Isomer ~‘onformation GVBD GVBD “1, 
_____..__-. _ .-. ._. __ _... _.._____. .._ 

A 1 
6 

Y-01 equatorial I6 
B 1-01 equatorial . 20.0 4x 

6 /i-o1 axial (above ring) 5.5 xx 
C II x-01 equalorial 0 

II p-01 axial (above ring) 3.3 X8 
D 16 l-01 axial+ (above ring) 2.3 76 

17 1-01 axial (below ring) I2 
1X -01 (above ring) 3.2 92 

* Relative to progesterone as 1.0 (see Table I). Values shown are from a representative experiment 
t With respect to-ring C. 

bony1 function appears to be essential for maximum 

biological activity. 
An interesting pattern emerges from a comparison 

of several progesterone derivatives with hydroxyl or 
keto functions at carbons 17. 20. and!or 21. Introduc- 

tion of a hydroxyl group at carbon 21 enhances ac- 
tivity. As shown in Table 4. the 20-kcto. 2l-hydroxy 
derivative (deoxycorticostcrone) was the most active 

steroid tested. Reduction of the 20-keto to a 20/j hyd- 
roxy function markedly reduced the relative activity 
but the derivative still produced maximum germinal 

vesicle breakdown. Introduction of a hydroxyl group 
at carbon 21 can activate the otherwise inactive 
17z-hydroxyprogesterone. 

The apparent requirement for a carbonyl dipole on 
carbon 20 is further supported by the finding (Table 
5) that the introduction of a double bond (l6-dehy- 
droprogesterone) between carbons I6 and 17 of the 
D ring also totally abolished activity. Introduction 

of the 16-double bond into the progesterone molecule 
produces an x$-unsaturated ketone and would 
largely abolish the carbonyl dipole. 

The results in Table 5 also indicate that the replace- 
ment of the sidechain with a 17-keto function (andro- 
stenedione) largely abolishes activity. However. the 
17/j-hydroxyandrostene derivative (testostcronc) is 

Table 4. EtTect of selective changes m the side chain at 
carbon I7 of the pregnenc nucleus on induction of gcr- 

minal vcsiclc breakdown 
____ ---..--. -_-_ 

Relative 
concentration 

Oxygen function at carbon: required to Maximal 
induce So”,, GVBD 

17 20 21 GVBD (‘,, 

None Keto None I .o 9’ 
None p-01 None 1.7 xx 
None z-01 None 36 
None Keto 01 0.2 loo 
None B-01 01 3.3 X4 
z-01 Keto None X 
I-01 Keto 01 I.1 96 
None None None* 0 

* 4-Pregnen-3-one 

Table 5. Elfect of selective changes in the D ring on induc- 
tion of germinal vesicle breakdown 

- 

Maximal 
Steroid 

l6-Dehydroprogesteronc 
17/j-Hydroxy-4-androsten-3-one 

GVBD “$, 

0 

(Testosterone) 77 

17a-Methyl-testosterone X6 
4-Androstene-3. 17-dione I? 

nearly as active as propesteronc (Table 2). Further- 
more. as also shown in Table I. introduction of a 

17~methyl group (axial, below plane of ring) greatly 
enhances testosterone activity and 17~mcthyltcsto- 
sterone becomes more active than progesterone. 

E@cr oj’chanyes it1 riny A 

A third phase of this work has been concerned with 

the effects of changes in ring A on the ahility of 
oocytes to undergo maximal germinal vesicle break- 
down Table 6 demonstrates that reduction of the car- 
bon 4-5 double bond to either the x or p isomer 
of pregnanedione has little effect on maximal inducing 
activity. In contrast. reduction of the 4-double bond 
in testosterone to form the Sr-isomer (dihydrotestos- 
terone) greatly diminishes inducing activity. Reduc- 
tion of the 3-keto function of progesterone or of 
5x-pregnanedione to either the 3r or 311 configuration 
produced compounds that were maximally active. 
However. activity may have been due to the 3-kcto 
form of these steroids. produced through oxidation 
by follicle cells or oocytes. In contrast. the Jr- or 
/I-hydroxy derivatives of 5/j-pregnancdionc were com- 

pletely inactive. 
Finally. an interesting finding was that loss of the 

angular methyl group projecting above the plane of 
the ring at carbon I9 (IO-Nor) abolished inducing 
activity of testostcronc and androstenedione. Since 
estrogens are inactive as inducers [4.5]. it would 
appear that the C-19 methyl is required for activity. 

Figure 3 compares the “(, ovulation in isolated 
amphibian follicles as a function of the concentration 
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Table 6. Effect of reductive changes in the A ring and 
loss of 19-methyl on the ability to induce germinal vesicle 

breakdown 

Steroid 
Maximal 
GVBD % 

Changes in pregnene series 
5a-pregnane-3, 20-dione 
5/%pregnane-3, 20-dione 
3a-hydroxy-5a-pregnan-20-one* 
3/Lhydroxy-5a-pregnan-20-one* 
3a-hydroxy-5/Lpregnan-20-one 
3fi-hydroxy-5fi-pregnan-20-one 
3fi-hydroxy-4-pregnen-20-one* 

Changes in androstene series 
17P-hydroxy-5-androstan-17fl-ol-3-one 

(dihydrotestosterone) 

Changes at C-19 
19-Nortestosterone 
19-Norandrostenedione 
Norethindrone 

89 
83 
52 
93 
0 
0 

71 

8 

0 
0 
0 

* Possible conversion to the 3-keto steroid (active). 

of steroid in the incubation medium. As can be seen, 

a rather narrow range of progesterone concentrations 
will induce ovulation in in uitro follicles. Furthermore, 
in the experiment shown, deoxycorticosterone reaches 

inhibitory levels before threshold levels are reached 
for progesterone. SC+ or 5fi-Pregnanedione, on the 
other hand, required higher concentrations to induce 

maximal, ovulation and reaches its limit of solubility 
before an inhibitory effect is seen. Thus, broad dose 
response curves must be examined to adequately 
measure steroid specificity in ovulation. 

As one approach to understanding structur+func- 
tion relationships for induction of ovulation, steroids 

100 r 

0.15 0.32 3.2 32 

Steroid, /.LM 

Fig. 3. Maximal ovulation as a function of steroid concen- 
tration in the medium. Clusters of 40-50 follicles with fully 
grown oocytes were incubated for 24 h at 18°C in 10 ml 
Phosphate Ringer’s solution containing the steroid concen- 
tration indicated on the abscissa. Values shown are for 
sibling oocytes and the relative response is typical of 5 

such experiments (see text). 

have been listed in order of decreasing activity in 
Table 7. All steroids tested for maturation inducing 

activity were examined and if not listed were n@ 

active in inducing ovulation. The right hand columns 
indicate the steroid concentration and the maxima1 
ovulatory response in a typical preparation that 
demonstrated steroid induction of ovulation. As 
shown, deoxycorticosterone was most effective, with 
progesterone, 20/3-dihydroprogesterone, 5a- and 5g- 

pregnanedione, and testosterone demonstrating simi- 
lar maximal activity. 17a-Methyltestosterone and 5c(- 
dihydrotestosterone were successively less active. In- 

active steroids included all those with equatorial or 
axial hydroxyl groups below the plane of the ring 
as well as a number of steroids that were very effective 
in inducing germinal vesicle breakdown. This latter 
group included those steroids with substituents in the 
1 l-position (e.g. 1 l/3-hydroxyprogesterone, cortisol, 
and corticosterone). 

It should be noted that the ovulatory response is 
subject to more variation than maturation. For 
example, there were differences in ovulatory response 
between females that seems to be unrelated to sea- 

sonal variations. Follicles from a given female may 
undergo maximal germinal vesicle breakdown but fail 
to ovulate. This may be due to a requirement for 
additional pituitary factors as suggested by Wright 
[4], or be a function of prior estrogen priming. In 
addition, as reported by Subtelny et al. [12], and con- 
firmed here, high steroid concentrations block ovula- 
tion but not maturation. 

Inhibitors of maturation and ooulation 

A number of in uivo antiovulatory compounds as 
well as progesterone analogues found to be inactive 
in inducing germinal vesicle breakdown were tested 
for their ability to inhibit progesterone induction of 
germinal vesicle breakdown and/or ovulation. As 
shown in Table 8 the antiovulatory compound 17a- 
chloroethynyl-17/3-hydroxy-l9-nor-4, 9 (lO)-androsta- 
diene (MK 665) was effective in blocking both ger- 
minal vesicle breakdown and ovulation but relatively 
high concentrations were required. In contrast, the 
antiovulatory compound ethynyl estradiol appeared 

Table 7. Effect of various steroids on the in vitro induction 
of ovulation in Rana pip&s follicles 

Maximum 

% 
Steroid pg/ml ovulation* 

Deoxycorticosterone 0.5 96 
Sa-Pregnanedione 5.0 80 
Progesterone 5.0 79 
20/?-Dihydroprogesterone 1.0 74 
5j-Pregnanedione 10.0 73 
Testosterone 5.0 72 
17a-Methyltestosterone 5.0 54 
Sa-Dihydrotestosterone 5.0 19 

* Values For sibling follicles after 24 h continuous expo- 
sure to steroid concentrations at 2@-24°C. 
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l.able X. lnhlbitlon of progesterone Induced germmal \eslcle 
breakdown and ovulation by specific steroids 

Inhibitory steroid’ /lg. ml 

II <I 

II II 

GVBD Ovulation 
~_. _-~ 
None Iw) X6 
MK-665t II 92 61 

55 4 0 
I I z-Hydroxyprogesteronc 5 68 0 
Plant steroids 

(strophanthidin) 400 I6 0 
Ethynyl estradiol I.6 62 100 

* Follicles were preincubated in the appropriate steroid 
for 1 h and transferred lo Ringer’s solution containing 
5,Ojcg:ml progesterone plus the inhibitory steroid for 24 h. 
Values are for sibling follicles. 

f 17~-chloroethynyl-l7~-ol-l9nor-4.6(1O)-androstadiene. 

to block germinal vesicle breakdown and facilitate 
ovulation. In fact. when progesterone levels are used 
that approach the ovulatory threshold (0.1-0.5 pg.‘ml). 
the further addition of ethynyl estradiol produced a 
near maximal ovulatory response (6O-70’,). 1 lr-Hy- 
droxyprogesterone, a steroid without GVBD inducing 
activity (Table 3). inhibited progesterone induced 
GVBD by about 30”” but completely blocked ovu- 
lation. Thus. ovulation and GVBD have differing 
sensitivities to inhibition by 11 z-hydroxyprogesterone 
and suggests independent processes for the two events. 

Finally, the cardiac aglycone strophanthidin (19- 
CHO) was effective in blocking both germinal vesicle 
breakdown and ovulation. However. it is not clear 
whether the cardiac glycoside is competing with pro- 
gesterone for an initial site of action. or whether it 
acts as a Na, K-ATPase inhibitor and blocks a sub- 
sequent membrane event [ 131. 

DlSCUsslON 

The results presented here indicate that the spatial 
arrangement of the polar substituents on the upper 
or /3 surface of the steroid molecule is of critical im- 
portance in the induction of both germinal vesicle 
breakdown and ovulation. In both events. the 3, 
20-dione, 21-01 configuration is the most active. A 
second requirement for activity is an unsubstituted 
r or lower surface, and any introduction of a polar 
group diminishes or abolishes biological activity. 

Steroids with a hydroxyl group in the 1 l-position 
above the plane of the ring system (1 I/?-hydroxypro- 
gesterone. cortisol) which were maximally active in 
germinal vesicle breakdown were completely inactive 
in inducing ovulation. Thus. the structural require- 
ments arc more restricted for ovulation than for 

maturation. 
Evidence has accumulated suggesting that pro- 

gesterone initiates germinal vesicle breakdown at the 
surface of the oocyte [6.9. 14. IS] and that subsequent 
metabolism of progesterone plays little role in nuclear 
breakdown. This interpretation is supported by our 

breakdo\cn is the same for a L+IJ~ range of steroids 
(e.g. progesterone. deoxycorticocostcronc. 17r-methyl- 
testosterone. etc.) and ih indcpcndcnt of htcrtjid W- 
centration. This sugpcsts A common initial stimulus 
with minimal eff‘ects of suhsequrnt metabolitc<. 

The optimal inducing activity of 20-keto steroldh 
such as progesterone could be due to hydrogen hond- 
ing between the carbon!1 dipole and ;I region on or 
in the oocytc plasma mcmbranc. Such bonds are 
highly directional and would proiccr above the /I 

plane of the steroid. Introduction of ;I h)droxyl group 
on carbon 21 (deoxycorticosterone) would increase 

hydrogen bonding and a secondary ring system could 
form between the side chain at carbons 20 and 21 
and mcmbranc constituenrs. On the other hand. in- 
troduction of a 172 hydroxyl in the progesterone mol- 
ecule could have a dual etl’cct. cithcr of which would 
reduce biological activity. One. as ;I polar substituent 
in the apolar plane of the steroid ir xould inhibit. 
and two. the 17 hydroxyl group would reduce the 

C-20 carbonyl dipole moment and largclq abolish h! - 
drogcn bonding with the oocyte surface. l.urthcr sub- 

stitution of a 21 hydroxyl group would agam allo\\ 
hydrogen bonding by the c‘-17 sidechain. 

The predicted order of decreasing biological ac- 
tivitj based on hydrogen bonding above the /j plane 

Ii H Ii Ii Ii 

W-OH HCH tic-OH HCH tic--Ott 

I ’ : 
c=o I, > k - !=TO” > &;OH/l ;KonS 

is in good agreement with the observed activit). 

An interesting finding was that the introduction of 
an r methyl group in the I7-position greatly enhances 
the inducing activity of testosterone (Table 2). The 

non-polar character of the 17-methyl group ma) 
shield the 1711 hydroxyl group from below and further 
supports the general requirement of a non-polar. 
hydrophobic surface of the steroid nucleus. These 
findings further suggest that the postulated rcquirc- 
ment of dipole interaction between membrane and 
steroid for biological activity is equally well satislied 
by an appropriate oxygen function on carbon 17. 110 
or 21. 

In the 5r (trans) configuration the junction of the 
A:B rings is slightly less planar than in the parent 
compound. while formation of the S/I configuration 
induces a marked bend in the molcculc. King A in 
the /?-configuration would project almost kerticall! 
below the plane of the ring system. In most steroid 
target tissues the Sir-reduced compounds retain at 
least some of the biological activity of the parent 
compound. cf. [I I]. In contrabt to the 5/&rcduccd 
compounds which arc without activity. As discussed 
elsewhere [I I] the R. pipims ovary appears to be 
unique in that both the 5r and 5/I reduced isomers 
arc nearly as effective as the parent compound. It 
should be noted. however. that the S/j isomer is active 

finding that the time of onset of germinal vesicle only as the 3-kcto form: the inactivity of 3-hydrosb 
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5/I-pregnane-20-dione would further support the re- 
quirement for non-polar substituents projecting below 

the ring system. In other words, ring A may project 
below the plane of the steroid nucleus (b configur- 
ation) as long as there are no polar constituents 
attached. 

In steroid target tissues studied to date, the relative 
biological activity of the hormone can be correlated 
with its ability to bind to specific receptors. In terms 
of binding potential a spatial requirement (as shown 
here for the fl surface) is usually associated with speci- 

fic steroid-protein interaction. The most potent in- 
ducers of germinal vesicle breakdown or ovulation 
have an unsubstituted z surface, and any introduction 
of a polar group diminishes or abolishes biological 
activity. In terms of binding potential, the s( surface 
thus follows the “polarity rule”. i.e. any increase in 
polar substituents decreases steroid-protein interac- 
tion. This type of interaction is generally of a hydro- 

phobic type and is associated with nonspecific bind- 
ing. Thus. in the oocytc we have an apparent steroid 
receptor interaction in which one surface of the ster- 
oid hormone displays specific (high affinity) binding, 
whereas the other surface displays nonspecific (low 
affinity) binding. Furthermore. it is important to 

recognize that both surface interactions are essential 
for biological activity. 

If a strict geometric fit is believed to exist between 
the shape of the steroid and receptor, then the re- 
quirement for exogenous steroid in inducing matu- 
ration and the structure-function restrictions outlined 
here suggest that the steroid hormone is inserted into 
the oocyte plasma membrane with the /I face con- 
forming to a high affinity binding protein and the 

r face closely associated with a hydrophobic region, 
possibly with phospholipid at protein-lipid interface. 
An analysis of steroid affinities for the oocyte surface 
and for isolated membranes could provide further 
insight into the mechanism of steroid initiation of 
meiotic maturation. 

It should be emphasized that in this paper we have 
examined only two of the complex events which occur 
in the oocyte in response to steroid hormone. The 
action of progesterone on the oocyte has been con- 
sidered to be an exception to the current concept that 
steroids act by evoking new mRNA transcription 
[14]. Actinomycin D, even when injected into the egg, 
does not block progesterone induction of germinal 
vesicle breakdown, meiosis, or the ability of the egg 
to be activated. Enucleated eggs, exposed to pro- 
gesterone. become capable of being activated. 

Progesterone does, however, initiate a diversity of 
changes in the amphibian oocyte. The earliest re- 
sponse which we have observed is a negative-going 
membrane hyperpolarization [ 163 followed by a tran- 

sient increase in RNA synthesis [lo]. An increase in 

protein synthesis is necessary for germinal vesicle 

breakdown [2, IO] and ovulation [lo], and changes 
in intracellular Na’ and K’ concentrations can be 
correlated with a progressive membrane depolariza- 
tion which begins after the first meiotic division, and 
continues during the completion of the second meio- 
tic division and the beginning of the first mitotic divi- 
sion [ 16. 171. The fact that cortisol, testosterone, and 
progesterone are effective inducers of germinal vesicle 
breakdown and ovulation, whereas only progesterone 
stimulated the early RNA synthesis [lo]. suggests 
that there may be more than one site for steroid 
action. Multiple or “pleiotypic” responses are in- 
itiated by many, and possibly all other hormones that 

stimulate growth and development (for an interesting 
discussion of this point. see [lg]). The possibility 
exists, therefore. that the complete expression of ster- 

oid hormone effect on the oocyte may result from 
a cooperative action initiated by simultaneous or 
sequential but independent interactions with one or 

more extranuclear and nuclear sites. 
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