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INTRODUCTION 

I. Statement of Problem 

The enzymatic conversion of 65,3e~hydroxysteroi~s,to their correspond

ing 64,3-ketosteroids is an important step in the synthesis of pregn-4-ene 

-3,20-dione .(progesterone) as well as other biologically active steroid.· 

· hormones. Samue 1 s et a 1 .. ( 1951) were the first to demonstrate that in · 

maminal"ian tissues this conversion is mediated by the activities 313-hydroxy

steroi d: NAD ( P) oxidoreductase ( EC 1 . 1. 1. 51) ·and· J;..ketosteroi d · 64 ,65-i so-· 

· merase. (EG 5 . .3.3.1) ~ Available evidence sugge~ts that this conversion is 

a coupled process in which dehydrogenationis the first and rate limit-Ing 

step (Neville et al., 196~; McCune et al., 1970). In the bacterium· 

Pseudomonas testosterorii, the enzymes are separate protein rna 1 ecul es and . 

ha.ve been extensively purified (Marcus and_ Talal(ly, 1956; Kawahara··'et al., · · 
. -- . . 

1962; Delin et al., 1964). Ford and Engel (1974) found that both activities 

in .the ov·ine adrenal could be copurified to near protein homogeneity, and 

suggested that mamma 1 i·an 313-hydroxysteroi d dehydrogenase and 65- i-somerase 

·activities. are located· at different sites on the same protein~ : In mamma

lian steroid synthesizing tissues, the enzymes are for the most part asso

ciated with the smooth endoplasmic reticulum, but recent reports have ob

served that substantial activity is located. in the mitochondria. of adrenal_· 

·(Basch and Finegold, 1971), ovary (Sulimovici .and Boyd, 1969), testis·. 

· (Sulimovici et al., 1973),· and human placenta (Ferre et al., 1975).: 

In most mammalian species, including human, progesterone syntnesized. 

by the corpus luteum is essential for implantation in facilitating··uter_ine. · 

accommodation of the conceptus. In all viviparous animals, the continued· 

production of progesterone by either the ovary or· placenta is essential 

1 



for maintaining pregnancy after implantation. In the humah~ the o~a~ian 

contribution to .blood progesterone is significant only in early pregnancy, 

the placenta being the primary ~ource of progesterone throughout the re

mainder of gestation. The-activities of placental 3s-hydroxysteroid dehy

drogenase and 65-isomerase in catalyzing the conversion of 3s-hydroxypregn 

~5-en~20-one (pregnenolone) to progesterone therefore play an· important 

role.in the physiology of human pregnancy. 

In the ovary progesterone synthesis is regula ted by a sop hi sti cated 
. . . . . 

negative feedback mechanism involving pituitary trophic hormones. A simi-

2 

. lar mechanism· for regulating placental progesterone synthesis has not how

ev~r been .cibseryed. It is_possible that a local mechariism may be. operative 

whereby key steroid synthesizing enzymes in the. placenta· are controlled by· 

feedb~ck inhibition by-steroid end products or metabolites formed within. 

the placenta~ . Since the 3sHSD:isomerase reaction occurs at an early_step. 

in- the steroidogenic pathway and is a multisubstr~te reaction occurring -at 

a branch ·point, ·tt is a 1 ike ly target for -metabo 1 i c contra 1 . . 

In the present· investigation, detailed in vitro ~tudies were under~ 

taken to examine the kinetic behavior of the human placental· 3sHSD:isomer-· 

ase system and mechanism of action of two steroids which inhibit the enz}'me 

·reaction. The objective of the kinetic analysis was to determine whether . 

the placental enzymes-catalyzing the conversion of pr_egnenolone to proges-
. . 

terone follow conventional Michaelis-Menten be~avior o~ disp1ay more com-

plex kinetic patterns. Although enzymes which display feedback or· regula

tory roles-may follow conventional kinetic behavior, deviation from simple 

Michaelis-Menten kinetics is the most common feature of regulatory enzymes. 

Studying the kinetics of inhibition of an enzyine reaction may provide valu-

i ,c 



able insights :into the kinetic and molecular mechanism of the enzyme reac

tion and may reveal the manner in which the enzyme is regulated ·in vivo. 

3 

The studies summarized· in this dissertation examfne the kinetics of inhibi- .· 
. . 

tion of two potent steroidal i_nhibitors: 3-hydroxyestra-1 ,3,5(l0),6,8-pen- : 

taen-17-one (equilenin) and 2a.-cyano-17f3-hydroxy-4,4,17a.-trimethylandrost 

-5-en-3-one.(cyanoketone). 

The most studied molecular action of steroids is the well known in-

teraction between steroids ·and nonenzymatic "receptor 11 proteins in the tar-

.· get tissue. Specific structural requirements for steroid binding to recep .... · 
. . 

·tors have been well defined in various ti.ssues (O•Malley and Mea·ns, 1974; 

Anstall, 1974). -In many instances binding potency of a steroid .can .be 

correlated to its biological action (Korenman, 1969; Rousseau et al., 1972). 

Little attention however has been.·given to the effects of interaction 

between steroids and enzyme proteins on C..~Jl physiology. Part of the 
. . . 

present study was designed therefore to examine the relative: inhibitory 
. . 

potency of a large number of steroids and structurally related: derivati~es 

to determine if a relationship between specific ~tructural features of· 

steroids and inhibition of the 3BHSD could be defined. · Success might be·of 

·importance for the development of a specific inhibitor of the enzymatic 

conversion of pregnenolone to progesterone. In view of the fact tnat pro- . 

· .gesterone is essential for the maintenance of pregnancy, a specific inhibi

t?r of the enzymes_ catalyzing -the conversion of pregnenolone-to-progesterone· 

in the ovary or ·placenta might prevent implantation or promote the termina

tion of pregnancy and thus function as such an antifertility· agent ... Such 

an inhibitor might also be of value in probing the biochemical mechanism~ 

of progesterone synthesis. 



In addition to examining the structural .. requirements for inhibition 

by_ steroids, the in vitro. inhibitory ·acti.on of steroids normally found in 

·the placenta were studied to test the hypothesis that the placental enzyme. 

may·be·controlled in part by a ·steroid feedback inhibition-mechanism. 

To facilitate these kinetic and inhibition studies it was necessary 
. . . 

.-to develop an efficient and highly specific enzyme assay and devise proce-
. . . . . . . . 

dures for extracting and ·sol ubi 1 izing the enzyme from -its· membrane environ~ 
. . ' . 

ment. Studies to chara.cterize and validate the enzyme assay were carr.ied 

out and procedures. for successful solu.biiization and p·artial purifi·cation 

··.of the enzyme are presented.-

II.. Review of the Literature 

A~ Enzyme _Regulation.· . Modulation of enzyme reaction rates is. a 

principal device in living. organisms for regulating metabolism. The rates 

.of key reactions ·are regulated by mechanisms which either control the cellu

lar. concentration of enzymes or. control the enzymatic activity without.-
. . ' . 

affecting the concentration of enzyme mol ecu 1 es. In ·bacterial organi-sms 
. . . 

··regulation of gene expression to control the concentration of key en~ymes 

is the primary mechanism for regulating reaction rates. Regulation in 

bacteria and in higher animals also involves mechanisms in which ther~ is 

regulation of the bio·log·ical activity o·f key synthetic or degradative 

·enzymes in metabolic pathways (Stadtman, 1970). The bas·ic ·molecular mecha

nisms controlling enzyme activity are: dissociation. or association of sub-.· 

units in oligomeric proteins, induced ·conformation change.by.effector mole-. 

ctiles bciund to sites other th~n the catalytic s~te, coopera~ive interactions 

between substrate· binding sites~ and modification of the covalent structure 

of proteins by another enzyme (phosphorylation and adenyl at ion).. A 1 so of· 



fundamental importance in controlli.ng activity of a single enzyme are the 

substrate specifi~ity~ concentrations of substrate, cofactors and metal 

ions, and product inhibition. · The product of an enzyme reaction often 

inhibits the activity of the enzyme and thus plays an ·important regul.atory 

role. 

5 

The discovery of a ·class of enzymes in which the kinetic behavior· 

was a 1 tered by metabo 1 i c effectors not structurally re 1 a ted to the enzyme 

substrate, led to the concept of allosteric control first proposed by ·Ger

hardt and Pardee (1962) and later emphasized by Monad et al. (1963). Funda

mental to the theory of allosteric control is the idea that enzyme proteins 

are flexible molecules. ·The allosteric concept is that binding of a small 

molecule to a specific site separate from the enzyme active site influences 

the enzyme process by inducing or stabJlizing a specific conformation in 

the enzyme molecule. ·The ligand-induced structural change results then in 

either altering the affinity of enzyme for the substrate or altering the 

catalytic potential of the enzyme. More generally the essence of ·allosteric 

control is that binding to one site on the protein molecule in some manner · 

~odifies events at another site. The model for allosteric control propbsed 

by Monad et al. {1965)· assumes that all proteins are in a· state of equili

brium between two. or more preexisting spatial configurations and that. 

lig~nds act by shifting the equilibrium between the preexisting states. 

Conformational .change therefore. affects all subunits in the same manner and 

the symmetry of the·protein molecule is preserved.· This model is limiting 

in the sense that it doesn't account for hybrid conformational states of 

protein subunits and predicts only positive cooperativity in substrate 

binding. A number of enzymes do conform kinetically to the symmetry model, 
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eg_. glycogen phosphorylase and phosphofructokinase (Blangly et al., 1968) · 

and yeast glyceraldehyde-3-phosphate dehydrogenase (Kirschner et ·al., .1966) .: · 
. . . . . ' . 

Koshland et al. (1966)-and others (Hathaway and-Atkinson, 1963) how-· 

ever, explain- alloster-ic control by a ·sequential mechanism .. They propose 

that ligand binding pr6gressively. changes the. binding affinities of vacant 

sites as site~ are oc-cupied. This 11 sequential 11 model predicts· that· subunit 

interactions are the key to allosteric and cooperative effects observed in .. 

· enzymes with regulatory properties. The sequential model is less limiting 
/ . 

than the symmetry model because it a·llo.ws for hybrid subunit conformational 

states and_ thus any possible combination of homotropic cooperative respons~s-
. . 

(positive and negatiVe) .. A number of enzymes have been shown to·-be. compati-
. . - .. 

- . -

· ble with a simple sequential model, eg~ deoxythymidine kinas-e (Okazaki and 
. ' . ' . . . . 

Kornberg, 1964), homoserine dehydrogenas~ (Datta and Gest, 1965'); LDH 

(Ni ssel baum an·d Bodansky, 1961) and glutamic dehydrogenase (LeJohn and 

Jackson, 1968 )_. 

The simplest symmetry and sequential_ models-for allosteri·c control 

however cannot adequately explain control_mechanisms for all regulatory 

enzymes. Even though conformational change is .not the only regulatory mech- -

anism in the .cell it se~ems to be the most universal .. Alternative control 

mechanisms have been proposed. ·A multi site model has been· s_uggested that 

doesnrt require subunit interactions or interactions between binding sites 

{Sanwall and Cook, 1966). An alternate- pathway theory has been proposed· 

(Sweeny and Fisher, 1968)- in which enzyme regulation is explained with 

single noninteracting bindin-g s.ites if ther:e is more than one re_action path

way leading to the binding of the substrate. 
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For most enzyme-catalyzed reactions a plot of reaction velocity 

ag·a i nst ·substrate concentration yi e 1 ds ·a s imp·l e hyperbo 1 i c curve as pre-· 

dieted by t~e Michaelis-Menten equation. A basic assumption of the Michae-
. . 

lis-Menten equation is that all binding sites. are equivalent and noninter-

acting .. _ Kinetic patterns more complex than simple·Michaelis-Menten kinetics 

are a common feature of ·a large number- of -enzymes important in- the regula

tion of metabolism. Subunit interactions or interactions between a regula- . 

tory site and the substrate bi_nding site will yield. kinetics that deviate 

from conventiona 1 tiyp_erbo 1 i c function. 
. . . 

. Umbarger (1956) showed that E. coli threonine deaminase exhibited 

sigmoid kinetics and was the first to demonstrate non-Michaelis-Menten 

. enzyme kinetics .. Sigmoid kinetics indicate that more than· one molecule of 
. . ' ·. . . . . . 

. . . 

substrate either directly or indirectly ·affects the· reactio·n ·velocity.· 

Since two molecules of substrate do not react at.the samesi.te., sigmoid 

kinetics are generally interpret~d to mean that the presence of a substrate 
. . 

molecule at one stte ·affects the properties at another site or more si~ply 
. . . 

that there are interactions between binding ,sites (Atkinson, 1970). R~gu-. 

latory enzymes cover a wide range of kinetic behavior patterns 'from sigmoid·. 

kinetics to even more complex patterns. Some enzymes have been shown to· 

display kinetic patterns in which the substrate-velocity curve is hyperbolic 

at low substrate ranges but the slope ·decreas.es at higher substrates, a 

· findin·g consistent witti·negative cooperativity (Levitzki and Koshland, 1969). 

-In other cases_a combination of positive and negative cooperativity has been· 

noted for the same enzyme molecule. Aspartate transcarbamylase shows both 
. . 

. . . 

positive and negative ~ooperative binding of cytidine triphosphate.{Cook, 

· 1972) .. NAD+ binding to yeast glyceraldehyde-3-phosphate dehydrogenase 

revealed that subunit ,interactions lead to a mixture of positive and nega-
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tive cooperativity· {Koshland and Cook, 1970) .. Certain enzymes have· been 

noted to exhibit 11 bumps 11 in the_ir substrate saturation curves (Teipel and 

Koshland, 1969),. a finding consistent with the theory of ligand induced 

sequenti'al changes. The substrate-velocity curve for yeast· glyceraldehyde 

~3.-phosphate dehydrogenase has .been shown to have an intermediate plateau .. 

in the region of 50% saturation which .is ·~nresponsi~e to further increases 

in substrate concentration {Rock and Cook, 1974). · This kinetic pattern has 

been interpreted as positive cooperative binding of the substrate below 50% 

saturation followed by·a conformational change of the enzyme leading to 

negative cooperativity, thus requiring h-igher. concentrations of substrate. 

to completely saturate the enzyme. 

Since each regu·l a tory enzyme can be assumed to have evolved indepen-
. ' . 

' ' 

.dently to meet.a ~pecific n~ed of th~ organism, th~ kinetic behavi~r ~f 
. ' . . . 

different enz.Y!lles should not be expected to be identical .. Complex kinetic 

patterns apparently ari.s.e: _from any number of possible molecular mechanisms. 
. . 

What is important physiologically is that c'omplex kinetic behavior is most 

likely a fundamental property for metabolic regulation. Cooperativity for 

example sensitizes the- enzyme to metabolic changes in the celt ... Positive 

cooperative kinetics may have selective advantage over Michael is-Men ten· 

kinetics in that the enzyme would be more responsive to metabolic change, 

whereas negative cooperativity insulates· the enzyme activity against ·meta

bolic fluctuations. A mixed combination of positive and negative coopera- · 

tivity may be physiologically advantageous by providing increased sensiti~ 

-vity over a particular range of substratecconcentration and decreased sen

sitivity over a-nother. 
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Umbarger (1956) and ~ates and Pardee (1956) were the first to estab

lish the idea that the first step in a ~etabolic pathway was sensitive to 

metabolic feedback control. Regulation of an early step is advantageous in 

the economy of the cell in that flow over the entire pathwaycan be con-
. . 

trolled without accumulation of intermediates in the pathway, Most enzymes · 

at branch points in a pathway as well as multifunctional enzymes, are also· 

susceptible to metabolic control. Although examples o( first steps in path-
, . 

ways inhibited by the end_ product. are numerous; the mechanism of inhibitory 

effects are vastly different from one system to the next. 

Allosteric effects of steY'oids on key metabolic enzymes have been . 

studied by a number of investigators. In revfews by Tom.pkins and Maxwell 

(1963). and Chayen et al. (1974) the in vitro fnfluence of steroids on the 

activities.of various dehydrogenase enzymes were. examined~ The best known 

systems are the. interactions between ster~~ids and glutamate· dehydrogenase, 
. /. . 

glucose-:6-phospha~e· dehydrogenase and aldehyde dehydrogenase. 

Glutamate dehydrogenase appears to have a separate catalytic and 

steroid bi~ding site and estrogen binding· promots reversible dissociation 
. . 

of the enzyme subun.i ts (Tompkins and Maxwell, 1963.). ·cha.nges in associ a-· 

tion of enzyme subunits may be the mechanism by which estrogens inhibit 

glutamate· dehydrogenase. However, as demonstrated by Warren et al. (1964) 

inhibition is achieved only with pharmacological doses. of estrogen. The 

· .interaction of .estrogen with glutamate dehydrogenase therefore is not 1 i kely 

to be an importarit action of the steroid hormone iti vivo. Glucose-6-phos

phate dehydrogenase is an abundant-enzyme in steroid synthesizing tissues, 

· important in generating NADPH required for steroid hydroxylation reactions, · 

side chain cleavage and aromat1zation. Various steroids have been shown to 
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inhibit glucose-6~phosphate dehydrogenase in vitro, suggesting .feedback 

inhibition by sterofds may be a factor in the physiological regulation of 

steroid hormone production (Warren· and Betz, 1965). Steroids do not · 

appear to inhibit glucose-6-phos.phate .dehydrogenase by competing with the 

enzyme substrate, consequently· .the suggestion. is that steroids· affect the 

tertiary structure of the enzyme by binding to a position other. than the 

substrat"e binding· site.· 

Yoshida (i 966) puri fi.ed glucose-6-phosphate dehydrogenase from human 

erythrocytes and found it was inactivated when NADP ·was removed. . It has · . 
' . . . . . 

been suggested that the active enzyme is composed of six subunits each· 

with an NADP binding site.· The enzyme then readily dissociates into inac-. 

tive trimeric forms when NADP.is ·removed. Levy et al. (1966) found that 

DHA inhibits mammalia~ glucos.e-6-phosphate dehydrogenase noncompetitively, 

also indicati-n-g that inhibition is due to conformational or polymeric.· 

·· changes. . It was suggested by Levy et · al .. (1966) ·that the enzyme is conver

ted to an. active .form by the presence of NADP and that inh~bitory steroids 

such as DHA bind only to the a~tive form. Bindi.~g· of steroi.ds occurs then .. 
. . 

. . . 
. . 

only if NADP is present. Steroids have been shown also to inhibit aldehyde· 

dehydrogenase activity in vitro but a-pparently do not promote dissociation 

of enzyme subunits (Maxwell and Topper, 1961). 

Douville and.Warren (1968) reported th~t a~tivities of glutamate 

dehydrogenase, gl ucose-6-phosphate dehydrogenase and aldehyde dehydrogena·se 

were i nhi bi ted by a variety of naturally occurring steroids and that i.nhi

bition in each case was noncompetitive with respect to substrate and cofac

tor~ It was concluded that these enzymes contain steroid bindi.ng sites of 

moderate affinity and specificity that upon steroid binding are- capable of 
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affecting catalyti.c· activity. Attempts to define general r~les for the-

specificity of these steroid binding sites. were not successful·~ indicating

that the specificity for steroid-prot~~n interactions may be unique to each 

enzyme. 

A series of.hormonal steroids and deriv~tives.were found to be effec-

tive inhibitors in vitro of the _heart'·muscle.electron transport ~nzymes,. 

NADH and succinate oxidase (Stoppani et al., 1968). More recent studies 

have shown that several steroidal compounds are also effective· inh"ib.itors 
. . ' -

in vitro of the human placental aromatase sysiem (Schwarzel ·et al.,· ~~73; 
. . . 

Sfiteri and Thompson, 1975). Metabolites of and~ost-4-en-3,17~dione were 

found to be the, most potent_ inhibitors, which may be of physiological im-

portance in controlling estrogen synthesis· in vivo. 

Steroid hormones are known ·to .influence lysosomes by_ retarding 

release of hydrolytic enzymes. It appears however that steroids stabilize 

·]ysosomes by direct effect on the membrane itself rath~r than interacting 

· with lysosoma 1 enzymes. Weismann ( 1969) however has suggested. that steroids -

might be selectively taken up ·~nd sequestered~- reaching· very high concentra

tions to directly affect lysosomal enzyme activities. 
I •. 

B. Progesterone Synthesis and the Maintenaae of Pregnanay. The · 

enzyme activities, 38-hydroxysteroid dehydrogenase and .~5-isomerase,. cata~ 

lyzing the conversion of pregnenolone to progester6ne in the human placenta_ 

p 1 ay an important role in pregnancy. Progesterone synthesi-s without excep-

. tion is essential for the maintenance of· pregnancy in all live bearing-
. . . . . . 

animals .. Whether progesterone is primarily of ·ovarian or placental origin 

is dependent on the animal species.· In some·species, the-corpus luteum is 

·the sole source of progesterone required for the. maintenance of pregnancy, 



whereas the plat~nta in other species-takes over the role of progester

one production and t"he .corpus luteum becomes virtually inoperative.:.· 

12 . 

Animal species· have been a~bitrarily categorized according to whether preg~ 

nancy can be rna intai ned· in the ·absence. of the ovary. In a review by Dav.i_es 

and Ryan (19.72) this is thoroughly· discussed .. As a general r~le animals 

with short gestation periods are· not able to tolerate oophorectomy and the 

prima~y source of progesterone through pregnancy. theref.ore is the ovary. 

Animal~ with r~lative1y long gestatirin ~~riods afe ~enerally.able to_tole

rate oophorectomy at some interval after ··implantation, indicating that the 

primary source of progesterone· is the placenta. Some anim~l s of course are 

intermediate in that substantial contributions to blood progesterone comes 

. from the ovary and the placenta. ·In primates and humans, the primary source 

of blood progesterone through gestation~is .the placenta. Plasma· progester~ 

one 1 evel s rtse ·gradua·lly during the first trimester of pregnancy and then 

plateau and .remain elevated until parturition. No decline· in blood proges

terone.le~els is observed prec~ding the termination of pregnancy (Diczfalusy. 

and Borell,- 1961.). . 
.. 

One role for progesterone in the rna i ntenance of· pr_egnancy is 

its inhibitiory of contractile activity in the myometrium (Csapo, 1969). 

The primary site of progesterone action is the uterine myometrium and pro-· 

gesterone cytop 1 asmi c receptor proteins· have been demonstrated in the myo-·: 
. . 

metrium by several· investigators (McGuire and DeDella, 197.1; Milgram and. . . 

·Baulieu, 197·0). The contractile inhibiting action of .progesterone is believed 

to be associated with ·the electrochemical and mechanical activity of the· 

myometrial cell membrane. Progesterone has been shown to inhibit the mechan

ical activity of myometrial strips by inducing hyperpolarization of the · 
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cell membrane thus suppressi.ng propagation of an actfon potent.ial (Kumar, 

1967). Th~ placenta in several species has been· implicated to have a local 

effect on myometrial mechani ca 1 activity (Csapo and Wiest, ·1969). Electro~ 

chemical. properties were found to be markedly different in the myometrium 

overl~ing the placenta. than. that opposite to it and the concentration of. 

progesterone in the myometrium is highest subjacent to the placenta .. 

Estrogens as well as progesterone play an essential role in the phy

siology .of pregnancy. _The primary site of estrogen action is the uterine 

-endometrium~ Estrogens function in stimulating· uterine growth and i-nduce· 

the synthesis of specific contractile proteins and .enzymes.. Ther~ appears 

to be an optimal ratto between estroge~ and prbgesterone for exerting th~ · 

proper physiological response to each steroid during pregnancy. Estrogen 

and progesterone together are essential. in maintaining pregnancy. 

In.all species studied-, the place~_ta has been found to contain the 

. enzymatic ·pote_ntial in vitro_ for converting pregnenolone to progesterone. 

However significant progesterone synthesis by the place·nta in vivo has not· 

.always been demonstrated. For example, several investigators have shown 

. that in the rat and rabbit, the ~ource of virtually all blood progesterone 

during pregnancy was the ovary (Wiest,-_1970; Grata and Eik-Nes, 1967), yet 

the enzymatic conversion of pregnenolone to progesterone has been- demon-· 

· strated in vitro (Townsend ~nd Ryan, 1~70; Wiener, 197~;. Marcal et al., . 

1975; Matsumoto et al., 1969). In the human, the placental secretion rate 
• 0 • 

_of progesterone· is extremely high (Vander Malan and Aakvass, 1967) and the 

ovarian contribution to blood progesterone is significant orily early in 

pregnancy (Davies and Ryan,. 1972). 
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In, the ovary,. progeste~one synthesis is regulated primarily by the 

well known feedback mechanism involving pituitary gonadotrophic hormones 

(Wiest et al., 1968). A similar control mechanism for placental progest~r

one ~ynthesis has not been observed. In the human, the progesterone pfo

duction rate during p~egnancy closely corresponds to the growth rate of 

the placenta. Progesterone production was found to be proportionate to the 

DNA content and the ~umber of cells in the placenta, indicating that pla

cental progesterone synthests may not be under hormonal control and may· 

simply be proportionate to the size of the placenta (Johansson, 1969). Al- · 

though no trophic hormone control of placental progesterone synthesis is 

apparent,_ other possible mechanisms. have been suggested by Davies and Ryan · 

(1972), eg. blood flow rates cdntrolling the transport of cholesterol to 

· the placenta or regulation of steroid synthesizing or degradative enzymes 

by metabolites. 

In view of.the fact that a control mechanism for· regulating placenta 

.progesterone synthesis is unknown, plus the fact that the 3BHSD:isomerase 

appears to.be a multisubstrate branch point enzyme, it is surprising that 

such a small amdunt of work has been done with the human placental 3BHSD: 

isomerase system. 

C. Bacterial and Mammalian b.57 3BHyc1Poxysteroid Dehydrogenase and 

tJ.5-!somerase Systems. Most· studies of t·he 3S-hydroxysteroid dehydrogenase 

and l\5-isomerase have been with the testosterone induced enzymes in the. 

bacterium Pseudomonas testosteroni. In the bacterium these are separate 

enzymes and have been extensively purified and characterized (Marcus and 

Talalay, 1956; Kawahara et al., 1962; Delin et al., 1964). These are 

probably the best characterized steroid synthesizi_ng enzymes available and 
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. have provided excellent models for studyi~g the interaction bet~een 
- . 

steroids and enzyme protein surfaces. Unlike the mammalian enzyme the 

. bacterial {3-steroid dehydrogenase has two separate substrate specific 

reaction sites -for the dehydrogenation of 3'~:ol· and lTs-ol steroids. Inhi-

bi:tion studies by Talalay and Marcus (1955) have shown· that the dehydroge

nase enzyme is strongly inhibited by estrogens and structurally related 

compounds as· well as the structurally dissimilar synthetic·estrogeri, diethyl

stilbestrol. Inhibition appear·ed. to be dep~nden.t on .the presence ·of the 

3-0H phenolic group .. Estradio1-17f3 and structurally related compounds that 

do not serve as substrates are.tightly bound ·to the enzyme surface. ·wang 
_· . . ' . . . . - . 

et a 1. ( 1963) found that 19-nortestosterone ".as ·w.e 11 as estrad i o l-17.s -and -. 

17f3-dihydroequilenin were potent competitive inhibitors of the oacterial 

AS-isomera-se. Both estrogens underwent spectral changes when they inter-:. · 

. acted with the en.zyme surface, interpreted as resulting from the formation of 

phenol ions of estradiol 17(3 and enol ions of 17s-dihydroequilenin. · Wang 

et a 1 ~ (1963) thus cone 1 uded ·that the Pseudomonas testosteroni ~5-i somerase 
. ' . . 

~echanism involves a direct intramolecular proton transf~r: Ferrari and 
. . . . . - . . . ; 

Arnold {1963) also studied the_kine.~ics of the bacterial (3-hydroxystero·id 

dehydrogenase and inhibition by steroids. They found estradiol 17s to be a 

potent noncompetitive inhibitor. Cyanoketosteroid, 'l?s-hydroxy-2-hydroxy-

. methylene~ 17~-methyl-Sa~·androstan-3-one ( hydroxymethyl enesteroi d)~ and 

diethylstilbestrol were all found to be potent competitive inhibitors. 

The degree 6f inhibition was f~und to be dependent on pH, again suggesting · 

phenol ions might be responsibl~ for:the ~ight binding of these steroidal 

. inhibitors to the enzyme. Goldm~n (1967, 1968) also fourid that various 

naturally occurring steroids and sYnthetic_derivatives were effective 
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inhibitors of the bacterial enzymes. He found however that the· synthetic 

substrate analogu~s, cyanoketosteroid and hydroxymethylenesteroid, as well .. 

as estradiol ~17 S gave ki.neti c patterns,· characteristic of pseudoi rreversi

ble:·inhibit.ion. ·The potent inhibitor action of these compounds was· there-·. 

fore due to their tight biriding ahd explains persisteni ~n vivo effecis · 

observed.. Bee au se of the structura 1 simi 1 ari ty. between cyanoketone and the. 

C19 substrate (DHA), cyanoketone was suggested to be an active sit~ direc~. 
. . 

ted. inhibitor· (Goldman~ l968)e ·Nev{lle. and Engel (1968) also studied the. 

effects of cyanoketone and hydroxymethylenesteroid ·an. the kinetics of the 

bacterial 3(17)S~hydroxysteroid dehydrogenase and b.5-i,somerase, finding 

that .both steroids were reversible noncompetitive inhib~tors of the dehy- .·. 
. . ,·. 

· . drogenase .. Inhibitors reduced the affinity of the enzyme for steroid sub-

.strates witho~t affecting NAD+ binding. ThecisOmerase reaction on the other 
. ' 

hand· was inhibited competit'ively. 

Marrmalian 3SHSD and A5-is.omerase systems are membrane-bound enzymes.· 

and have not been characterized as well as their soluble counterparts.· 
. . .· . . . . . . 

located in·the cytoplasm of Ps,eudomonas testosteroni. The mammaiian systems . 
. . 

h~ve generally been·assumed to.be associated with the·smooth endopl~smic 

reticulum. There is a substantial amount of recent evidence however indi~ 

eating that mammalian enzymes are localized in the membranes of both·mito-

. chondri a and smooth endoplasmic reticulum. For .instance, Koide and Torre.s · 

(1965) and more re~enily Ferre et al. (1975) ex~mined the subc~llular.dis-

. tribution of 3sHSD:isomerase in the human placenta. Both groups. fotind that 

v1rtually all enzyme activity was equally distributed between the mitochon

drial and microsomal ·subcellular fractions .. Similar findings in the rat 

adrenal were reported by Basch and Finegold (1971) and in the rat ova.ry. by 

Sulimovici and Boyd (1969). 
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The majority of the work done.with mammalian 3~HSD and AS-isomerase. 

has been with adrenocortical enzYI11eso Because of the well known-problems 
. . . . ' 

encountered with any membrane-bound enzymes, there has so far been ·little 

success in isolating or extensively purifying mammalian enzymes .. With 

exception however; Alfsen et al. (1965) have reported the isolat1on and 

· purification to homogeneity of bovine adrenocortical ketoisomerase with 

specifici.ty for 5-cholesten-3-one and Ford and Eng·el (1974) recently were 

able to purify .the 3(3HSD:isomerase from sheep adrenals. Ford and Engel · 

· ( 197 4) however, were unab 1 e to sepa~rate dehydroge_na se from isomerase acti- . 

vity indicating that these are closely associated enzyme activities probably 

lo~ated on the sam~ protein. When the tsomerase was assayed it had~the same 

affinity for pregn-5-ene-3,20-dione as androst-5-ene-3, 17-d.ione, suggesting 

the presence of a single enzyme for both substrates. 

Sol ubi 1 ization of· the membrane enzymes has also been met w.ith scant· 

·success and for the most part, studies have been carried out with crude 

membrane preparations. · Kruskemper et al. (1964), using a- membrane prepara

tion found evidence· for. the existence of two separate bovine adrenal 

A5-i somerase enzymes, o·ne responsible for the conversion of androst-·5-ene, 

3,17-dione and the other for pregn-5-ene-3,20-dione. In addition, proges- · 

terone was found. to be a potent competitive inhibitor of the isomerase 

reactio·n. Since _17a.-OH progesterone is one of the precursors of cortico-

. steroids, inhibition of fhe isomerase by progesterone could functi.on_ in 
. . 

channeli-ng 17a.-OH pregnenolone to cortisol formation and thus exert a r_egu~ 

~atory action on corticosteroid production. In studies with the human 

adrenal, Yates et al.· (1975) found that several naturally occurring steroids 

and synthetic ana 1 ogues were effective i nhi bi tors. of the· 3(3HSD reaction .. : 
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Goldman (1968) also found that cyanoketone and hydroxymethylenesteroid can 

titrate bovine adrenal- 3SHSD activity, indicating these synthetic steroids 

can act as tightly bour_1d inhibitors of mammalian enzymes as well as bacter

ia 1 enzymes. Nevi 11 e and Enge 1 ( 1968) _ fou_nd that cyanoketone and hydroxy

methylenesteroid are effective inhibitors of the bovine adrenal ~5-isomerase 

as well as the dehydrogenase reactione 

Inhibition of the 3SHSD:isomerase in the rat ovary and adrenal by 

c-AMP has been reported by a number of investigators. McCune et al. (1970) 

reported that_c-AMPsuppresses the enzymatic conversion of pregnenolone to 

. progesterone in rat adrenal microsom~s and mitochondria. by i-nhibiti.ng the 

dehydrogenase reaction. Other investigators have also attempted to impli

cate inhibition of 3SHSD:isomerase in the mechanis~ of c-AMP action on 

steroidogenesis (Srinivasan et al., 1973). Inhibition of these enzyme acti

vities can be achieved however,only with exceedingly high concentrations 

of c-AMP (1.0 mM, which is 1,000 fold higher than the~ of the enzyme_ 

reaction). 

Little effort has been made ·to study the effects of steroids and 

metabolites on the human placental 3sHSD and ~5-isomerase in order to gain 

·insight into mechanisms which may control the enzyme activities in-vivo. 

Wiener and Allen (1967, 1968) and Wiener (1976) have been the only investi

gators to approach this .problem. They have proposed that the 20a-hydroxy-

. pregn-4-en-3-one-reductase and 3sHSD may be cantrall ed by a feedback in hi-
.. 

bition mechanism by metabolites normally found in the placenta. Estriol 

was found to be an effective noncompetitive inhibitor of the 20~-reductase 

and 20a-hydroxypregn-4.-en-3-one a potent noncompetitive inhibitor of the · 

3sHSD reaction. These. inhibitory actions were proposed to form ·p~rt of a 
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control mechanism.in th~ human placenta for.regulating steroid synthesis .. 
. . 

. They also stud·ied the specificity of inhibition by steroids (W.iener and Allen-·· 

(1968). Of several pregnanestested, only progesterone, 20.13~hydroxypregn 
. . 

-4~en-3-one and 20a-hydroxypregn-4-en-3-one were found to be effective._ 

They concluded therefore that the· l\4-3-keto and 20-oxygen:. function were. · 

structural requirements for.effective inhibition of the placental enzymes. 

·In the most recent report (Wiener, 1976}, inhibition of the· 3sHSD by endo

genous steroids was ~xamined in placentas from a numb~r of-different species.·. 

In all cases, 20a,-hydrqxypregn-4-en-3-one was found to be a potent noncom-· 

p_etitive .inhibitor ... In ·addition, it was found that. on dilution of the_ human 

placental enzyme preparation,·s.pecific enzyme activity progressively 

increased. .The dilution effect was shown not to be due to the presence of 

endogenous 20ct-hydroxypregn-4-en-3~one in the prepar~tion. It was suggested 

· therefore, that 20a-hydroxypregn-4-en-3-one. and. an unknown endogenous i nhi ..-
. .·. . . 

bitor may function in controlling progesterone synthesis during pregnancy. 

There have been .only a _few additional studi_es reported in the litera

ture on the inhibitory. effects of steroids on the human plac.emtal' 3(3-hydroxy- ·. 
. . 

lstero i d dehydrogenase and ll5- isomerase. DEipp et a l. ( 197 3) demonstrated 
l- . 

·iin vitro inhibition of human placental 3SHSD:isomerase by cyanoketone~-
·j . . . . . 
lestradiol-1713 and 17a-methyl-17S-hydroxy-5a-androstan-3-one · (oxymetholone)-,. · 

.]thus confirming the comparable effects of these steroids on the same enzymes 

demonstrated in other 'biological .systems~ Goldman and.Sheth (1972) found· 
. . . 

that several naturally occurring steroids were effective inhibitors (DHA, 

·testosterone and androst-.::4-ene-3, 17 -d i one) and that ni tri }E< substi.tutions ·. 

at sites on the steroid nucleus'susceptible to .. enzymatic attack, enhanced 

_inhibitory effectiveness. Cyanoketone was reported however to· have no 

effect on the human placental enzymes. 
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The in vitro effects of several steroids were also examined by · 

Ferre et al. (1975) and it was observed that potent inhibitors of the 

enzymes catalyzing the conversion of pregnenolone to progesterone were· 

weak inhibitors of the enzyme activities converting DHA. Thus the presence 

of multiple enzymes in the human placenta for converting DHA and pregnene-

· lone is supported by these studies. In contrast to the studies by Goldman 

and Sheth (1972), Ferre et al. (1975) found that cyarioketone was an· effec

tive inhibitor of the human placental enzymes. 

· It is evident from the biological ·significance of the enzyme during 

pregnancy and from the fact that very little information is available, that. 

more detailed studies of the human placental 3S-hydroxysteroid dehydrogenase 

and 65-isomerase are essential. 



MATERIALS AND METHODS · 

I. Materials· 

[7-3H]-3S-Hydroxypregn-5-en-2-0-"one (pregnenolone) (20 Ci/mmole) and 

[4-14c]-pregnenolone (52.8 mCi/mmole) were. purchased from New England 

Nuclear Corporation;;· The 11 [7-3H]-pregnenolone" preparations contained. 

approximately 10% of the labelled molecules with tritium at the·4a. and 4S 

positions and 3% was distributed between C-3 and C-6 (Geller et al., 1967}. 
. . 

Tritium labelled and [14C]-labelled pregnenolone chromatographed as symme-:-.. · 

trical peaks with.identical elution ~olumes on LH-2IT Sephadex columns and 

therefore were used as- .received. [7~2H0 • 83 ] -Pregnenolone ·was a gift from· . 

Dr. James C. Orr of the Harvard Medical School. Twin ion labelled preg:

nenolone was prepared· by mixing the deuterium labelled,compound with.un- · 

labelled pregnenolone to give [7-2H0. 44J {Braselton et al·., 1973}.~ Un~ 
... ~~·---

labelled steroids were purchased from Steraloids, Inc., with the· exceptions 

of equilenin, equilin, estrone, DES and pregnenolone, which were obtained· 

from Sigma Chemical Company.. Cyanoketone was donated by the Sterling~Win- · 

throp Research Laboratories and estrenol, estrenone and estrone methyl 

ether by Organon. Equilenin,- cyanoketone arid ·pregnenolone were checked for 

purity by gas chromatography-mass spectrometry and found to be free of any 

detectable amounts of steroid contaminants. Because of the· large. numbers 

of· steroids used it was not feasible to check the purity of each, so all·. 

stero1ds were u~ilized as received without further purification .. Sephadex 

LH-20 and Grade V sNAD \A/ere obtained from Sigma .Chemical Co.~ and Sepharose 

4B from Pharmacia Fine Chemicals. Digitonin, Na2HP04, sodium deoxycholate 

and reagent grade solvents were utilized a~ received from Fisher Scientific 

Company. Deionized glass distilled water was used for· making up all aqueous 

solvents. 21 
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. II. I Preparation of.Platental Subcellular Fractions~ 
I 
j Human term placentas were obtained immediately after.normal delivery. 

and )placed in an ice ·-bath. All- manipul~tions were carried out at 0-4°C. 
I 

Aft~r removal 'of chorionic membrahes and exces~. connective· tissue; t.he pla--

cen~al villi wer~ cut ·int6 small 2-3 cm_pieces ~nd blotted-6n. large sheets 
t . . . ' ' 

of ~ilter paper to remove as much water and blood as possible. The villi 
I 

were then homogenized in one volume by weight (lg/ml) of either 0 .. 05 M_ 

Na2~P04 (pH 9.5) or 0.25 M sucrose, ·o.o5 M Na2HP04 (ph_9.5) with a Virtis 

motdr driven homogenizer at half speed for 3 minutes. Subcellular fractions 

were· isolated bythe differential ce~trifugation scheme-illustrated i-n-Fig.:. 
. I' • . , • , •• 

I . , 

ure p. Low speed centr1fugation was performed on ·a refrig~rated RC-28 Sor--
' ' 

·vall[ centrifuge and the high speed spins (105,000 x g) in a Beckinan L3-50 

ult~acentrifuge. Human placental microsomal a·nd mitochondrial pellets ob.-
! ' ' ' . . ' 

tained by this same-procedure were reported by electron. microscopic examina-
• . ' i ' ' . . ' ' . 

tion (Ferre et al.,. 1975) to be of sufficient purity to:allow ·subsequent -
I - . . - . . . -
l . - . .. ' . 

bioc!hemical studies. Microsomal ·and mitochondrial pellets were thoroughly 
i . 

v.Jas~ed to remove: blood by resuspending each pellet in a small.volume of 
! ' 

buf~er, tecentrifuging at 105;000 x g/1 hr and 12,000 x g/20 min respectively 
- I . 

I 
and discarding the supernatant. This washing procedure was -repeated three 

times. 

III_. Solubilization of 3f3HSD:Isomerase. 

The 313-hydroxysteroid dehydrogenase and isomerase activities have· 

been reported to be localized in both the mitochondrial and microsomal mem-:

branes of human term placentas (~oide·and Torres, 1965; Ferre et al.; 1975). 

Extraction and so 1 ubi 1 i zat ion of the enzyme from its membrane_ components-

was attempted by two procedures •. In the first~_ glycerol and sodium·-deoxy-:-



Fi gu.re 1. A diagram of the procedure used for prepa:Ping· the pZacentaZ 

subceZZuZar fractions. 
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chelate, fn a small volume of 0.05 M Na2HP04 , pH 9.5 (10 ml), were added· 

slowly to the whole homogenate whi 1 e gently stirring to bring the g·lycerol content 

to 30% of the ·total homogen_ate volume and sodium deoxycholate to a final 

COr:tcentriltion 0~ 0.0125 M. After stirring for 90 min at 4°C this ·suspen-

sion was centrifuged. at 10;000 ~- g for 20 minutes~ ·The .resulting pellet ·. 

was discarded and the supernatant spun at.l05,000 x g for 90 minutes. 

Enzyme activity remaining in the supernatant after spinning for 90 minutes· 

at 105,000 x. g __ was the criterion used for solubility. 

In the second scheme, the 3SHSD and· isomerase activities were ex

tracted and solubi·lized.from the micr-osomal and mitochondrial fractions.: 
' ' ' 

separately. Each pellet obtained by· the differential centrifugation 

scheme illustrated in Figure 1. was homogenized in a small volume of_ 0.05 M 

Na2HP04, 30% g·lycerol {pH 9.5) with a glass Potter-Elvehjem homogenizer·

fitted with a T:eflon pestle. The homogenates ·were. t.hen added to an equal . 
. ' 

volume of a solution-containing 0.0125 M sodium deoxycholate, 0.05 M 

Na2HP04 (pH 9.5) in 30% glycerol and ~tirred for 9G minutes at_4°C •. ~~n

trifugation of this ~uspension at 105,000 x g for 90 minutes yielded a 

supernatant with enzyme ·activities extracted from either ·the mitochondria 1 
I 

or microsomal fractions. 

IV. Incubation Procedure. 

For experiments in~which steroid conversion products of pregnenolone. 

were extracted and isolated, the enzymatic reaction mixtu-re.consisted of 

50 pM sodium phosphate {pH 9.5) in 30% glycerol, 10 ~M pregnenolone (sub~ 
' . ~ . 

strate), 0.2 mM NAD+, and solubilized enzyme preparation diluted to a pro-· 

tein. concentration of approximately 2 mg/ml. ·The final volume of· the 

· reaciion medium varied for different experiments. _For kinetic studies the 
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enzymatic reaction mixture consisted of 50 ~M· Na2HP04 (pH 9.5) in 3-0% gly- · 

cerol, pregn~nolone ranging in concentration irom.l.O ~M to 100 ~M~.NAD+. · · 

from s· 11M to·lOOO 11M, and solubilized ·~nzyme preparation diluted to a pro

tein concentration between- 0~2 and 0.8 mg/ml_. The final volume of the reac

tion medium was 1.0 ml~ Steroidal inhibitors were adde~ in 25 ~1 ethanol 

and equivalent volumes of ethanol we~e added to control·assays~· Ethanolic 

solutions_containing steroidal inhibitors were prepared fresh for each 

experiment ... All reaction. components were allowed to incubate for 2· minutes.· 
. ' 

prior to initiation of the·enzymatic reaction by addition.of pregnenolone 

in 50 11l ethan61 mixed with tracer amounts of i~otopically labelled pr~~- . 

nenolone. Incubations were carried out in a Dubnoff metabolic incubator 

· . at 30°C. 

To determine the extent of nonenzymatic isomerization, 10 ~M un-_ 

labelled pregn-5-ene-3,20-dione was substituted for pregnenolone and incu

bation~ carried out with and without enzyme. After 20 min at 30° in the 

absence of enzyme, there was approximately 10% spontaneous conversion of 
. . 

. . . . . 

preg~~5-~ne-3;20-d1one to progesterone, while_in the presence of the en-. 
.. .. 

zyme a 11 of the pregn-5-ene-3 ,20-di one had· converted to progesterone .. 

Methods ~f quantitation of pregn-5-ene-3,20-dione are described below. 

V. · Enzyme Assay . 

. Enzyme activity was determined. by mea.suring .the rate of formation of 

· 3H~progesterone from 3H-pregnenolone. For this purpose, a modification of 

the radiochemical method developed by Philpott and Peron (1971) for assay

ing 3(3-hydroxysteroid dehydrogenase activity was used. Aliquots (O~lml) 

· of the incubation medium were removed· at 1 minute time intervals and mixed 

with 0.8 ml ethanol to stop the reaction. An ·excess (31.6 mmol~s) of· 
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unlabelled carrier. pregnenolone in 0.1 ml ethanol· was then added along with 

8.2 mmoles of digi.ton'in in 1.0 ml· 50% ethanol, bringing the final ·volume in 

each tube to 2.0 ml. The excess pregnenolone was necessary for efficient 

precipitation of radiolabelled 3S-hydroxy-~5-steroi·ds. After standing at. 

room temperature for at least 1 hour, the tubes were centrifuged ·at 12,000 

x g for 20 minutes. Aliquots of the-supernatant were placed in scintilla

tion vials with 10.0 ml of counting solution (7 gm, 2,5-diphenyloxazole/L · 

toluene) and counted in a Beckman LS.-150 liquid scintillation system at a 

counting efficienty of 32-36% for tritium and.67% for l4c. 'conversion to 
. . 

. . - . . . 

dpm was· calculated by the external standard ratio method ·{Bran~ome~ 1975).· 

The percentage of total steroid radioactivity in the supernatant int~eased 

with incubation time as pregnenolone was converted. Enzyme reaction velo

city was determined from the slope of the- straight line obtained· by plot

ting the dpm in an al iqu·ot of the digitonin supernatant against the· time 

of incubation. The molar quantity of total steroid- product in th_e assay 

supernatant was calculated based on the specific radioactivity of pregneno;.. 
- . 

lone. Activities of 313-hydroxysteroid dehydrogenase and ~5-isomerase. are 

expressed in terms of mi'll imicromoles of steroid product(s) formed per.· .. 

min/mg of prot~in. 

The enzyme kinetic data were plotted .as the. substrate concentration 

·(s)--versus velocity (v), s versus s/v· (Webb, 1963, Chapter 5} and by the· 

methods of Lineweaver and Burk (1934), Dixon (1953),. Henderson (1972), 

Cleland (1970) and Cornish-Bowden (19.74).· Linear regression analysis.us.ing 

the method of least squares was performed to _obtain best fitting straight 

lines for the experimental data. Kinetic constants were estimated both 

graphically and by a computational method. 
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VI.. Extraction of Incubation Medium.· 

The: entire· reaction medium was placed in 4 volumes of cold ethanol. 

to ~top the reaction. Denatured protein was separated by low speed centri~ 
. . . . . 

fugation .. · After .. ethanol was removed: by drying. under .N2, .. the remaining 

· aqueous -residue was extracted: 3 ti'mes with ethyl acetate. Recovery of 

ster.oid radioactivity was between 90-95%~ Ethyl acetate was removed by 

drying under N2, and the extra.cted steroids were isolated· by· column chroma

tography. 

; VI 1. · · . LH-20 Sephadex Co 1 umn C,hromatograp hy. 

Sati sfactor.y separation of pregn-5-ene-3 ,29-d i one from progesterone 

and pregnenolone on LH-20 Sephadex wa.s obtained with the solvent system: 
. . - . . - . . 

90% isooctane, 5% ·methano 1 '· 5% benz.ene (Carr et a 1., 1971) .· LH-20 was. -

allowed t6 swell a minimu~ ~f 24 hour~ in the·solvent before it was packed 
r 

in an all glass column with Teflon fittings. The column was elut~d throu~h 
. . . 

a 1.0 mm: I.D. Ieflon tub~:. ·For maximal separation of steroids, 1.0 cm.l.D. 

colu~n~ were ~acked to a b~d height of 17-25 em. Sterotd extracts dis~ 
. . 

solved in 1.0 ml of solvent were layered over the column bed and were eluted· · 

by gravity .. Sixty drop fractions were collected in test tubes. and O.l'ml 

aliquots were counted. In experiment~ using a mixt~re of 3H and 14c labelled 

pregnenolone, fractio~s were counted for~both isotopes. Th~.counts.in the. 

[3Hl channel ·were corrected for· the contribution. by. [ 14c]. ·Counts .col.l ected. 
. . . 

- in the [14c1. channel were used directly for conversion to dpm (Bransome,· 1975). 

VI I I. _ Gas Chromatography-Mas.s Spectrometry!' _ 

The ;·solated steroids were analyzed by GC-MS and mass fragnientography . · 

as a rneans of positive identificationD Methoxime derivatives of the ster-· 

aids were formed by the. method of Brooks and Harvey· (1970). GC-MS was per-
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formed on a Finnigan 1015 D gas chromatograph-mass spectrometer interfaced 

to a Digital Equipment Company PDP-8 computer. The columns (1.5 m x 2 mm 

I.D. glass) were packed with 1% SP 2iOO o.n 100/120 mesh Supelcoport and· 

operated at 230° with helium carrier gas flow at 30 ml/min. · .. The. injec~ion 

tempe~aiu~e was 240° and the separator· temperature was 270°. Spectra· were 

taken at 70 eV. Retention times were calculated relative to a 5a-chol.es-

tane standard (Rrt5ac). 

Mass fragmen.tography was performed on the Finnigan 1 0150-PDP-8 using . 

software developed by Dr. Maynard Neher., Battelle Columbus· Laboratories.,· 

Columbus;·Ohio.· Estradiol diacetate.was used as.the internal standard.for· 

measurement of relative retention times·.· ·The compounds, as. bis-methoxime 

derivatives, were chromatographed on 1% SP 2100 as above at 225° •. Ions 

m/e 314 (M-42) of the standard estradiol diacetate, and m/e 273, 286, 341,. 

· 370 and 372 of pr·egn-5-.ene-3 ,20-di one-bis-methoxime were scanned· for 200· 

msec each. With· this system, pregn-5-ene-3,20-dione-bis-methoxime could be 

detected at a level as low as 1 ng. 

IX. Sepharose 48 Gel Filtration . 

. Sepharose 4Bwas.equi1ibrated in 0.025 M Na2HP04, 1.0 mM mercapto

ethanol (pH.9.5) in 20% glycerol. The equilibrated material was then., 

packed to a bed height of 30.0 em in a 2.0 x·35.0 em glass column·by run

.r:ting several volumes of the same equilibrating solvent through the. gel· 

·column. Solubilized enzyme preparation was di'alyzed against a large volume 

of 0.025 M Na2HP04 1 mm mercaptoethanol (pH 9.5) in 20% glycerol at .4°C." 

After dialyzing for approximately 6 hours, 2.0 ml of the dialysate was 

layered over the ·gel column bed and eluted by gravity with the ·same solution. 
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used .for packing ·the_ gel to 1 umn. One hundred drop fra.ct ions ( '\i3. 0 ml) were . · 

collected·.and each was assayed. for enzyme ·activity_ and protein content.. The · 

entire gel filtration-procedure was carri~d out· in a cold room at 4°C. 

X. · Protein Determination.· 

Protein content was estimated by measuring optical density at 280 nm 
. . 

iri a Beckman DU spectrophotometer utilizing BSA as a standard~ Mitochon-

. drial and microsomal membrane fractions were digested i.n 1N NaOH prior tn-. 
-~ 

measuring optical density. 



RESULTS . 

I~ Validation and Characteristics· of the Radiochemical Enzyme Assay .. 

Available evidence suggests that the enzyme catalyzed conversion of 

pregnenolone to progesterone is mediated by two separate enzyme activities, 

3 a-hydroxysteroi d: NAD+ oxidoreductase and 3-ketosteroi d l\4, 65- isomerase · 

(Ewald et al., 1964; Kruskemper et al., 1964) and that dehydrogenation is 

the initial and rate limiting reaction (Neville et al., 1969; McCune et al., 

1970). A diagramatic representation of. the coupled enzyme reactions is 

illustrated in Figure 2 . 

. Direct measurement of 3S-hydroxysteroid .dehydrogenation is difficult 
' . . . . 

because the steroid product of the dehydrogenase reaction is- subsequently · 

-isomerized .. Previously published assays of 3a-hydroxysteroid dehydrogenase 

have·either involved measu~ements of the rate:of the overall.con~ersion of. 

· -l\5-3S-hydroxysteroids to the corresponding- l\4-3-ketosteroids with the im

plicit assumption that. the dehydrogenase is always rate limiting (Rubin 

_et a l~, 1961), or spectrophotometric measurement of the incubation medium . 

at _340 nm (Marcus and Talalay, 1956). Philpott .and Peron (1971) have des-. 

cribed ·another method,.a radiochemical a.ssay ror the direct measurement of 

3s-hydroxysteroid dehydrogenase, which is more sensitive. They measu·red the 

decrease in total radioactivity remaining as pregnenolone taking advantage 

of the fact that digitonin selectively precipitates l\5-Js-hydroxysteroids 

. and thus will separate unconverted pregrienolon·e from the conversion product · 

proge_s terone. 

The digitonin precipitation technique has.been modified to measure 

the rate of formation of steroid conversion product(s) from pregnenolone. 
~ 

There have been no data on whether there were other products or A5,3-keto- . 

. 30 



Figure 2. Proposed order of conversion of pregnenolone: I~ by 3S-hydroxy

steroid-dehydrogenase (3S-HSD) to an intermediate pregn-5-ene-3~ 

· 20-dione: II~ which is then converted by 65 isomerase to pro~ 

gesterorw: III. 
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steroid intermedfates of the enzyme reaction or whether such interme

diates and products-would also. be precipitated by digitonin. It was 

32 

therefore··necessary to isolate arid identify all radiolabelled steroid con

version products of .Pregnenolone in th~ reaction medium and.de~elop proce-. 

dures which would separate-pregnenolone, ~5-3-ketosteroid intermediates, 

progesterone and any other, steroid conversion products. 

A. Identifiaation of Steroids Isolated from the Incubation Medium • 

. 'ro determine the /elution volumes of steroids·,. 1.0 mmole of each· 

reference steroid, proge~terone, pregnenolone and pregn-5-ene-3,20-dione, 

in l.O ml of solvent was eluted from LH-20 Sephadex columns (1.0 x 17 .. 0 em)_·.· 

Columns were repacked for ea~h sample using identical sol~ent sa~ples ~nd · .. 
. ) 

.column bed heights. Repacking columns for each determinati.on provided 

greater reproducibility than reusing the same column. The elution volume 

. of each steroid did not vary. more than 1 ml. · The elution volumes ·for ref

erence progesterone and pregn-5-ene-3,20-dione were determined by monitor-

ing the collected fractions with a Gilford Model 2000 absorbance recorder 

coupled to a Beckman DU spectrophotometer at 244 nm.. Tritiated pregt:leno~ 

lone .was used as a reference to determine elution position. A typical 

elution profile of the three referente steroids is shown in F~gure 3A. · Two 

absorbance peaks for reference pregn-5~ene-3,20-dione were_d~tected, the 

·sec~nd peak eluting at the same position as the progesterone· reference, 
. . 1 . 

. . 

· indicating the pregn-5-ene-3,20-dione standard either cbntained s6me pro-

gesterone or that spontaneous isomerization. had taken place. 

To confirm that the reference steroid was pregn-5-ene-3,20-dione, 

LH-20 Sephadex fractions from the first absorption peak ~luted were pooled 

·and analyzed by GC-MS. The purified reference pregn-5-ene-3,20-dione-bis 



Figure 3. (A) LH-20 Sephadex co"lumn (1.0 x 17.0 em) elution profiles 

for steroid standards. (0) pregn-5-ene--3.,20-dione~ elu

tion volume of 22.8 m"l; (a) pregn-4-ene-3~20-dione (pro

gesterone) elution volume of 30.0 ml; (6.) 3S-hydroxy-pregn 

-5-en-20-one (pregnenolone)., e"lution volumes of 44.4 ml. 

Elution patterns for pregn-5-ene-3~20-dione and proges

terone were determined by monitoring the u.v. absorption 

at 244 nm~ ·ana for pregneno"lone by scintillation counting . 

of the collected fractions. 

(B) Elution profiles·of steroid radioactivity. extracted from 

the 36-hydroxysteroid dehydrogenase: ll5-if!omerase reac_tion . . 

medium after~ in:cubation with _tracer amounts of [3H]-preg-· 

nenolone.· 
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-methoxime derivative was stable t~ gas chromatography and a mass spectrum 

_of the resulting peak was obtained- (Figure 4). Fragmentation of the D ring 

and side chain was similar to that of progesterone-bis-methoxime with major.· 

fragments due to. loss of t-17 and the side chain (m/e~ 286) and loss of C-16, 

C-17 and the side chain {m/e 273 and m/e 1-00) ·as described by Drey. arid · 

Weliky (1972). The spectrum was easily distinguished from that of proges-

terone-bis-methoxime because the ions resulting from the A and B ring frag

mentation of progesteron·e-bis-methox ime (m/e _125-, 137, 15-1 and 153) were 

· not present. -

Steroids extracted from an incubation medium containing tritiated 

·pregnenolone as the substrate were chromatographed nn LH-20 Sephadex and 

also yielded three radioactivity peaks (Figure 3B). The elution volumes 

of_ the steroid radioactivity peaks were identical to·those for the three 

reference steroids. 
. . 

After formation of their methoxime derivatives, identification ~f 

progesterone and pregnenolone isolated· from the incubation medium was 

established by GC-MS analysis. LH-20 fractions corresponding to prog-es

terone. showed a GLc·peak at ·Rrt5ac equal to 1.15 (standard= _1.16) with a 

mass spectrum identical to the reference .progesterone-bis-methoxime. The 

spectrum contained ions at M+ = 372, M-l5(CHJ), M-3l(OCHJ) and ions A-I as 

rep·orted by Drey and Wel i ky { 1972) for progesterone-b£s-methoxime. LH-20 

frattions corre~ponding to pregnenolone contained a GLC peak at an Rrtsac -

equal tci 0.82 (standard for pregnenolone-bis-methoxime = 0.81} with a mass 

spectrum identical to the reference pregnenolone-bis-methoxime. Because 

. the amount of pregn-5-ene-3-,20-di one isolated from the enzyme reaction . 



'Figure 4. Mass spectrwn at 70 eV of reference pr.egn-5-ene-3.,20-dione-bis 

-methoxime obtained on a Finnigan 1015D quadrupole mass 

spectrometer. 
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medium was. insufficient to al.low identification by a complete .mass spectrum, 

identification of this isolated compound was ·established by mass -fragmento-

graphy. 

Five fragment ions· (m/e 273~ 286, 341, 370 ~nd 372) characteristic 
- . -~ 

of pregn-5-ene-3,20-dione-bis-methoxime were monitored, and the retention 

time of the peak at which these 5 ions coincided was measured ··relative to 

the estradiol diacetate standard (m/e 314). 

Figure 5B indicates that·the .isolated co~pound, .containing the_ 5 

fragment ions of pregn-5-ene-3 ,20-di 6ne-bis-methoxime,. eluted at a·- relative 
• • ' , ' ' • ' • I 

retention of 1.065, 1ndistinguishable from the_ reference· compound which 

el~ted at 1.067 (Figure SA). The presence of fragment_ ions at the rel-ative 
. ' . . . 

. ·retention time for progesterone-bis~methoxime (2.000) ('Ref. 2.005)'was ·_ 

probably due to spontaneous isomerization of pregn-5-ene-3,20-dione during 
. . . 

derivatization, since the compounds are completely sep~rated on LH-20 

Sephadex (see b~low). 
. . . . . . ' 

To confirm that the progesterone isola ted. and ide.ntifi ed by· GC-MS 

·had originated. from the pregnenoione· added and was not- a ·contaminant of the· 

enzyme preparation, .. [7-2H0_44lpregne_nolone was incubated with the placenta-l-
.. 

enzyme ·under the ·same conditions described above in Materials and Methods •.. 

When steroid conversion products were extracted from the medium and frac

tionated on L~-20 Seph~dex~ twin. ion ·labell~d progesterone as well as 

remaining T7-2H0.44Jpregnenolone_ were ·identified by GC-Ms· iry the proper 

LH..:2o Sephadex fractions .. : 

B.· Spontaneous Iso.merization of Pregn-5-ene~3~20~dione. Reference 

·pregn-5-ene:3, 20-d i one, purified by LH-2~ Sephadex chromatography had a 
u.v~ absorbance of 14~o·M- 1 cm-1 at 240 hm, with a small shoulder in the. 



Figure 5·. Mass fragmf3ntography of authentic pregn-5-ene-3, 20-dione-bis 

-methoxime (A) and the compound isolated from LH-20 chromato

graphy ·following incubation of 3~-hydroxysteroid dehydrogenase: 

~5-isomerase with pregnenolone .(B). The compounds were chroma

tographed on a 1.5 m·x 2 mm column ·of 1% SP-2100 at 225°, with 

2 ng estradiol diacetate as internal standard. ·Ions at m/e 

273, 286, 341, 370 and 372 characteristic of pregn~5-ene-3,20 

-diane and progesterone, and m/e 314 of the standard estradiol 

.diacetate were monitored at 200 msec each per scano The reten

tion time·of the reference pregn-5-ene-3,20-dione relative· to 

estradiol diacetate·was 1.065 (A), while that of the isolated 

compound was 1.067 (B). 
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U.V. spectrum at 224 nm~ No absorbance maximum was observed at 240 nm, . 

the absorbance maximum. of progesterone, indtcating that the purified 

pregn-5-ene-3,20-dione did not c6ntain a·significant amount of progesterone. 
. l : 

Ewald et al. (1964) reported an even.~ower U.V .. absorbance of 380 M-1 tm~l 

at 240 nm and did not observe a shoulder on the spectrum. Since the absor

. bance of progesterone at 240 nm is 15800 M-lcm~l the reference pregn-5-ene 
. . 

-3,20-dione eluted ·from the LH-20·calumn could be contaminated no more than 

5% by pr.ogesterone. To determine if spontaneous. isomerization had· taken 

place bn the column, the purified pregn-5-ene-3,20-dione was rechro~ato~ 

graphed on another LH-20 Sephadex column. A second absorbance peak ~orres- · · 

.Pending to.the elution position of progesterone. was again observed, in_di- · 

eating that a small amount of spontaneous isomerization. had ·taken place on 
. . 

the column~. A slow linear increase 1n U.V. absorption of puri·fiedpr_egn . 

. -5-ene-3,20-:-dione .in solution can .be observed over a period of··several hours. 

c.·· Kinetic; Isotope Effeet of Tritium LabeZZed Pregnenolone. · Attempts · 

to obtain a full mass spectrum .for the isolated pregn-5-ene-3,20-dia,ne 

failed although calculations based on the specific radioactivity.of preg-
. . ·. . . : •, 

nenolone 'predicted a mass of steroid well''above 'the lower sensiti''vity . of 

GC-MS .· This suggested that the speci·fi c radioactivity of the .pregn-5-.ene 

-3,20-dione had been altered by an isotope effect on the isomerase reaction~ 

.· We ~were then· prompted· to incubate the· .3S-hydroxysteroi d dehydrogenase-h~ · · · 

. isomerase with a mixture of tracer amounts of 3H and l4t labelled pregnene

. lone. · Following incubation, steroids were extracted from the medium, 

chromatographed on LH~20 Sephadex; and the collected fractions counted for 

both isotopes .. The relative percentage of recoverable radioactivity and 

isotope ratios calculated for each isolated steroid are shown in Table I. 
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TABLE I 
. . 

Relative p.eraent and isotope ratio of steroid radioaativity isolated from 
the 3S-hydroxysteroid dehydrogenase:A5 isomerase reaation medium.a . 

Percent of total · Ratio · 
Steroid dEm 3H dEm 

Isolated Steroid Inhibitorb 3H 14c 14c dpm 

pregnenolone· 0 57.5 59.8 20.1 
0.5 . 68.2 70.5 19.8 
2.5 88.4 90e 1 . 19.9 

pregn~5~ene-3,20-dio~e. 0 5."3 1.3 ' 91 .. 4 
0.5 4.3 ' 1.3 76.6 
2.5 2.7 O.la 76.3 

progesterone o· . 37 .. 2 38.9 20.0 
0.5 27.5 28 .. 2 19.8 
2.5 8.9 9.2 19.7 ' 

_3H 14c 

Ratio of pregn-5-ene-3, 
20-d i one: pr_ogestero_ne 0 0.14 . 0.03 

0.5 0.16 0.04 
2.5 0.30 0.07 

aTracer amounts of [3H] and [ 4~l4C].pregnenol one, with a 3H:14c dpm rat1 o 
of 20, were added to the reaction medium. Steroids were isolated .on. an 
LH-20 Sephadex column (0.-5 x- 25.0 em) and the collected samples· counted 
for both isotopes. The relative percent of radioactivity-associated with 
each steroid was· ca 1 cul a ted as the percentage· of tota 1 .stero_id dpm recov
ered from the column. The 3H: 14c and pregn-5-ene-3, 20~d i one :·progesterone 

·ratios wer~ determined from the pooled column peak fractions. . . . · · 

blnhibitor: the ~~olar concentration of equilenin added to the reaction. 
medium. 

aThis value represents ~- si~nificant amount of dpm above background· 
(:2. 08 X 1 Q-3dpm). . 
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The 3H: 14c isotope ratio of pregn-5-ene-3,20-dione was 4.6 times the ratio 

of the pooled fractions· corresponding to pregnenolone. and progesterone, 

indicating. that the rate of isomeriza~iQn for the steroid containi~g tri

tium was significantly slower than that for the steroid containing 14t. · 

Figure 6 shows data which demonstrate that there.was no significant 

tritium isotope effect on the rate of the dehydrogenase reaction. The ini

tial velocity of the enzyme reaction was measured by the digitonin preci..: · 

pitation. technique (described in Materials and Methods) after incubation 

·with either [4-14c]pregnenolone or [3H]pregnenolone. Although the supe~~ · 

natant product calculated from the specific radioactivity .of· the pregneno-~ 

lone included both pregn-5-ene-3,20-dione and progesteron~.(see belpw)-the 

rate of product formation was linear and the slopes of the straight lines 

and the ca leu 1 a ted m11mo 1 es of product formed. were essentially the same ·wi-th· · 

either radiolabelled substrate. The ·initial velocity and the calculations

of the m11mo·les of product formed ·from pregnenolone were also the same \~hen. 

an inhibitor, equilenin, was added. 

D. Inhibition. of the Enzyme by Steroids . . Isolation and identifi-: 

cation of the- reacti.on .intermediate. (pregn-5-ene-3,20-dione) suggested 'that 

we could answer the question of whether different. inhibitors of progesterone 

synthesis exerted their effects on dehydrogenase, isomerase, or both e~zy

matic activities. We chose. the ring B aromatized estrogen equileriin as ari 
. .. . ' . '. 

example, having previously· shown it to be a potent inhibitor of 3s-hydroxy-

steroi d dehydrogenase: ~5 .isomerase (Bran some et a l., 1973). The effects of 

equilenin were determined by calculating the relative percent of recover-· 
' -

able radioactivity associated with each isolated steroid, and by the ratio 

of the radioactivity recovered in pregn-5-ene-3,20-dione to that found in· 



Figure-6. Rate of.produet formation of 3S-hydroxysteroid dehydrogenase: 

85 isomerase~ ineubated with: 

(fj.) [14c]-pregnenoZone; (D) [3H]-pregnenoZone; 

(0) [14c]-pregnenolone and 0.5 ~M equilenin; 

(I} .·[ 3H]-pregnenolone and 0. 5 ~M equilenin. 

Eaeh value for nmoles of produat is the average of three 

determinations. 
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·progesterone. As shown in Table_ I,_ the-dehydrogenase reaction was inhibi

ted: ·the radioactivity associated with pregnenolone· was markedly increased

and the percentage rif total radioactivity in_ pregn-5-ene~3,20-dione and. 

progesterone decreased. The absolute amount of radioactivity associated 
' . . . . . 

with ea_ch steroid di-d not provide direct _information as to whether -the_·· 

isomerase reaction was i_nhibited, but t~o findings indicated that-the 
. . . . 

isomerase as well as the dehydrog-enase was inhibited by the steroid: the· 

3H:14c ratio in isolated pregn~5-e~e-3,20-dione decreased while the iso- · 

tope ratio in pregnenolone was unaffected, and the ratio ·of both 3H anq14c · 

pregn-5-ene-3,20-dione to progester·one increased ~ith increasing amounts " 

of equilenin. 
. . ' 

. . . . ' . ' 

E. Separation of Steroids in the Inaubation Mediwn ·by D_igitonin. 

Preaipitation. Since we have employed a modification of the digitonin_ 

-precipitation technique_ as described by Philpott and Peron {1971) to mea-

-sure the velocity of the dehydrogenase reaction_ (Figure 6), it was _first-

necessary to determine whether both conversion_products of pregnenolone 

were precipitated by digitonin. Ethyl acetate extracts of the resulting 

supernatants were chromatographed on LH-20 Sephadex columns. The elution 

volumes of the radioactivity peaks corresponded to those for reference 

pregn-5-ene-3,20-dione and progesterone (Figure 7). When ethyl· acetate

extracts of the digitonin pellets were chromatographed ·on separate but_ 

identical LH-20 Sephadex columns,·a very small but detectable peak of 

radioactivity corresponding· to .progesterone was found. It was found that 

progesterone binds to proteins in·our solubilized .enzyme preparations and 

that smallam~nts of the steroid will thus b~ precipitated by digitonin. 

No radioactivity corresponding to pregnenolone was obtained from digitonin 



Figure 7. LH-20 Sephadex elution profiZe for steroids isoZated from the 

digitonin supernatant and peZZet., AZiquots of the· 3[3-hydroxy-. 

steroid ·aehydrogenase:b.5-:-isomerase reaation medium were.preai

pitated with digitonin. Steroids were extraated from both the 

supernatant a;nd peZZet and eZuted from (0.9 x .25.0 a"!) LH-20. 

Sephadex aoZumns. (0) Supernatant steroid radioaativity; 

r•J peZZet steroid .radioaativity; (b.) progesterone refer.enee· · 

steroid determined by u.v .. absorbance at 244 nm .. 
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pellets extracted with ethyl acetate, because pregnenolone and digitonin 

forin a digitonide complex that is ·insoluble in ethyl -acetate (Haslam and 
. -

44 

Klyne, 1953). Variations in the amount of digitonin used (4.1 - 16.4 ~moles) 

had no effect on the ratio of .tritium labelled pregn-5-ene-3,2-0-dione to 
. . . . 

_ tritium labelled progesterone in the supernatant. There was therefore no 

significant precipitation of pregn-5-ene-3,20-dione or progesterone, which 

were the only identifiable conversion products of pregnenolone present in 

the reaction medium. 

F. Effect of Inhibitors on the Yield of Steroids in Digitonin 

Supernatants. The effect of steroidal inhibitors of progesterone. synthe-

sis on the relative yield of tritium labelled pregn-5-ene-3,20-dione_in 

the digitonin supernatant is shown in Table 11. In the absence of inhibi

tors, ~.3% of the radioactivity extracted fr·om the digitonin _supernatant 
. r 

was associated with pregn-5-ene-3,~0-dione and 93.7% with progesterone. 

When cyanoketone and equilenin were added~ the percentage of supernatant 

radioactivity associated With pregn-5-ene-3,20-dion~ increased as the inhi• 

bition of progesterone synthesis increased, indicating that isomerase·. 

activity was inhibited by both compounds. The data in Table II also show 

that use of the digitonin precipitation technique to .neasure the velocity. 
I 

of both of the coupled enzyme reactions will ·overestimate the rate of.· 

pro'gester·one formation,- because some supernatant radioactivity wi 11 be 

associated with.pregn-5-ene-3j20-dione. 

Progeste~on~ and a small but detectable amount of pregn-5-ene-3,20 

-diane were the only steroid_conversion products of pregnenolone i~olated 

from the reaction medium. Digitonin p~ecipitation proved to be effective 

in separating unconverted pre~nenol~ne from the steroid·products of both 



TABLE II 

Effeat of inhibitors on the relative percent of steroid radioactivity 

isolated fro.m digitonin supernatants. a. 
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% sferoid dpm % Decrease of Total % Decrease of 
Inhibitor A5b · . A4C. ·su2ernatant dJ2m A4 d2m 

None 6.3 93.7 0 0 

Cyanoketone 12. 1 87.9 42.0 47.8 

Equilenin 17.8 82.2 61.2 77.7 

apregnenolone was added to the 3~.:.hydroxysteroid dehydrogenase:A5 
isomerase reaction m~dium as the tracer substrate, along with inhibitor 
steroids (0.5 pM). A control medium was incubated without inhibitor.
Aliquots of the reaction medium were precipitated with digitonin and the 
steroids isolated from the supernatant by LH-20 Sephadex columns (o_.g x 
25.0 cm)e The percent of radioactivity associated with each isolated 
steroid was calculated as the percentage of total steroid dpm recovered 
from the column. bpregn-5-ene-3,20-dione. . C.progesterone. . 
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enzyme reactions, pr_ogesterone and pr_egn .... s~ene-.3 ,20-dione.- Because the · 

dehydrogenation step is rate limiting and. nei·ther steroid product is 

differentiated· by measuring total steroid radioactivity in the digitonin 

formed supernatant, the assay procedure described is an accurate method 

for measuring the overall rate of· conversion of pregnenolone to ·proges~ 

terone. Under the incubation conditions used progesterone was not further 

metabolized so this is also a highly specific assay. In addition neither. 

of the steroidal inhibitors (cyanoketone and equilen.in) nor the. kinetic 

isotope effect altered the accuracy of the method for routine measurement 

·of the overall rate of conversion of pregnenol~ne to progesterone. 

II. Subcellular Distribution of 3s-hydroxysteroid dehydrogenase: 

Isomerase in the Human Placenta. 

The d i stri buti on of 3s-hydroxysteroid dehydrogenase-: isomerase act i

vity in the tissue fractions of human term placenta is shown in Table III. 

Cell fractions were obtained by the different1al c~ntrifugation scheme pre-. 

·viously outlined in Mate.rials and Methods. The resu.lts in Table III are·· 

.representative o~ several such experiments .. One half (by weight) of a 

single placenta was homogenized in 0.25 r~ sucrose and the other half with-

out sucroseo ·.Comparison of enzyme activities revealed a 20% loss .in acti

vity due to the hypertonic sucrose. solution. The cell fracti.ons were 

centrifuged in sucrose so the ·recovered activities. represent the yield from 

tissue homogenized in sucrose. The ~s for pregnenolone,·as determined by 

double reciprocal plots, were found to be similar in the mitochondrial ahd 

microsomal fractions. Specific activities of 541 m~moles/min/mg . 



TABLE III 

SubaeZZuZar Distribution of 3SHSD:Isomerase Aativities ~n the Human Term PZaaenta 

Specific Enzyme . Enzyme Total Enzyme. 
Tissue KM Activity units/ml Volume units % 
Fraction Pregnenolone m~moles/min/mg protein llmoles/min/ml (ml) llmoles/min · Recovery 

Homogenate s. 5 x 1 o-6r4 198.0 20.60 325.0 6701.5 
(w/o sucrose) 

Homogenate 7.6 X 1o-6M 179.0 16.70 325.0 5448.6 100.0% 
(w/sucrose) 

Pellet --- --- 5.90 193.0 1137.3 20.8% 
(600 ·x g) 

Mitochondria 2.8 X 1o-6M. 541.3 85.10 38.0 3.23.3 .. 8 59~3% 

Microsomes 3.3 X 1Q-6M 852.9 106.40 9.6 1 023.3 l8e7% 

Cytosol --- --- 0. 75 140.0 104.8 1. 9% 
(105,000 X g 
supernatant) 

~ 
-......J 
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and 852 mllmol es/min/mg were· found respectively in mitochondria~ and 

microsomes. The sum of the enzyme activity.units in the ·cell fractions· 

shown in Table III corresponded to the total homogenate activity. Approxi

mately 78% of the activity was recovered in the mitochondrial and micro

somal fractions. The soluble cytosol fraction contained a small amount 

of activity while the nuclear pellet contained 20% of the recovered acti

vity. Of the activity recovered. in the membrane fractions, some 74% was. 

presef}t in the mitochondria and 26% in the microsomes .. The purity of the 

microsomal and mitochondrial pellets was not determined. However, by 

el~ctron microscopic examination it was found that human placental mito

chondria obtained by this same procedure .(Ferre et al., 197.5) were rela

tively free of microsomal vesicles and the microsomal pellet showed no 

mitochondria. The specific·"activities of 541 m~moles/min/mg of protein · 

measured in the mi.tochondri a and 852 mllmol-es/mi n/rrig in the mi crosomes are 

· respectiv.ely 3.0 and 4.7 fold greater than the enzyme specific activity in 

the whole homogenat~ .. 

III. Attempts to Solubilize the3sHSD:Isomerase. 

Both mechanical and chemical methods \>Jere used in attempts to ex-

. tract and solubflize the membrane 3s-hydroxysteroid dehydrogenase:isomerase. 
' ' I I 

·Sonication of the membrane fractions proved. to· be a totally ineffective 
. . ~ 

·method. Phospholipase A, heptane and acetone delipidation treatments 

spared most of the enzyme activity but failed .to release any more.than a 
. . . ' 

small portion of the total membrane activity into the 105,000 x g super-

hatant. In addition, the specific activities were lower in the soluble 

fraction than in the sediment suggesting that enzyme relocated in the · 
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105,000 x .·g supernatant was associated· with ·small membrane fragments. The· 

effects of two potent membrane solubilizing agents, digitonin and Triton 

X-100 were also examined~ The destruction of all activity· resulted from. 

digitontn treatment. Repeated treatment of the membrane fractions with · 
. . ' . . 

1.% Triton X-100 extracted more than half of the enzyme activity. However, 

a sizeable loss in tota:l activity was observed such that the enzyme speci- · 

fiG activity was lower_ in the soluble supernatant than in the membrane 

fractions.·- Apparently, protein denaturing effects of the triton X-100-

treatment did not spare .enough enzyme activity to a.llow succes.sful solubi-

lization. 

The best resu-lts were obtained by tr~atment with sodium deoxycholate. 

A systematic study revealed·i that extraction and solubilization were best 

achieved by u-ti.lizing a. range of0.0125 to 0.025 mg of sodium deoxy

cholate per mg of tissue protein. -This relative concentration of deoxy

cholate to tissue protein provided the maximum solubilizing effect with 

minimal loss to total enzyme activity. 

__ IV. Effects of Sodium DeoxYcholate on Enzyme Activity in Human 

Placental Tissue Fractions. . 

After treatment of mitochondrial and microsomal membrane suspensions 

(isolated from placental tissue homogenized in 0.25 M suc._ro~e) with 0 .. 0125 
. . . ' . 

. M sodium deoxycholate, more than 50% of the 9riginal membrane enzyme acti-

vity was found in the soluble 105,000 x g supernatant. However, the speci

fic activities of the extracted enzymes. were lower in the supernatant than 

in· the particulate material. Tissue fraction-s therefore were also treated 

with sodium deoxycholate after homogenizing in sodium phosphate alone. 

The results are shown in Table IV. Afte.r treatment with sodium deoxycholate, 
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the cell free homogenate was submitted to-successive centrifugations-at 

600 x g, 10,000 x g.and 105,000 x g to obtain the soluble supernatant 

fraction. At each step, the pellets and samples from the corresponding· 

· · supernatant. were saved and enzyme activity determined. Some 50% of the · . 

original homogenate activity was found in the 105,000 x g ·supernatant; 

while the. particulate fractions centrifuged at 10,000 x g and 105,000 x g 

·contained respectively only 0.4% and 1.5% of the original ho~bgenate acti

vity. In ·addition, the. s_pecific enzyme activity was higher in the 105,000 

. x g supern~tant than in the homogenate or the sediment. · It is not shown 

in Table IV but. 32% of the original homogenate activity was found. in the 

600 x g pellet .. Since the 600 x g pellet is discarded during the solubi

lization procedure and .some 52% of the origi.nal homogenate activity was 

contained in. th~ soluble and particulate fractions, only 16% of the total 
-·-enzyme. activity·was lost or unaccounted for. 

Mitochondrial and _microsomal pellets isolated from placenta homo-
. . . . 

' ' 

gemized in sodium phosphate· alone were also treated with sodium deoxycho-

late.· Table IV shows that roughly 13% of the original homogenate acti-
. ' . 

vity was contained in.the membrane fractions compared to a 78% recovery 

(Table III) found in the mitochondri~ and microsomes isolated after h6mo- · 

genization in 0.25 M sucrose. No attempts were made to explain the dis

crepancy or to determine the fate. of the lost .enzyme activity. It does 

. appear that with sodium phosphate alone a sizeable portion of the membrane 

enzyme was extracted during homogenization. That 50% of the original 

activity was extracted after treatment of the whole homogenate with sodium 

deoxycholate while only 13% of the original activity was contained in the 

membrane fractions of untreated whole homogenate, suggests this is true. 



TABLE. IV 

Effeats of Sodium Deoxycholate on 3SHSD: Isomerase Aativites in Human PZaaentaZ Tissue Fra~tionso 

Specific Total- 1 

.. Activit:¥ Protein Volume Activit~ % 
Fraction r~ani pu 1 at ion ml-tmo-1 es/m1 n/mg mg/ml - (ml) llmo1es/min Recovery 

l ) Homogenate None 228.0 230.0 188.0 66401.0 100.0% 

NaDbC2 Treatment 

Supernatant 10,000 x g/20 min 454.0 . 93.3 85.6 35628.0 53.6% 
Pellet 10,000 ~ g/20 min 190.7 156.7 2.0 265.6 0.4% 
Supernatant 105,000 x g/60 min 457.0 88.0 80.0 31811.0 50.4% 
Pellet 105,000 x g/6 min 255.9 165.9 4.6 996.0 1.5% 

2) Mitochondria None_ 226.2 268.0 3.5 2089.0 3.2% 

NaDOC Treatment 

Supernatant 105,000 x g/60· min 474.7 . 46.0 7.-0 . 1525.0 2.3% 

3) Microsomes None 369.4 264.0 6.5 6339.0 9.5% 

NaDOC Treatment 

Supernatant 105,000 x g/60 min . 291-.3 l20.0 13.0 4657.0 7.0% 

lTotal .activity is _expressed in enzyme units of 1-tffi of pregnenolone converted/min/volume of 
the tissue fraction~· · · 

2Sodium deoxycholate. 
CJl __. 
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Treatment of the mitochondria and microsomes with sodium deoxycholate ex-:

tracted some 75% of the total membrane activity into -the 105,000x g super

natant. An increase in the-supernatant specific enzyme activity was ob

tained after extraction of the mitochondria while a decrease in supernatant 

specific enzyme activity was· observed after .sodium deoxycholate treatment. 

of the microsomes. 

It was found that homogenizing in· sodium phosphate and extracting . 

the whole homogenate by·sodium deoxycholate treatment resulted in reloca~ 

tion of substantially more enzyme activity units into the soluble superna

tant fraction than any other. ~ethod employed. In addition the ~xtracted 

specific enzyme activity was greater than the· specific enzyme activ-ity. in 

the original homogenate and in the mitochondria and microsomes as well. 

A·nother advantage to this extraction technique is a reduction ·;n manipula-
, ... · 

tions required· since the subcellular membrane fractions. need not be. isolated. 

The 105,000 x g supernatant from several different placehtal homage

nates treated with sodium deoxycholate ranged in protein concentration from 

· 70-116 mg/ml and their sp·ecific enzyme activities from 244-489 m}lmoles/min 

/mg or protein. The mean ± S.E. protein concentration of· the solubilized 

enzyme prepared from six different placentas was 97 ± 14 mg/ml while the 

mean specific activity was 423 ± 67 m~moles/min/mg of protein. 

V. Aqueous Solubility of the Enzyme Extracted by Sodium Deoxycholate 

Treatment. 

Considering an enzyme preparation to be soluble if it remains in the 

105,000 x g supernatant· for 1 hour or more is not an adequate criterion for 

solubility. Treatment of membrane proteins with dispersing agents'such- as 

sodium deoxycholate may lead to the formation of small membrane fragments 
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or large_ lipoprotein complexes that ma)/·appear to be solubl~ because they 

do not sediment. The· continued .. presence of the dispersing. or ·solubilizing 

. agent.may often be reqljired .in -such instances to maintain the.lipoprotedn 

complex in solution. 

A~ Effects of DiaZysis.on· Enzyme Activity.·. A. 11 S01ubilized" -enzyme. 

preparation was dialyzed. against a large volume of buffer (0.025 M NazHP04, 

pH 9~5 in 20% glycerol) at 4°C. After dia~yzing for up to 6-8 hours, the 

enzyme activity-was found. to rema1n in the lOS,OOO x g supernatant. ·It.was 
. . . . ' . ' 

not known however whether all the sodium deoxycholate-had been removed·by 

the dialysis procedure. Ti·ght-binding o{ sodium deoxycholate to_the enzyme 
. . . . . 

. . 

may have prevented its remov~l and cannot be ruled out. 

B~ Gel.· FiZtratior Qn Sepharose 4B~ The 11 Solubilized 11 enzyme prepa;... 
. . . . . . 

ration dialy~ed against the ~arne buffer used to ~q~iliPr~te the .Sepharose · · 

·. 4B material was submitted to gel filtration on ·a Sepharose 4B column. 

Table V shows the results ·from a typical gel filtration procedure·.· Approxi

mately 57% of the total enzyme activity units .contained in the cell free 

homogenate were_ recovered ·from the. col urnn ~ . This corresponds to 98% recov-. 

ery in activ·ity of the dialyzed pr~paration applied to the column. In peak·· 
. . . . . . ' . \' ·. . . . . . 

. fractions 10, 11 an·d .12 a 5.4-fold purification of the original homogenate 

activity was attained, which corresponds to a 2.6-fold purification of the. 

dialyzed ·enzyme preparation. · · 

The elution profi 1 es of the enz.Ymatic activity and ·protein c·ontent · 

are shown in Figure 8. · The column chromatography shows that the major por

tion of· the enzyme activity ·was slightly retarded on the, column~ eluting 

between the exclusion volume and the.volume containing hemoglobin and the:· 
·; . 

smaller molecular weight proteins. The exclusion vol~me 6f the cblumn. 



TABLE V 

Partial PUrifiaation of Plaaental 3SHSD:Isomerase 



., 
Figure 8. Sepha:t}ose 4B gel filtration of the deoxycholate treated prepa:t}a~ 

tion of the placental whole.homogenate. Details of the column 

chromatography are given in Materials and Methods. The enzyme 

activity (I - I) and protein content (0 - 0) of each fraction 

were measured. 
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. . . 

however, contained the ascendin-g shoulder Of· the: enzyme activity peak, sug- . 

gesting. that the solubilized enzyme preparation may contain some,- small. niem- -· 

brane fragments or large lipoprotein complexes as well as separate water 

soluble enzyme molecules. · Th~ fractionation range of Sepharose 4B. is 3.0 · 

x 105 to 3.0 x 106 M.W. (Pharmacia Fine Chern. Bulletin). This indicates 

that the size of the enzyme parti.cles in the partially purified fractions· 

is greater than 3 X 105 M.W. and somewhat less than 3 X 106 M.W. ·'rt· was 

.. also found that the exact same elution patterns\'le.re·obtained by·submi·tting 

a solubilized enzyme preparation to an identi·cal Sepharose 4B column e.qui-. 

librated·in a buffer containing 0.0125 M sodium deoxycholate. 

C. Ammoniu7fl SuZfate Precipitation. The "solubilized" .enzyme prepa

ration was observed to precipitate from solution over a-· wide range qf ammo-· 

·nium sulfate concentrations {20-80%)~ However, precipitation of the Sepha-· 

. rose 4B, parti-ally purified enzyme fractions was achieved· only with a high 

~alt concentration {60-80%).· As a·general rule, protein solutions that 

precipitate at low ammonium sulfate concentrations are poorly soluble, while .· 

protein solutions that precipitate at high salt· concentrations are readily 

soluble (Tzagoloff and Penefsky, _1971). The results with ammonium sulfate-
. . . . . ' ' . . 

suggests that the Sepharose 4B partially purified enzyme fraction contains -

separate· enzyme molecules that are readily soluble in \'later. 

D. Effect of DeZipidation Agents.· Extraction of the "solubilized" 

enzyme preparation with either heptane or hexane at 4°C resulted in a small: 

increase in specific enzyme activity. After extraction however, the-beha

vior of the enzyme was not altered in any obvious manner toward ammonium 

. sulfate precipitation or gel column chromatography._ Any lipid that may have 

been removed by the solvents therefore must not have been required for enzyme 

activity or was not associated with the enzyme protein molecules. 
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VI. Enzyme Stabi 1 i ty and Effects of Temperature and pH on Enzyme. 

Activity. 

Unless otherwfse indicated, the enzyme preparation·used in all sub-. 

sequent kinetic and ·.inhtbition studies was that obtained by extracting the 

··whole tissue homogenate with sodium deoxycholate and will be referred to a·s 

a solubilized enzyme preparation. The effects of various. buffer conditions, 

pH and temperature on enzyme activity were examined in order to establish 

optimal assay conditions.for the solubilized human placental 3(3-hydroxy

steroid dehydrogenase:isomerase. 

It was found that the choice of buffers ·as well as.buffer concentra~ 

tion had a substantial influence on enzyme activity. · Utilizing sodium .. 

phosphate in the reaction mixture showed 3-4-fold greater ·activity than 

.. utilizing glycine at the same concentration and pH. Optimal· enzyme activi

ty with sodium phosphate was o~served at a concentration of 0.,05 M·. The 

presence of 20-3Q%.glycerol in the assay mixture was found to enhance enzyme 

activity and was necessary for preserving activi.ty during storage.; ·· So·lubi

lized enzyme preparations were stored at -20°C and in the presence ·of ·20-30% 

glycerol, activity was stable ·for a period of 6-8 weeks.· ·rn addition, the· 

pr~sence of 20-30% glycerol and 1.0 mM mercaptoethanol was necessary for 

maintaining stability and successful· recovery of ·activity during gel' column. 

chromatography. To minimize variability in.the activity ·of the stored en- · 

zyme, large batches of soluble enzyme were prepared and frozen in separate 

.small ( 1. 0 ml) portions. Stored samp 1 es were thawed and used once and any · · 

unused portions w~re discarded. 

The activity of the solubilized enzyme was examined as a function of 

pH, by maintaining all other reaction components constant.. Figure 9 shows 



Figure 9. Effect of pH on enzyme activity. The reaction media contained 

50 pM Na2HP04 in· 30% gZyceroZ~ 0.2 mM NAv+3 5.0 pM pregnenoZone 

and soZubiZized enzyme preparation (0. 8 mg/mZ). The pH of the 

incubation media were adjusted to. the vaZues indicated~ Reac

tion rates were measured over a 5 minute period at 30°C. Enzyme 

ar;;t.iv.ity is express.ed as miZZimicromoZes of product formed 

per min/mg of protein . 

. ':. 
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that optimum acti~jty.was achi~~e4~between pH 9~5-10.0~. The human placen-· 
- . . . . 

tal mitochondria 1 and· mi crosoma 1 . ~nzyme$. have been reported by ·other i nves~ 

tigators to exhibit a similar range in pH .optimum sensitivity (Koide and 

Torres, 1965) . 

The influence of incubation .temperature on·enzyme.activJty was 

determined over a temperature range 6f 0°-35°C. The optimal temperatu~e 

was foun9 to be between· 25° and 30°C. Plotting ~he log of. the reaction . 

velocity against the reciprocal absolute temperature (1fT) gave .!i nonlinear 

·Arrhenius plot. over the range of tem~eratures utilized ... The general shape 

of the Arrheniu~ plot (Figure 10) was an inverted V-curv~ture. As shown in . 
. . . . . " . . 

Figure 10 the ·reaction velocity does ·not increase at a constant. rate between 

10° and-25oc, s~ggesting that at :different temperatures .. below 25°C, differ

ent steps in the overall reaction may become· rate limiting (Segal, 1975, 

Chapter 11). A sharp ~hange in .the slope was observed at 25°,· ihdicating 

this may be 'the utrans it ion temperatu-re" where dependency of the reaction 
. - . ' -

velocity changes from one rate l,imiting step to an.other.· The sudden drop . 

in the slope· above 30°~ (low lfT) as ·suggested by Se.gal (1975, Chapter 11) .. 

indicates that enzyme protein denaturation has occurred. 

The apparent ~ for pregnenolone, ~s determined from doubl.e recipro-. 

cal plots on 1/v vs 1/s, was also measured ·as a function of incubation tem

perature. Plotting the log of .. ~ against lfr '{Figure 11) gave the same 

general shaped curvature as the Arrhenius plot in Fi.gure 10. · This may 

indicate that the apparent affinity of the enzyme for pregnenolone was not 

constant over the temperature· range 0°-35°C. 

Since enzyme reaction rates vary with pH, temperature and 1oni·c 

strength,· these factors were held constant at the·ir respective opti-mal con

ditions in the subsequent kin~tic and inhibition studies. 



Figure 10. Effect of incubation temperature on enzyme velocity .. ·The 

reaction media.contained 50 v.M Na2HP04 (pH 9.5) in 30% gly

cerol3 0.2 mMNAD+3 solubilized enzyme preparation and either 

5.0 11M (I)· or 2.5 }.1M (0) pregnenolone. Reaction rates were 

measured oqer a 5 minute period at incubation temperatures· 

ranging between a- 35°C. The experimental values are plotted 

on the vertical axis as the log of reaction velocity and the 

incubation temperature in reciprocal degrees. Kelvin on the · 

abscissa. 
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Figure 11. Effect of incubation temperature on the KM for pregnenolone. 

The KMs for pregnenolone were determined.from the intercepts 

of double reciprocal plots of 1/v vs 1/s with 5 substrate con

centrations in the range (1'. 25 - 10.0 llM). Reaction rates· 

were measured during a 5 minute period at incubation tempera

tures ranging between 0 - 35°C. 
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VII. Evaluation of Incubation Conditions for Measuring Initial Velocities. 

Carefully controlled experimental conditions are required in order 

for steady state kinetic theory to apply. After mixing substrate with enzyme, 

enzyme-substrate complexes are rapidly formed and reach steady state con-· 

centrations (i.e. concentratioti of ES reaches a constani level). ·The en

zyme reaction rate will be linear as long as steady state concentrations of 

the ·intermediate complexes are maintained. To maintain steady state con

ditions in an enzyme assay in which the overall reaction rate is being mea

sured, the reaction must be nonreversible and inhibition of enzyme activity 

by the product being formed must not occur. These problems.do not pertain 

to the human placental enzyme. The overall reaction is apparently irrever

sible and it was found that progesterone at concentrations 5-fold greater 

than the substrate does not inhibit enzyme activity .. Steady state condi

tions· however are most practically achieved by measuring the rate early in 

the reaction before a significant accumulation of product or variation in 

concentrations of intermediate occurs. As a significant amount of substrate 

is utilized and the product accumulated is no longer negligible compared to 

the substrate concentration, the reaction intermediates will begin to vary· 

and the reaction rate to decline. The linear rate measured during the 

early portion of the reaction before the rate slows down due to accumulation 

of product or fluctuation in concentrhtions of intermediates is the initial 

or instantaneous velocity (Ayliirg; 1973). 

Figure 12 shows that ~t a constant substrate concentration, the 

reaction rates in the incubation media \'/ere linear up to a 5 minute assay 

period over a protein concentration range of 0.21 to 0.88 mg/ml. At the 

p~otein concentration in the reaction medium of 1.76 mg/ml the rate of pro· 

duct formation was constant only.up to 3~ minutes. 



Figure .12. Enzyme product formation as a function of time at· different . · 

enzyme concentrations. The reaction media contained 50 JJ.M 

Na2HP04 (pH 9. 5) in 30% glycerol~ o. 2 mM NAn+~ 5. o JJ.M preg

nenolone and solubilized enzyme preparation diluted to the 

different concentrations indicated. Enzyme product ·rcpm)· 

was measured at 30 second· intervals over· a period· of 10 min

utes at 30° C. 
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The· initial velocity of an enzyme reaction is directly proportional 

to the enzyme conceptrati on at any stage of enzyme purity (Sega 1,. 1975, · 

Chapter 2). Therefore, the relationship between reaction rate and protein 

concentration in the enzyme preparation \\/ill be linear. only if the true. 

initial velocities are being measured. The effect of increasing the pro-·. 

tein content of the solubilized enzyme preparation on reaction rates was· 

measured at a constant substrate concentration over a 5 minute assay peri-od. 

As shown in Figure 13, the reaction velocity w~s a linear function·or.pro

tein concentration at least up to a concentration of 1.1 mg/ml, thus indi

cating that initial velocitie~ are closely approximated over the ~rotein 

concentration range examined. 

In all the following kinetic and· inhibition studies, reaction velo

cities were measured over a 5. minute assay period with a solubilized enzyme

preparation ranging ·in protein concentration between 0.2- 0.8 _mg/ml .. Re

action velocities referr~d tti therefore are·initial velocities. 



Figure 13. Effect of increasingamounts of enzyme preparation in the 

assay on the reaction rate. The reaction media contained 

0. 2 rruVJ NAD+~ 10 lll-1 pregnenolone~ and solubilized enzyme 

preparation in 0.05 M Na2HP04~ 30% glycerol (pH 9.5). All 

reaction components were held constant except the enzyme 

protein content diluted to the concentrations indicated. 

Reaction rate was measured over a 5.minute period at 30°C. 

Each experimental value is the mean determination from 

.·duplicate incubations. Velocity is expressed as millimicro

moles of product formed per min/mlo 
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V·III. Kinetic Analysis of Human·Placental 3S-Hydroxysteroid Dehydrogenase: 

Isomerase. 

The ·3s-hydroxysteroid dehydrog'enase is a bireactant-enzyme. The co

en.zyme (NAD+) accepts H atoms from the oxidized substrate. (pregnenolone)_ 

and participates in the.reaction ~s if it were a second substrate~ The 

Michaelis-Menten equation however defines the quantitative relationship 

between substrate concentration and enzyme reaction rates for unireactant · 

. enzymes. The ideal ·situation in:which one substrate:reacts with a single. 

·active site to form an enzym.e substrate complex and one product is rare .. 

As· is the case with .3S-HSD, ·most enzyme reactions involve a more complex 

molecular mechanism and have more than one substrate participating in the 

r·eaction. Bireactant· systems however can be treated as reactions whose rates 

are dependent only on a single substrate by holding an·e substrate at a con-
........ 

· stant saturating level while the effect of variation in the other substrate 

on reaction rates is measured. 

A. Effeat of Pregnenolone Conaentration on Initial Reaation VeZoeity .. . · 

A hyperbolic relationship is .observed between substrate concentration and· 

initial reaction velocity when an enzyme behaves according-to the. general-· 

ized mechanism for enzyme catalyzed reactions proposed by Michaelis and 

Menten. When initial reaction velocity obtained with the solubilized en-· .. 

zyme was measured with pregnenolone as the variable substrate and NAD+ held. 

at a constant saturating level, deviations from conventional Michaelis-Men

ten behavior was observed.. As shown in figure 14~ the plot of initial 

velocity versus pregnenolone concentration is hyperbolic at low.substrate 

levels and sigmoidal at higher substrate concentration, yielding a curve 

with· an intermediary plateau ·region. In addition,. pregnenolone exerts 
.. 

substrate inhibition of the placental enzyme at concentrations greater than 

50-60 uM. 



Figure 14. Plot of initial .velocity versus pregnenolone concentration 

obtained with the solubilized human placental 3SHSD:isomerase. 

The reaction media consisted of: 50 ~ sodium phosphate in 

30% glya~rol (pH 9. 5) ~ · NAD+ as the nonvo.ried substrate (0. 2 17llil} 

and the soZubulized enzyme protein diluted to 0.74 mg/ml. · 

· Reaction rates. were measured over a 5 minute assay period at 

30°C. Velocity is expr.essed as millimicromoles per min/mg of 

protein .. The solid line ( - ) is the pregnenolone-velocity 

curve fitted. by eye and the.dashed line (---)is the best 

fit of the data to a rectangular hyperbola. 
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· An obviou.s question to ask was whether the intermediary plateau 

region in the preg_nenolone concentration-velocity curve was real or the 

68 

.r_esult ·of experimental error~ The same ex-periment was repeated at least 

fifteen times with enzyme prepared from ·different p 1 acentas. The same · 

qua1itativeresults were consistently produced". To minimize the effect of 

human bias on the results, another· person in the 1 a bora tory has reproduced 

these same qualitative results. 

To further·aid in determining whether a hyperbolic relationship 

. exists between pregnenolone concentration and the experimenta-lly ·determined 
. . 

values for ·initi-al reaction velocity, the data shown in Figure 13, were ana-. 
. -

lyzed by a Michaeli~-Menten regressi-on computer program. The program was· 

derived from the Yale Computer Center Fortran program "Hyperb" and supplied 

by the Digital Eq~ipment 'corporation from the Decus program library (Decus. 

No .. ·Focal 18-198). Computations were -performed on a Digital_ Equipment· 

Corporation PDP-8 computer. ·_This program performs a ,regression analysis 

best fit of the data s vs v to the Michaelis-Menten form of the equation for 

a rectangul~r hyperbola~ ·Maximum likelihood estimates for the kinetic ~ara

meters Vmax· and ~ are also give.n with their corresponding 95% confi'dence· 

·intervalse The soli~ line shown in Figure 14 is the experimentally deter

mined pregnenolone concentration-velocity curve .fitted by the eye. The 

dashed. line represents the Michaelis~Menten regression analysis best fit of 

the data to a rectangular hyperbola.- A most striking feature of the.preg

nenolone concentration-velocity curve is the generally poor fit of the data 

to a rectangular hyperbola. 

Michaelis-Menten regression analysis was performed on the dat~ taken · 

from nine replicate experiments. In every instance, the' curve for the best 



fit of the data to a rectangular hyperbola extended above the experimental 

points on the pregnenolone-velocity curve in the region of the. interme

diary plateau in the same manner as illustrated in Figure 14. 

A major problem encountered with impur·e enzymes and especially with 

membrane-bound enzymes is variation in specific enzyme activity from one 

assay mixture to the next and- in preparations from different tissues. It 

was not reasonable therefore to perform multiple experiments and-determine 

·error 1 imits for each point on the pregnenolone concentration-velocity curve .. 

It. was. necessary to rely· on the qualitative reproducibiiity~of the results 

rather than determine whether a norma 1 Michael i s.-Menten type hyperbo 1 a cou 1 d 

be drawn within the experimental error limits of each point. The fact that. 

repeated enzyme assays under the same experimental conditions gave qu.al ita

tively similar results· is a good indication for the unambiguousness of the 
- . 

biphasic nature of the pregnenolone concen,tration-velocity curve •.. 

If the relationship between substrate concentration and initial velo

city is curvilinear, it is often more useful to plot kinetic data accord-ing 

·to one of three linear plots derived from linear ·transformations of the 

· Michaelis-Menten equation (Woolf, 1932). ·Data taken fro~ the· pregnenolone 

concentration-velocity curve (Figure 14) were ·plotted as the reciprocal of 

velocity versus reciprocal of pregnenolone concentration according to the 

method of Lineweaver and Burke (1934). To obtain a valid· double reciprocal 

plot, the substrate concentration rang~ chosen should be in the general · 

vicinity of the,~. Data for generating the double reciprocal plot were 

therefore taken from between the points correspon~ing to approximately lOl 

·and 90% Vmax. The double r~ciproc~l plot in Figure· 15A was not linear but 

showed a concave downward deviation, illustrating that the reaction does 
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not follow simple Mi~haelis-Menten kinetics_ The same concave downward 

curve was consistently reproduced .from at least five replicate experiments . 

utilizing· en.zyme prepared from different. placentas. For comparison the:. 
. . . . . 

data were also presented ~raphically according to another linear iransfor-·.· 
. . 

mation of·the original Michaelis-Menten equation. In t~is method, the 

ratio of substrate concentration to velocity (s/v) is plotted against sub

strate concentration(s) (Webb, 1963~ Chapter 5). As shown in Figure 15B 

th~ data. taken ·from the pregnenolone concentration-velo~ity curve, plotted· 

as the s/v versus s, also deviates from simple linear Michaelis-Menten ki

n~tics. · Again the data obtained from at least five r~plicate experiments 

consistently gave the same type Of nonlinear S/V VS S plots. 

Biphasic substrate-:-velocity curves displaying intermediary plateau 

regions can be generated by multisite enz.Ymes or may. result from the pre~· 

sence of multiple forms of the same enzyme (Koshland, 1970; Teipel. and· 

· Koshland, 1969; Segal, 1975;. Chapter 7). Complex rate curve's, similar to 

the ones observed in the present study could result from multisite enzymes 

if the affinity for pregnenolone binding first decreased follo~ed by an 

.increase in binding affinity as the enzyme was saturated~ ·An increasing 

affinity is consistent with positive cooperativity effects·between substrate 

binding $ites. A decreasing ~ffinity could arise from either negative coop-

erativity or from a mixture of two or more forms of the same enzyme, each· 

with different intrinsic binding constants .. Also to. be consider~d is that 

apparent fluctuations in affinity of the enzyme fo!' substrate may involve 
• r • 0 

rate determining conformational changes or binding. steps in the overall 

enzyme reaction (Teipel and Koshlarid, 1969). The. presence of multiple 

enzyme forms and cooperative. substrate binding steps as distinct possibilities 

for explaining the kinetic data were further explored. 



Figure 15. Double reciprocal plot for the effect of pregnenolone concen

tration on the initial velo-city obtained with solubilized 

enzyme preparations (A). The s/v versus s plot of the data 

taken from the pregnenolone concentration-velocity curve (B). 
( 

Incubation conditions were the same as described-in Figure 14 . 

........ 
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The solubilized enzyme. preparations utilized in these kinetic experi

. ·ments contain both the-mitochondrial: and microsomal associated enzymes· 
) 

extracted into a s.ingle soluble supa}"'natant fraction. 1 Initial experiments 

·.showed. that microsome and ~itochondrial enzymes· were similar with respect 

·to their kinetic parameters. (Table III); thus the justification· for extrac- • 

· ting both enzymes into a single_ pool. However,_ these i_nitial experiments. 

were done with a small number of substrate concentrations over a riarrow con

centration range. _A more -detailed kinetic study was therefore undertaken. 

to reexamine the--mitochondrial and microsomal-bound enzymes. 

Mitochon~riC\ and micro~omes w~re isolated from human term placenta· 

and enzyme activity ·in each fraction assayed as previously described in-
. . . 

Materials. and Methods. Initial velociti_es were .measured at 20 different 

pregneno16ne concentrations (ranging between 1.0- 100 ~M), with NAD+ as 

the fixed substrate at saturating levels. Data presented in the form of 

·double reciprocal plots were ~aken from between the points on the· pregnene

. lone-velocity curve corresponding to approximately 10% and 90% Vmax. The . 

double reciprocal plots for the mitochondrial and microsomal enzymes shown . 

in Figures 16A and 17A respeGtively were found to be linear over the entire 

substrate toncentration range used. The same data plotted as s/v versu~ s 

were also linear for both mitochondrial and microsomal-bound enzymes (Fig

ures .l6B and 17B). · The apparent Michaelis constants (KM) for pregnenolone 

and the values for Vmax calculated from the double reciprocal plots were 

found to be similar in microsomes and in mitochondria (Table VI) .. Consid~ 

ering the impure state of the enzyme and experimental error due to the 

nature of the enzyme assay, the slight difference between the values given 

in Tab1e VI are· certainly not significant. 



Figure 16. Double reciprocal plot (A) and the s/v versus s plot (B) for 
I 

the effeet of pregnenolone concentration on the initial velo-

city obtained with human placental mitochondria. Incubation 

conditions: 5o llM sodium phosphate in 30% glycerol (pH 9.5)., 

NAD+ as the nonvaried substrate (0.2 mm) and mitochondrial 

protein diluted·t~ 0.8 mg/ml. Reaction rate was measured over 

a 5 minute assay period at 30°C. The velocity is expressed as 

millimicromoles of product formed per min/mg of prote.in .. 
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Figure 17. Double.reciprocal plot (A) and the s/v versus v plot (B) for 

the effect of pregnenolone concentration on-the initial velo

city obtained with human placental microsomes. Incubation 

. conditions were the same as described in Figure 16 except for 

using microsomal protein diluted to 0. 80 mg/ml. 
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Table VI 

Maximum Ve Zociti;es (Vmax) and Michae Zis Constants · (JW) obtained for the 
. . 

Mitochondria and Microsomal ZS-HSD:isomerase using PregnenoZone ·as the 

Enzyme 

frli tochondri a 

Microsomes 

Variable Substrate. 1 

I<M(M) 

5.5 x lo-6 

6.4 x ·lo-6 

Vmax 
m~moles/min/mg 

666.0 

583.0 

75. 

1Values were calculated graphically from double reciprocal plots •. Each 
value. is the mean determination .from duplicate incubations. 

Similarity in kinetic prop·erties for both· enzymes is a good indication. 

th~t the deviation from simple Michaelis-Menten kinetics observed_using 

pregnenolone as the variable substrate wa~ not due to the presence of both 

mitochondrial and microsomal enzymes in the solubilized enzyme preparations •. 

A possibility that cannot be ruled out however is that deoxycholate treat-
. . ' ·. 

me.nt may have had a differential effect on the membrane bound enzymes .. · Ki-
. . 

netic properties ·of one enzyme that were significantly altered.with respect 

to the other.after being removed from its membrane environment could be· one 

. possible explanation for the observed kinetic data. It is not likely that 

this would occur but is a possibility that should ·be further explored. 

It seems paradoxical that the enzymes contained in the intact mito

chondria and microsomes displayed linear double reciprocal and isJ/v versus 

[s] plots consistent with simple Michaelis-Menten kinetics. It is plausible 

thatthe deviations from linearity obtained from incubati'ons with the solu~ 

bilized enzyme preparations may have been obscured within the intact mem-



branes due to such factors as steroid diffusion problems, enzyme· insolubi-

. lity, unavailability of certain binding sites within the· membrane structure, . 

. or any other number of reasons •. Although a soluble·homogene.ous enzyme pre

paration is not required for enzyme ·kinetic studi.es, fewer complications 

will ar~se from competing reactions that may utilize .either.substrate _or 

product, from ·interfering endogenous substanc·es or from variations in enzyme 

activity between one assay mixture and the next. The kinetic ·data obtai"ned 

from incubations with the-solubilized preparations (i.e. showing deviation· 

from simple Michaelis-Menten theory)~ although they should be considered 

tentative, are probablj more· meaningful than th~ data obtained from incuba

tions with the enzymes bound to the mitochondria and mi cr·osoma 1 membranes. · 

These arguments however do not exclude the possibility that solubilization 

results in physical a.lteration of the enzyme from the native conformation 

found in the intact membrane-.. In such cases, the anomalous kinetic beha-

vior could result from apopulation of modified catalytic sites. 

Another factor cohtributing to the nonlinear double reciprocal plots 

and the biphasic substrate-vel~city" curve may be that the sol~ble enzym~. 

preparations contai'n a mixture of separate solUble enzyme molecules and 

heterogeneously sized lipoprotein enzyme complexes. In such cases, the 

pregnenolona concentration-velocity curve might be exp~cted to rise rapidly 

in a linear fashion at low substrate concentrations as the readily accessi

ble sites on the soluble. enzyme surface fill up, but then fall off at higher 

concentrations as the substrate binds ·to sites on the less soluble enzyme 
- . 

comp:lex. To test this hypothesis, a detailed kinetic analys1s was c~rried 

out \'rith the Sepharose 4B partially purified soluble enzyme-fraction (refer 

to Section V for details of_the gel column chromatography procedure). 
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Initial velocities were meas~red at 2G different initial ·pregnenolone con- . 

centrations rangfng between 1.0 to 100 1-IM,·.while NAD+ was used as the· non~ 

varied substrate at saturating levels: .. Figure l8A and 188 respectively 

show the double reciprocal and s/v versus s plots cqnstructed from the · 

points between 10% and 90%· Vmax on the pregnenolone concentration-velocity 

curve obtained from incubations with· the partially purified enzyme. Both· 

plots are nonlinear and show a definite concave downward slope similar to 

the nonlinear plots observed in experiments with the less pure 11 solubilized 11
" · 

enzyme preparations. These data .indicate that any large lipoprotein enzyme 

complex or enzyme associated membrane fragments that may be present in the 

soluble enzyme preparation and are subsequently separated on the Sepharose 

48 column,. have little if anything to do with the anomalous kinetic patterns 

exhibited. 
___ .... 

. The Hill plot which is a linear plot of log v/Vmax-v versus logs 

with a slope = nH was used to test for. cooperativity (Hill., 1910). ··An nH 

value equal to one indicates noninteracting substrate binding sites while . · 

an nH value.less than one indicates negative cooperativity, and greater 

. than one, positive cooperativity (Koshland, 1970; S_egal, 1975, Chapter 7}. 

Data taken from the: pregnenolone concentration-velocity curve-(Figure 14) 

plotted as the Hill plot gave an nH value of 0.75 (Figure 19). Since the 

resultant Hill plot wasnot linear over the entire substrate range, ·nH was: 

determined as the ·s1ope of the curve between v = 0.25 Vmax and 0.75 Vmax. 

Hill plots of the dat~ taken from five replicate experimental curves· gave 

nH values ranging between 0.73 to 0.90 with a mean· value of 0.80 .. The_ nH 

. values suggest that the intermediary plateau region in the pregnenolone. 

concentration-velocity curve may result from negative cooperativity in an 



' ·. 

Figure 18 . . Double.reciprocal plot (A) and the s/v versus s plot (B) for 

the effect of pregnenolone concentration on the initial velo

city ·obtained with the partially purified enzyme preparation. 

Incubation conditions: 50 ~M sodium phosphate in 30% glycerol 

(pH 9.5)~ NAD+ as the nonvaried substrate (0.2 mm) and the 

partially purified enzyme protein (see Results~ Section V_, for 

details of the Sepharose 4B gel filtration. procedure for par

tial· purification} diluted to 0. 69 mg/ml. Reaction rate was 

measured over a 5 minute period at_30°C. Velocity is expressed 

as the millimicro.moles of product for.med per min/mg of protein. 
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intermediate substrate binding step. Th~ nonlinearity in the Hill plot how

ever is not necessarily ind.icative of the intermediary plateau region in the 

pregnenolone-velocity curve. With experimental data, Hill plots often deviate 

from linearity at very low specific velocities and at high substrate concen

trations~ Furthermore, inflections in Hill plots can also be generated by. 

enzymes exhibiting progressively decreasing affinity for substrate. 

It is important to keep i~ mind that the detailed kinetic patterns 

observed in this study are only indicators and not absolute proof.of the 

molecular models ror explaining the mechanism of the placental enzyme, 

reaction. The possibility still remains that the kinetic data can be ex

plained by the presence of noninteracting multisite enzymes with widely 

differing catalytic constants for each site. The placental 3SHSD is in fact 

a multisubstrate enzyme catalyzing the same reaction in vivo for at least 

two substrates, DHA and pregnenolone. It is also possible that the mi.to

chondrial and microsomal enzymes display significantly different kinetic 

properties after being extracted from their membrane environments. All 

diagnostic tests in this study however indicate that the kinetic data are 

most consistenly explained by the presence of multisite enzymes displaying 

cooperative interactions. in intermediate substrate binding steps. A sub

strate concentration-velocity curve for an enzyme exhibiting negative coop

erativity in substrate binding followed.· by a positive cooperativity as 

the enzyme was saturated with substrate, might be expected to be_similar 

in shape to the rate curve observed for the placental enzyme with pregnene-·· 

lone as the variable substrate~ At low substrate concentrations, the curve 

would be sjmilar to a normal hyperbola, rising rapidly.as a nearly 

linear function of s but with increasing ~ubstrate would plateau off markedly 



Figure 19. HilZ plot of the data from the pregnenolone concentration -

velocity curve in Figure 14. Incubation conditions were the 

same as described in Figu:re 14.. The dashed Zine (---) .for 

comparison is the curve expected for a non-interacti~g enzyme · 

system (nH = 1) e 
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as the affinity in the empty sites decreased. The rate in change of the· 

slope would then increase at higher substrate levels and finally decrease 

81 

as the enzyme became ·saturated with substrate. Such a molecular model could· 

certainly explain the intermediary plateau re.gions observed in the pregneno

lone-velocity curve. Likewise, the double reciprocal plots according to· 

this model would be characterized by a downward deviation {steeper· slope 

~/Vmax) at intermediate substrate concentrations, followed by an upward 

deviation (decreased slope) at higher subst~ate levels (low 1/s) as the 

enzyme was saturated with substrate. The double reciprocal plots presented 

in this study were generated from between the points on the pregnenolone 

-velocity curve corresponding to 10% and 90% Vmax~ . Therefore, only the in-
. . . ' -

flection point observed at intermediate substrate ranges is expressed by the: 

double reciproc~l plot. If the plot were extended over the entire substrate 

range, the slope w6uld decrease at the higher saturating substrate· levels 

.(low 1/s) and a second inflection· point would b~ observed. 
..... 

·Negative cooperativity in substrate binding steps has been demon-

strated for a number of enzymes (Levitzki and.Koshland, l969; .. Teipel and. 

Koshl and, 1969; LeJohn and Jackson, 1968; Koshl and and Cook, 1970; Rock and 

Cook, 1974). Adefinitive answer· to the. questions raised by this study may:. 

only be obtained ·from detailed ligand binding studies o.f each substrate to 

· a ho~ogeneous enzyme preparation. 

Apparent Michaelis constants (~) and the maximum velocitY. values 

(Vmax) obtained with the solubilized placental enzyme, usi.ng pregnenolone 
. . . . -

as the varied substrate ar~ given in Table VII. The values were estimated 

by Michaelis-Menten r.egression analysis and from double reciprocal plots. , 

The dat~ for computer analysis were taken from the entire p~egnenolone con~ 



TABLE VII 

Corrrparison of Kinetic Parameters for the So'lubilized 3f3HSD:Isomerase. 

·Estimated· by Miahaelis-Menten Regression Ana'lysis and Direat'ly from 

Reaiproca'l Plots.l 

Pregnenolone NAD+ 
Vmax Vmax 
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Method of 
Determination ~'1 (M) (m11mo 1 es/mi n/mg) K~.1 (M) (m11mo 1 es/mi n/mg) 

Michaelis-Menten 1.7x lo-5 447.0 6.9 x lo-5 · 278.8 
Regression Analysis2 

Graphical Estima- 5.6 x lo-6 233.6 4.6 x 1o-6 273.9 
tion 3 

lEach value is the mean determination from at least. 5 replicate experi-
ments done with enzyme taken from different placentas. · 

2Kinetic ·data for· regression anaylsis were taken from the substrate 
concentration-velocity c~rves utilizing the entire substrate ~oncentration 
ran~e. . 

Kinetic parameters were calculated graphically from double reciprocal 
,plots. ·Because of the biphasic nature of the pregnenolone-velocity curves, 
double reciprocal plots using pregnenolone as the varied substrate were 
constructed· only from the lower concentrations below the first inflection. 
point on .the curve .. 
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centra ti on ... ve 1 o.c i ty curve. Because of the bi phasic. nature of the pr_egneno-

: lone concentration-curve estimates of ~. and Vmax were obtained from double 

reciprocal plots by taking only those points from below the intermediary 

plateau region of the curve. The values for·.~ and Vmax (using pregnenolone 
. ' 

as the varied substrate) estimated by the two methods were markedly differ-· 

·. ent. If in fact the placental 3SHSD deviates from conventional kinetic ; 

behavior by displaying negative cooperativity in an intermediate substrate 

binding step (thus following simple Michaelis-Menten kinetics only at low 

substrate concentra~ions), the two methods for estimating kinetic parameters 

should not give similar values. 

B. Effeat of NAD+ Coneentration on Initial Reaetion Vetoaity . . The· · 

relationship between substrate concentration and enzyme reactian·rates can 

be. applied to the coenzyme (NAD+) by measuring the .effect of NAD+ concen

tration on the initial reaction velocity.·whi-le pregnenolone is held at.a. 

constant enzyme saturating .leve·l. Several commercial grades .of NAD+ have· 

been shot/n to contain an impurity which behaves as a competitive .inhibitor 

·and is present in suffici~nt amounts to cause large errors in estimating 

rate constants in certain enzymes (Dalziel, 196.3) .. Therefore, the highly 

purified Sigma Grade V NAD+ from which the impurity has been separated was 

used in all kinetic e~periments; 

Initial reaction velocities were mea~ured with the solubilizedenzyme 

preparation at different initial NAD+ concent~ations (rangin~ between 5.0 

to 1000 llM) while pregnenolone was used as the fixed substrate at near· sat- . 

urating levels. The effect of increasing the NAD+ concentration o~ t~e. 

initial reaction rate is shown in Figure 20. The solid line is the NAD+: 

concentration-curve fitted by eye and the dashed line is the Michaelis-Menten ·· 



·Figure 20. Effect of NAD+. concentration .on the initial velocity·of the 

reaction catalyzed by the soluble human placental 3SHSD: 

isam~rase. The reaction media contained: 50 ~ sodium phos~ 

phate in _30% glycerol (pH 9.5)~ pregnenolone as the nonvaried 

substrate (20 ~) and solubilized human placental enzyme pro

tein diluted to 0.?0 mg/ml. Reaction velocity was measured 

·over a 5 minute assay period at 30°C. Velocity is expressed 

as millimicromoles of product formed per min/mg of protein •. · 

The solid line (--) is the NAD-velocity curve fitted by eye 

and the dashed line (--) is the statistically best·fit of the 

·data to a rectangular hyperbola. 
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regression analysis best fit of the data to a rectangular hyperbola. The 

NAD+ concentration-velocity curve appears to follow simple Michaelis-Menten. 
. . 

behavior~ Tha data obtained-from at least 5 replicate exp~riments-using· 

enzyme prepared from different placenta gave the same exceptionally close 

fit of the data to the.Michaelis~Menten ·form of the equation for a rectan

gular hyperbola. Substrate inhibition that was observed with pregnenolqne 

was· not found with NAD+,.even. at concentrations as high as 2.0 mM. 

The plots of reciprocal velocity versus reciprocal NAD+ concentra- · 

-tions -{Figure 21) and NAb;r;v versus .NAD+ (Figure 22) were generated· from 

data corresponding to the points on the NAD+ concentration-velocity curve 

·. between 10% and 90% Vmax. Both p 1 ots were found to be 1 i near over the 

. elnti re range of NAD+ ·concentrations used, further i 11 ustrati ng the enzyme .. 

reaction follows simple Michaelis-Menten kinetics when NAD+ is used as the 

variable substrate .. 

The KM and Vmax with NAD+ as the varied substrate were estimated by:· 

Michaelis-Menten regression analysis and from double reciprocal plots· 

(Tabl_e V~I). The values-for 1<r4 and Vmax estimated by both methods were not 

appreciably different. .Considering the impurity of the ·enzyme- preparation, 

the differences in values for .KM would not seem to be significant. 
' . . . 

Plotting the data taken from the NAD+ concentration-velocity curve 

in ·a_ Hill plot gave- a·n nH ·valu_e ·of approximately 1· (Figure 23) ... _The nH · 

.values from at leastfive replicate experiments ra_nged petween-0.95 to 1 .. 2 

with a mean value of 1·.02.-. Thus.·with NAD+ as the varied substrate, the 

3BHSD catalyzed reaction d9es not appear· ~o display the cooperative effect~ 

observed when pregnenolone is used as the variabl~ substrate .. 



Figure 2.1. DoubZe reciprocal, pZot for the effect of NAD+ aoncentration· · 

on the initial, veZocity obtained with soZubiZized enzyme 

preparations. The data were taken from Figure 20 and the · 

inaubation aonditions were the some.as described in Figure 20o 

_ .. ·"" 
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Figure 22. The s/v ?)ersus s pZot for the effect of NAD+ concentration 

on the initial, veZocity obtained with soZubiZized enzyme 

preparation. Incubation conditions were the same as described 

in Figure 2 0. 
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Figure. 23. Hill plot of the data from the NAD+ concentration-velocity 

curve in Figure 20. Incubation conditions were the same as 

in Figure 2 0. 
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C~ InitiaZ VeZoaity Patterns for the Bireaatant Enzyme . . The 313- . 

· hydroxysteroid dehydrogenase essentially catalyzes the reaction between two 

substrates to yield two products 

Pregnenolone + NAD+ -+ Progesterone + NADH + H+ 

To gain insight into·the bimolecular reaction mechanism~ reaction rates· 

·were measured by varying the concentration of one substrate at different 

fixed levels of the cosubstrate. Initial velocity data were first analyzed· 
. . 

graphically by plotting :the reciprocal of velocities ·versus reciprocal of 
. . 

· the varied substrate toncentrations. The vertical ·intercepts (1/v} and 

slopes (~/Vmax) of the double reciprocal plots were then replotted .against 

the reciprocal concentration of the nonvaried cosubstratas according to 

the method of Cleland (1970). 

When pregnenolon~ was used as the vari~d substrate at different fixed 

NAD+ concentratioris, the. double reciproc~l plots shown: in Figure 24 gave a 

series of straight lines intersecting to the left of the vertical axis and 

above the abscissa. A similar intersecting initial velocity pattern was ob

t~ined when NAD+ was used a~ the variable substrate at different fixed 

levels of preghenolone {Figure 25). 

In a bireactant enzyme reaction, the fixed cosubstrate concentration· 

can affect initial vel~city patterns for the varied substrate by altering 

either the vertical intercept (1/Vmax) or the slope (1),/Vmax) .. An intercept 

effect indicates that the fixed cosubstrate and the varied substrate combine 

reversibly with separate points·of attachment on the enzyme surface.· Thus,. 

there is no saturating crincentration of the varied substrate that can·eli

minate the change in the reaction velocity brought about by cha:nging the 

fixed cosubstrate concentration. The intercept effect was observed.in 



Figure 24. Reaiprocal initial velocity as a function of reciproaaZ preg

neno Zone aoncen·tration at different fixed aonaentrations of 

. NAD+. The reaation media contained: 50 11M Na2HP04 in 30% 

gZyaeroZ (pH 9.5)~ pregnenolone as the variable substrate 

rang~ng between 1.0 ~to 10.0 ~~ soluble enzyme protein 

diluted to 0.8 mg/mZ and· the different fixed ZeveZs of NAD+ 

as indiaated in the figure. Reaation veZoaity was measured 

over a 5 minute period at.30°C. Veloaities are expressed as 

the miZZimiaromoZes of produat formed per min/mg of protein. 

Best· fitting straight lines were drawn by the method of least 

squares. 
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Figure 25. ·Reciprocal initial velocity as a funGtion of reciprocal. NAD+ · 

concentration at different fixed concentrations of pregneno

lone.· Incubation conditions were the same as described in 

Figu.re 24 with the exception that NAD+ was used as the varia

ble substrate (ranging between 20·to lOO.v.M) at the different. 

fixed Zeve Zs of pregneno Zone as indicated in· the . figure. Best· 

fitting straight lines were drawn by the. method of least 

squares. Velocity is expressed as miZlimicromoZes of product 

per min/mg of protein. 
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Figur~s 24 and 25 indicati~g that NAD+ and pregnenolone bind reversibly 

·with nonidentical -sites on the enzyme surface. 'Figures 24 and 25 also 

illustrate that increasing the fixed. ~osubstrate conceritration lowers the 

slope of the reciprocal plots. A slope effett i£ consistent with either 

the variable stibstrate and th~ fixed cosubstrate combining with the same 

enzyme form 

E + A . ++ EA · E + B ++ EB 
EA + B ++ EC + D and EB + A ++ ED + C 

Ec-: ++ E + C ED ++ E + D. 

or that two intermediate enzyme species are formed with reversible connec

tions between the points of addition fn the reaction sequence of the varied 

and the nonvaried substrates 

E + B EB 
+ + 
A A 
t+ . t+ 

EA + ~ ++ - EAB ~ E + C .+ D 

In either case the slope effect indicates that· both substrates must be pre

sent on the enzyme surface before_ the reaction can proceed. 

The intersecti_ng initial velocity patterns observed in Fi_gures ·24 

and 25 therefore are consistent with a sequential bireactant enzyme mecha

nism. In this mechanism, NAD+ and pregnenolone· combine .with nonidentical_ 

. sites and both substrates· must be present on the enzyme surface simultaneously · · 
' . . 

before any products are ~eleased. ·The intersecting initial velocity patterns ·· . 

given however do not differentiate between an obligatory order of addition_-

· of substrates and release of products or whether addition and release is · 

random. 
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Initial.velocity patterns for sequential reactions can intersect 

·either above·,. below or directly on the horizontal. axis. The vertical posi-

. tion of the-intersection point is not an indication for the mechanism but 

rather the effect the fixed cosubstrate has on the binding of the other sub

strate. ·In other terms, this is'an indicationof whether theKM for the 

varied substrate is a true dissociation constant (K5}. When the fixed sub

strate affects the binding affinity of the varied substrate, KM =t= Ks •. The

intersection point·above the horizontal axis in Figures 24 and 25 illustrates 

that the apparent KM for the-varied substrate decreases (_~he affinity in

creases) as the nonvari~d cosubstrate concentration is increased (Segal, 

1975, Chapter 6; Ayling, 1973). It would appear that in this bireactant 

system, the binding ·of· one substrate increases the affinity of the enzyme 

for the other substrate). 

Sinte· the binding.of one substrate apparently influences binding of • 

the cosubstrate, the KM and Vmax measured at one. fixed set of cosubstrate· 

. concentrations is. an apparent value_which changes as the cosubstrate con

centrations vary. The true Vmax therefore is that measured when all sub-· 

strates are ·saturati_ng. The true ~ on the other hand is that measured when · 

the nonvaried substrate is at zero and has no influence on cosubstrate 

binding. Since both.substrates are required for the reaction to proceed; 

the. true Vmax and KM can be estimated from secon?ary plots of the vertical 

intercept (1/Vmax) and slope (KM/Vmax), taken from initial velocity plots, 

-against the reciprocal nonvaried substrate concentrations (Cleland, 1970). 

The limiting intercept of the secondary plot ofl/Vmaxapp versus the recipro

cal nonvaried substrate concentration gives l/Vmax for the nonvaried sub- • . 

strate. Likewise, the true KM for the nonvaried substrate can be estimated· 
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·fr·om the slope replot. When slope = 0, the intercept on the nonvaried 

substrate axis gives· ;..1/KM. 

Figure 26 shows the intercept and slope replot& taken from the reci

procal initial velocity plots with pregnenolone as the nonvaried substrate ... 

Figure 27 show~ the secondary plots of the intercepts and slopes obtained · 

with NAD+ as the nonvaried substrate. 

Kinetic constants determined directly from the secondary plots for 

each nonvaried substrate are·given in Table VIII. The constant a!<r4 is the· 
. . . . . . . 

apparent KM obtained· directly from the intercept replot. -The a is a con-

stant factor by which the binding· of one substrate affects the dissociation 

constant of-the other substr~te. 

·,' 

TABLE VIII 

· Kinetic Constants Determined· Directly frcin · Seeondary Plots of the Interaepts : 

and Slopes Against. the Rea'iproaals of the Nonvaried Substrate. I 

Non-Varied aKM K Vmax · 
Substrate (M) (M~ ml-lmo 1 es/mi n/mg . 

Pregnenolone 1.9xl0 -6 5o 1 X 10-6 247.0 . 

NAD+ s .1 x 1 o-'5 9.1 x lo-s 333.0 

.,lThe kinetic parameters were calculated graphically from the secondary 
plots.of the intercepts and slopes of reciprocal initial velocity plots 
as described in the text~ 

From the values for aKM. in Table VIII-, a was calculated to be <l, 

indicating that the_binding of one ligand in the 313-hydroxysteroid dehydro:"' 

genase reaction increases the affinity of the enzyme for the other ligand. 



Figure 2·6.. Secondary pZots of the intercepts (ll) and sZopes (0) of Fig

ure 2~ against.the reciprocaZs of the fixed pregnenoZone con

centratiOns. 
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Figure 27. Secondary pZots of the .intercepts (fl) and sZopes (0) of Fig-. 

ure 24 against ·.the reciprocaZs of the fixed NAD+ concentrations. 
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IX. In'hibition of 3~HSD: Isomerase· Activities by Steroids. 

A.. S.truatuPe-Activity . Re Zationship · for Inhibition by Steroids in 

the. EstY?ane (C-18) Series. A systematic study was undertaken to determine· 

the structura-l requirements of various C-18. steroids for·their action as 

inhibitors of the ·3~HSD:isomerase activities catalyzing the conversion of 

pregnenolone to progesterone in the human placenta. 

Inhibitor con~tants (Kr) fo~ the compounds tested are given in 
. . . 

Table .IX. The·apparent Krs were estimated graphically from the intercepts 

of double reciprocal-plots (1/~ vs 1/~) by the method of Lineweaver and 

Burk. (1934). ·.Initial velocities. were measured at various pregnenolone. 

concentrations with at least two fixed concentrations of inhibitor while 

maintaining all other components constant. Since ·the enzyme catalyzed con-· 

version of pregnenolone- to ·progesterone appears ~o follow conventional 

Michaelis-Menten.kinetics only at low substrate ranges, the pre~nenolone . 

contentratioris used in these inhibition experiment~ were·between 1.0 to 

10.0 11r~ (below the intermediary plateau region in the pregnenolone-velocity· 

curve). The Kr . is a dissociation co:nstant for the enzyme inhibitor ·complex 

(EI) for competitive inhi.bitors and is therefore an inverse-measurement -for 

the strength of inhibitor binding. Keeping this in mind, the smaller the 

· value for Kr, the greater the apparent affinity of the ·enzyme for the in hi~ 

bitor and presumably inhibitory potency.· In Table IX, the estranes tested 

are arranged in three.main str~ctural groups:_ .~stratrien~s, estratetraenes. 

and estrapentaenes. ··within. each group the compounds ·are 1 i sted . in descen- .... 

ding order according to their inhibitory potency {as·cending order to their 

apparent K1s). The biological activities and binding potency of some of the 

compounds tested are also given in Table IX. These are data taken from the 

·literature for comparative purposes.· 



Table IX. Inhibition of PZaaentat 3SHSD:Isomerase by Estrar;.es 

Inhibition Sub§tttuents on Positions 
. ·Com~ound · Kz (M) Ring B c 3 c 16 c 17 

Diethylstilbestrol 0 - (Synthetic Non steroid) 
Estrenol 0 - (Estr-4-ene~3,17B-diol) 
Estrenone 2.0 x lo-5 - (Estr-4-ene-3B-ol-17-one) -

Estratrienes (1,3,5(10)) 

Mestranol 0 ~~co SOH,aC::CH 
Estradiol-17-sodium sulfate .0 · OS03Na 
Estradiol-17a-3-sodium sulfate. 0. Na03SO - aOH 

. Estrone methyl ether 0 H3CO 0 
Estradiol-hemisuccinate 0 OH OHemiSc 
Estradiol-glucuronide 4.o x lo-5 .;. OH 0 Glue • 
Estriol 3.o x lo-5 OH aOH SOH 
Estradiol-17a 1.0 X 10""5 OH aOH 
Epiestriol 8.o x 1o-6 OH BOH SOH 
Estradiol-17B 2.8 x 1o-6 OH aoH 
Ethinyl estradiol 2.0 x 1o-6 OH SOH,aC::CH 
Estrone 3.5 X 10-~ OH =0 
Estradiol-17-acetate 3.0 x 1o- .OH OaC 
Estradiol-3,17-diacetate 2.0 x lo-7 A cO OaC 

Estratetraenes(l,3~5(10),6 or 7) 

7-dehydroestrone-3-acetate 6.5 x lo-6 !J.7 AcO =0 
7-dehydroestradiol-17a 4.0 x 1o-6 !J.7 OH aOH. 
6-dehydroestradiol-178 2.1 x 1o-6 !J.6 OH SOH 
7-dehydr·oestradio1-l7B 2.5 x 1o-6 !J.7 OH 80~ 
6-dehydroestrone 1.0 x lo-7 fj.6 OH ·bo 
Equilin (7-dehydroestrone) 2.0 x lo-7 !J.7 OH =0 
Equilin-3,17-diacetate 1. o x 1 o-7 !J.7 AcO OaC 

Estra~entaenes (1,3,5(10),6,8) 

Equilenin-3-methyl ether 0 H CO ·d ~-0-
=0 

Equilenin-3-benzyl ether 0 
Equilenin-17-sodium sulfate _ 0 . 0H 

---~6~a:c~·~hydro;st.radi oi :17~--·'··'·-------·-r.-o--"'x·..:....· -=,~o~-7,___b._,6,..:..·,-:-b.8~H .... '~-~-,-~ --
Equilenin-3-sodium sulfate 2.0 x l0-7 b.6,b.8 Na03SO -
17a-dihydroequilenin-3-trimethyl-

ammonium sulfate-17-acetate 
6,8-dehydroestradiol 17a 
Equilenin 
Equilenin-3,17-diacetate 

2 . .0 x lo-7 · b.6,b.B (CH2cH3J3Nso4 ~ 
7.0 x 10-8 66,68 OH 
4.0 x 10-8 b.6,68 OH 
1.0 x 10-8 b.6,b.8 AcO 

;:::Q 

OS03Na 
. aOH 

=0 

aOH,OaC 
f30H 
=0 
Oac 
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Uterotropic 
Activitl 

Binding 
Potencl 

1540 246 
0 

<5 

49 8 

1 '16 
<5. 49 

5 44' 
341 100 
942 191 
100 66 

29 
ll 

3 
88 

7 10 
68 24 

---n-------

<5 8 

lThe values determined by bioassay are expressed as percent relative potency in uterine response utilizing 
estrone as the reference steroid. Endocrine Bioassay Data, A. G. Hilgar and L. C. Trench, eds. National 
Cancer Institute, 1968. 

2Estrogenic potency determined by comparative binding affinity to rabbit uterine cytosol receptors utilizing 
estradiol as the reference steroid. S. G. Korenman, Steroids 13:163, 1969. 
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The most apprent relationship observed in Table rx:: ·is that inhibi

tory-· potency of the steroids tested is not related to their estrogenic 

activity .. Compounds with little or rio estrogenic activity are the most ef-

. fective inhibit6rs, while DES, the most potent estrogenic compound tested, 

shows no_ inhibition of enzyme ':lctivity. Certain genera'lizations on ·_the. 

relationship between inhibitory potency and specific structural features of 

the tested compounds can be concluded from the results in Table IX._ Most 

notably, inhibitory potency is related to the degree of unsaturation of 

c~c bonds in both Ring A and B of the estrane nucleus. The Ring A non-arom-

_atized estranes proved to be poor inhibitors. Estrenol showed no-inhibition 

and estrenone was a weak inhibitor. The Ring A aromatized estranes (1,3,5 

(10) estratrienes) showed improved inhibition and unsaturation in Ring. B 

(estratetraene) at either C-6 or C-7 further· increased inhibitory· power. 

The most potent inhibitors found were the Ring B aromatized estrogens 

{1,3,5(10),6,8-estrapentaenes). Equilenin and its derivative equilenin· 

·-diacetate were the most effective inhibitors in the estrapentaene_series. 

To further iilustrate the relationship between inhibitory potency and the· 

degree of unsaturation in the steroid nucleus, examination of the relative 

inhibitory potency of compounds with the_ same constituents at C-3 and C-17 

reveals: . 6,8-dehydroestradiol 17a. > 7-dehydroestr,adiol-17a. > estradiol-17a.; 

equilenin> equ-ilin > ·estrone>. estrenone; 6,8-dehydroestradiol-17-a>6 or 

7-dehydroestradiol-l7a > estradiol-17a > estrenol; equilenin 3,17-diacetate. 

>-equilin-3,17-diacetate >·estradiol-3~17-dJacetate. Within the estrate-
. . . -

traene series,·_ the positton of the_ double bond in Ring B seems to be of lit-

tle importance; rather the substituent groups appear to confer structural 

specificity for inhibition. 
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Within each estrane series, substituent groups show predictable ef-. 

fects on the inhibitory potency of the compounds tested. The effectiveness 

·of C-1-7 substituents appears to be in· the following order: ·-17-acetoxy > 

17-keto > l7f3-hydroxy_> 17a.-hydroxy. The 3--0H phenol group.appears to be 

e-ssential for inhibition. Substitutions at C-3. consistently resulted in 

decrea~ed inhibition, eg. an acetoxy at C-3 dra~tically reduced the effec

tiveness of equilin and equilenin as· inhibitors as did the sodium sulfate: 

ester at position 3 on equilenin. All the C-3 methyl ether compounds tes

ted failed to inhibit to any extent. The most potent inhibitors with·in each 

structural estrane series however are the 3,17-diacetoxy·dertvatives. 

· Acetoxy- substitution at C-3 apparently does not d-iminish inhibition if the 

17-acetoxy group is also present. 

Large substituent end groups on the estrane nucleus destroyed inhi- . · 

bitory action; estradiol-hemisuccinate, estradiol-glucuronide, estradiol 

-17a.-3-sodium sulfate., estradiol-17-sodium sulfate, equilenin-benzyl-ether 

~nd equilenin-17-sodfum sulfate were completely ineffective as inhibitors. 
. . 

17a..-Ethinyl ·estradiol, commonly used as the orally active· estr~gen .. 

in oral con~rac~ptives, proved to be a moderate inhibitor while· its C-3 

-methyl ether derivatives (mestranol) showed no inhibitory action in vitro. 

Although addition of the 17a.~ethinyl group to estradi~l enh~nces estrogenic · 

activity, it does not significantly alter inhibi_tory potency. In addit-ion 

to its known suppressive.action on LH secretion, these findings indicate 

that ethinyl estradiol may.also have_inhibitory effects ·on progesterone 

synthesis in vivo. 
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An hydroxy substitution at C-16 decreased inhibitory power as shown 

by comparing the K1s for· estradiol. to estriol and epiestriol .. Epiestriol 

however, which has the 16-hydroxy.group in.the s orientat1on as opposed to 

a-orientation in estriol, is the more effective inhibitor. This is the same 

relationship observed at C-17·for ·a. and s orientation of the hydroxy sub

stituent. Because little if any physiological significance is known for 

estriol, it is interesting to speculate that even though estriol is a weak 

inhibitor, the. very high amounts produced at term pregnancy may be suffi-

cient to significantly inhibit 3SHSD:I and thus play a-feedback role in 

regulating placental progesterone synthesis near term pregnancy. 

Detailed tests for determining the mode of inhibition were.not done 

because of the large numbers of compounds tested. However~ the double reci~ 

procal plots for most of the compounds tested gave lines with patterns of·· 

conver.ging slopes intersecting at a single point on the vertical axis. 

This suggests that the majority of the compounds in the estrane series be

haved as competitive inhibitors. 

The results of this study demonstrate that certain compounds in the 

. estrane series are potent inhibitors of the'placental enzyme. activities 

·catalyzing the conversion of pregnenolone to progesterone. There appears · 

to be an ~xact relationship between specific structural features and inhi-. 

bitory potency. The following generalizations seem to apply to all the 

compounds tested: 1) Substituents cis to the angular methyl group or in 

the s orientation tend to increase inhibitory potency whereas substituents , 

in the a.-orientation decrease inhibition; 2) Increased planarity of the 

estrane nucleus enhances inhibitory power suggesting that the effectiveness 

of compounds in the estrane series may be due in part to steroid conformation. 
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· Dreiding models show that·aro~atization in Ring A to a degree and in Ring· B 

·even more, affects orientation of the estrane nucleus such that the A/B 

trans configuration is more nearly planar to Ring C/D. Models also show 

that the A and. B ring in equilenin lie in a nearly perfect coplanar config

uration; 3) Small polar substituents have predictable effects on the 

inhibitory action whereas large end group substituents (C-3 and C-17) appear 

. to abolish all inhibitory action. To summarize, the most effective estrane · 

inhibitors ·appear to_ be planar, narrow hydrocarbon frameworks, with rela~ 

tively small- polar end groups. 

The most effective fnhi bitors found in the estrane series do no·t 

resemble the structure· of the enzyme substrate pregnenolone, either elec

tronically or chemically. Steroids in the estrane series have an 1a carbon 

·rtng·structure while pregnenolone is a C-21 structure with a 2 carbon side 

cha-in at the 17-posi:tion. ·Also the delocalization of the 1r electrons around 

Ri-ngs·A and Bin the estrapentaene molecule in no way resembles the elec

tronic configuration in pregnenolone. These compounds therefore might be 

·expected to behave-as noncompetitive type inhibitors;· that is to bind to a 

site other than the active site and affect the reaction rate without ~lter~ 

ing substrate binding. The double reciprocal plots for the most effective 

·inhibitors however gave patterns characteristic of competitive type inhibition ... 

Comparison nf_Dreiding ~odels for the estrapentaene, equilenin and 

pregnenolone shows that the steroid ring structure of both molecules is 

stereotaxically simiiar. The pregnenolone ring structure like equilenin is 

oriented in a· nearly planar spatial conformation. The trans A/B junction 

in equilenin however is more nearly planar with respect to Ring D than- in 

the pregnenolone molecule, suggesting that planarity in Ring A/B conforma~ 
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.tion may be a structural property for inhibition and the tight binding of 

equilenin. ·The spatial arrangement of the C-18 angular methyl groups is. 

also similar in both molecules. The.effective inhibition .by these com- .. 

·pounds is apparently due to their specific conformational. nature. 

B. Inhibition of 3f3HSD:Isomerase·Activities by Pregnanes. Proges

terone and. some ·metabolites of progesterone known to be present in the 

.placenta wer.e tested as in vitro inhi:bitors of the 3SHSD:isomerase activi~ 

ties. Apparent inhibitor constants (K1s) were determined graphically from 
. . . 

· plots of reciprocal velocity ·versus reciprocal substrate concentrations 

(ranging between 1~0 ~ 10.0 ~M)~ At least two fixed concentrations of the· 

·compound being tested were utilized while maintaining all other reaction 

components constant. The apparent K1s for each tested compound are given 

in Table X, listed in descending order according to relative inhibitory 

potencye 

It was found that progesterone at 1.0 x 1o-5M (a·n order of magnitude 

higher than the KM for pregnenolone) did not inhibit to any extent. Pro

gesterone.was·not tested at higher concentrations.· Placental progesterone: 

levels· have been shown to be between 0.5- 1.0 x 1o-5M (Wiest, ·1967) so that 

demonstration of inhibitory action at concentrations greater than this is 

of little physiological relevance. Two other investigators however·have 

demonstrated an inhibition of these same placental ·enzymes by progesterone 

at molar concentrations of l.Ox 10-5 (Wiener and Allen, 1968) and as low 

as 4.0 x 1o-6M (Ferre et al., 1975). "Discrepancies in enzyme inhibition 

studies can result from the type of. enzyme preparation and the stage of. 

enzyme purity. Examples of this in the literature are not uncommon 

(Changeux, 1961). 
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·. · TABLE X 

· Inhibition of Placental 3f3-hydroxys-t~roid:isomerase activities by FPegnanes. 

Inhtbition Substituents on Positions 
Compound KJ {M)1 Ring A Ring B C-3 C-20 

Progesterone None ~4 =0 ·=0 

3 f3-Hydroxy-5a..-pregnan-20-one 1.5 x lo-5 f30H. · =0 

20f3-Hydroxypregn-4-en-3-one . 1.2 x lo-6 ~4 =0 sOH 

Pregn~s~ene-3,20-dione 3.0 X 10-6 
~5 =0 =0 

20a-Hydroxypregn-4-en-3-one 3.2 x lo-7 ~4 =Q. · aOH 

1 Inhibitor constants (K1) were determin~d graphically from the .intercepts 
of double reciprocal plots. 

.' 
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The interm~diate of the overall_~ coupled· reactions pregn-5-ene-3, 

· 20-dione was found to be an effective .inhibitor. Since it is the substrate.· 

for ·the isomerase reaction, this steroid presumably inhibits the slower, 

. rate-limiting dehydrogenase~ It is doubtful that micromolar concentrations 

of pregn-5-ene-3,20-dione accumulate in the placenta in vivo. Previous 

studies (Results, Section I) demonstrate that only trace amountsof inter

mediate build up during the course of the enzyme reaction .. Within the mem

brane micro-environment of the enzyme, it may build-up in sufficient quan- . 

tities-to inhibit the dehydrogenase reaction. This inhibitory action in vivo 

might be of physiological significance in providing a rapid second by second· 

control of the rate of dehydrogenation. 
. . ·. . . . .· . . . . . 

The 5a-reduced metabolite of progesterone showed weak inhibition and 

is not present in the placenta in vivo in sufficient concentrations for its 

demonstrated inhibitory effect to be of any physiologica-l consequence. Both 

the 20a and 20S reduced metabolites of progesterone howeverwere found to 

. be effective i nhi bi tors; 20a-hydroxypregn-4~en-3-one being the more potent~. 

In the present investigation the Kr for 20a-hydroxypregn-4-en-3-one was ·esti·

mated to be 3.2 x 1o-7M, which is an order of magnitude lower than the value :· 

·. reported in a similar study by Wiener and Allen (1968}. 

Detailed kinetic studies to determine the mechanism of in-hibition 

by-the pregnanes tested were rtot performed. The double reciprocal: plots 

for 20a-hydroxypregn-4-en-3-one inhibition however gave intersecting lines: 

to the left of the vertical axis, characteristic of mixed inhibition. 
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x ~ In hi bi ti on· by 2et-Cyano-17 B-Hydroxy-4-4, 17a-Trimethyl-Andr·ost-5-En 

-3-0ne ( Cyanoketone) and 3-Hydroxyestra-1 ,3, 5 ( 10), 6,8-Pentaen-3-0ne ·. 

(Equilenin).· 

The most potent known selective inhibitors of the 3aHSD:i~omerase. 

systems are the synthetic structural ana 1 ogs to the c19 substrate (DHA.): · 

cyanoketone (2a-cyano-17{3-hydroxy-4,4,17a-trimethyl-androst-5-en-3-oneJ and 

hydroxymethylenesteroid .(17~~hydroxy-2-hydroxymethy1ene-17a-methyl-5a-an- · 

drostan.-3-one). The inhibitory action of cyanoketone has been studied in 
. . . . 

detai.l with ·the ·bacterial enzyme systems (Goldman, 1967; Goldman,· 1968; . · 

Neville and Engel,_ 1968) and with the bovine adrenal enzymes· (Neville and 

Engel, 1968; Goldman, 1968).. Inhibitio~ of the placental enzyme ·systems 

by cyanoketone however has not been thorough 1 y. stud; ed and the i n"forma t ion 

available in· the literature is conflicting. Cyanoketone wa.s reported· to be 

an effective inhibitor of the placental e~zymes in one study (Depp et al., 

1973) but was found to be completely ineffective in another {Goldman and 

Sheth,. 1972).· It was also noted to be a potent inhibitor of the enzymes · 

~atalyzing the conversion of pregnenolone to progesterone in .the human pla- · 

centa but a very weak inhibitor of the enzyme· activ·ities converting DHA to 

androst-4-ene-3, 17-dione (Ferre _et al., 1975). In the present study,. equi-

. 1 en in has been shown to be a potent· inhibitor of the human placenta 1 enzyme 

systems at exceedingly low con~entrations._ The .K1 for the i~hibitionby 

equilenin (calculated from double reciprocal plots in Results, Section IX, 

to be 4.0 x·lo-8M) i~ comparable to the Kr for cyanoketone inhibition of 

the same enzymes in other· tissues, indicating that equilenin may be. as. 

potent'an inhibitor as cyanoketone. A detailed study therefore was carried 

out to compare and determine the effects of cyanoketone and·equilehin on 



the kinetic behavior of the 313HSD:isomerase .. reaction catalyz.ing the 

conversion of pt~gnenolone to progesterone in the human pl~centa. 
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A. Effects on VaryingPregnenoZone.Concentration. The effect of 

cyanoketone on the enzyme rea.ction rate when pregnenolone was used as the 

varied substrate is shown irt Figure 28. NAD+ concentration was fix~d at 

saturating levels and. the enzyme reaction velocity was measured in the 

absence and presence of two different fixed concentrations of inhibitor· 

·(0.05-llM,· 0.25llM). At the lower concentrationof cyanoketone, the shape 

of the pregnenolone concentration-velocity curve was similar to the biphasic · 

curve obtained in the absence· of any inhibitor and the pr_esence of the in.:.. 

hibitor appeared to affect only the apparent ~ of the enzyme catalyzed 

reaction. Howev~r, in the presence of the higher cbncentration of cyano

ketone' the shape of the curve ·in comparison to t.he control was markedly : 

altered and the Vmax rather than the~ was affected. ·Although a biphasic 

pregnenolone-velocity curve was not discernible at the higher concentration 

of cyanoketone, the effe.ct could be due to high experimental error at the 

low velocities measured. From the results in Figure 28 it. appears that the 

lower concentration of cyanoketone inhibits ·the enzyme reaction competitively 

while the higher concentration gives kinetic patterns of noncompetitive 

inhibition. The kinetic patterns of the double reciprocal.plots of the ·data_ 

from Figure 28 also illustrate that the lower·con·centration of cyanoketone · 

inhibits the enzyme reaction competiti'vely while the higher concentration 

inhibi~s noncompetitively (Figure 29). 

The effect of equilenin on the activity of the enzyme was also exa~ 

mined as a function of increasing pregnenolone concentration. NAD+ was used 

as.the nonvaried substrate at saturating levels and the initial reaction. 



Figure 28. · ·Effeat of cyanoketone on the 3SHSD:isomerase reaction velocity 

with varying-pregnenolone aoncentration and a fixed NAD+ con

. a.entration. Incubation conditions: 50 llM sodium phosphate 

in. 30% glycerol (pH 9.5), NAD+ as· the nonvaried substrate 

(2.0 mm) and soluble human placental enzyme preparation 

(0.70 mg/ml). Reaction velocity was measured over a 5 minute 

period at 30°C. Velocity is expressed as the millimicromoles· 

of product formed per min/mg of protein;. (0) no cyanoketone; 

(I} 0.05 llM cyanoketone; (X) 0.25 llM cyanoketone. 
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Figure 29. DoubZe reciprocal pZots for the effect of cyanoketone upon the 

ini tia Z rate . of the so Zub Ze enzyme catalyzed reaction.. Incu

bation conditions were the same as described in Figure 28. 
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velocity was measured in the ~bsence and presence of two different fixed·.· 

concentrations of equilenin. {0.125 ~M and 0 .. 25 ~M)~ As shown in Figure 30,. 

·in the. presence of· th·e· lower concentration of equilenin, the appar.ent ~. · 
" . . ~. ~ . -

of· the enzyme ·reaction increased ·and ·the Vmax appeared to be unaffected. 

At the higher concentration. of inhibi~or however, both the Vmax.and the KM 
of the enzyme reaction were ·affected, which is indicative of mixed inhibi- · 

. tion. As pointed out by Neville and Engel (1968), a· mixed inhibition pat

tern obtained with multi substrate enzymes is m~re appropriately referr_ed_ to. 

· as noncompetitive .. Altho~gh· inhibition of Vmax was observed in the pre- . 

sence of the higher eq~ilenin concentration, a further increase in the KM. 

of the enzyme was not evident. Unlike the results obtained with cyanoketone~ · 

inhibition by _equilen·in changed·. the hyperbolic relationship a:t low substrate 

ranges between pregnenolone.concentration and reaction ·velocity normally 

observed in the absence of any inhibitor. Thus in the presence of equil~ntn, 

the kinetic· behavior of the enzyme appeared to be altered,.yielding a sig.

mbid curvature at low substrate concentrations. 

The curvature of·the double reciprocal plots of .the data taken from 

Figure 30·reflects the sigmoid nature of the pregnenolone-velocity curve 

at low substrate ranges obtained in the presente of e~uilenin (Figure ~1). 

Because the curves were ·nonlinear, it was difficult to interpret the double· 

reciprocal plots. · However~ extr~polating the reciprocal plots obtained in 
. ' 

the presence of equ1lenin to the abscissa, a·competitive inhibition pattern 

was observed at the lower conc~ntration. · At the higher-concentration nf 

inhibitor~ the vertical ~xis intercept varied but the intercept on the 

horizontal axis was unchanged {1/KM). 

I . 



Figure 30. Effect of equilenin on the 3~HSD:iso.merase reaction velocity 

with varying pregnenolone concentration an~ a fixed NAD+ con

centration. Incubation conditions: 50 w4 sodium phosphate in 

30% gZyceroZ (pH 9. 5) 3 NAD+ as the nonvaried substrate (2. 0 mM) 

and: soZubiZized enzyme preparation (0~ 75 mg of protein/mZJ. 

Reaction velocity was measured over a 5 minu.te period at 30°C~ 

Velocity is expressed as the miZZimicromoZes of steroid pro-

duct formed per min/mg of protein}~ (0) no equiZ_enin; ((J) 0. 25 

11M equilenin; (X) 0.125 1-1M equi·Zenin. 
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Figure 31. Double reciprocal plots for the effect of equilenin on the 

initial reaction rate. Data were taken from Figure 30 and 

the incubation conditions were the .same as described in the 

Zegend.of Figure 30. 
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Data obtaineo· from measuring the reaction velocity as a function of . 

preg~enolone. concentration at different fix~d. ~oncentrations of ~qui lenin 

were plotted in the double reciprocal form. The results shown in Figure 32· 

further illustrate tha·t the kinetic patterns of.inhibition'are inconsistent·. 

when displayed by reciprocal plots. The lower two concentrations of equi

lenin gave intersecting patterns charact__eristic of ·competitive inhibition. 

~hile the intercept on the vertical axis varied as the concentration of 

.equilenin was increased~ The double_ reciprocal plots for inhibition by 

different fixed concentrations of cyanoketone. gave results similar to thos~· 

observed for equilenin (Figure 33). 

B. . Effeats on Varying. Enzyme· Protein. Si nee the L i-ne\~eaver-Burke . 

reciprocal ·plots did not clearly elucidate the k.inetic patterns of inhibi-
. . 

tion plus the fact that cyanoketone.and equilenin are potent inhibitors at · 

exceptionally low concentrations, s.uggesfed that these steroids may be 

pseudo-irreversible or tightly bound inhibitors. If an enzyme has an ex

tremely high affinity for an inhibitor, then whatever ·the true mechanism,.

the_usual double reciprocal analysis of the kinetic data will yield a non~·· 

competitive inhibition pattern. When a substantial amount of inhibitor is 

tightly b~und to the eniyme surface, it will affect the Vmax of the enzyme 

reaction and make it appear as if less total enzyme·were present. 

Tightly bound irihibitors ~an be distinguished from reversible non-
. . . . ' . 

. . . . 

competitive inhibitors by measuring the Vmax of the reaction as·a function· 

of the total enzyme units in the assay, with and without inhibitor. ·In the· 

absence of any inhibitor, the Vmax of the reaction as a function of enzyme 

protein gives a straight line passing through the origin. In the presence 

of a truly ·reversible noncompetitive inhibitor the curve will have a l~sser. 



Fi·gure 32. Effect of equilenin concentration on the reciprocal initial 

velocity pattern with varying pregnenolone concentrations and 

a fixed NAD+ concentration. Incubation conditions: 0.05 ~ 

sodium phosphate in 30% glycerol (pH 9. 5) _, NAD+ as the non-

varied substrate (2.0 mm) and soluble enzyme preparation 

(0.80 mg protein/ml). Reaction velocity was measured over a 

5 minute period at 30° with and without the fixed concentra-

tions of inhibitor indicated in the figures. Velocity is 
. . 

expressed as the·miZZimicromoZes of steroid product formed 

per min/mg of protein.· Each value is the mean determination 

from duplicate incubations and best fitting straight lines 

were drawn by the method of least squares._ 
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Figure 33'. Effeat ·of cyarioketone concentPation on the reciprocal initiaZ 

velocity pattern with varying pregnenolone concentrations and 

a fixed NAD+ concentration. Incubation conditions were the 

same as described in Figure 32 with the exception of using 

.the fixed concentrations of cyanoketone indicated in the 

figure. 
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-slope- than the control and will also pass through the origin. In the 

presence of a slowly· dissociating_ inhibitor however,- the slope would be 
) . 

the:·same as the control· intersecting the on the [ETl axis at a point where 

[l] ;:; __ [Erl·- If the inhibitor is specific and binds to nothing else,· it will· 

titrate· the enzyme activity (Ackerman and Potter, 1949). 

The effect of a fixed concentration of equilenin on the Vmax of the 

human placental 3SHSD:isomerase catalyzed reaction measured as a function 

of enzyme protein concentration is shown in Figure _34 .. Pregnenolone and

NAD+ were he-ld_ constant at enzjme saturating- ·levels· and the reaction- rate 

was measured with and without equilenin at the different amounts of enzyme · 

preparation {mg of protein/ml) indicated in th~ figure. The curve. obta~ned· 

in the presence of equilenin was parallel to· the.· curve_ obtained without any 

inhibitor, indicating· that equilenin bi-nds tightly to the enzyme surface 

and with low enzyme concentrations virtually. no ·free enzyme exists·. As 

shown in Figure 35; cyanoketone gave· similar results. In the presence of_·· 

a fixed amount of cyanoke~one, increasing the enzyme concentration-resulted. 

in an enzyme activity curve parallel to.that o·f· the c;ontrol· .. 

In the presence of a pseudo ... irreversible inhibitor, the concentration 

·of the enzyme is equivalent to the molar concentration of the inhibitor at 
. . 

the point where the enzyme activity first appears~ Assumi-ng that one active 

site exists per enzyme molecule and one molecule of inhibitor interacts with 

a single active site, them the molar concentration of the enzyme in_the pre-:

paration at which e~z~me activity· first·appears is _5.0 x lo-8H.· 

These resu-lts indicate that equilenin and cyanoketone· do not inhib_it 

by a revers i_ b 1 e noncompetitive me.cha ni -~m. The mixed and· noncompetitive 

inhibition patterns obtained· in the presence of the higher concentration 



'Figure 34. Effect of equiZenin on the Vmax of the 3SHSD:isomerase 

catalyzed reaction measured at different concentrations of 

enzyme preparation. Incubation conditions: 0.05 ·~sodium 
+ . . . 

phosphate in 30% glycerol (pH 9. 5) ~ NAD (2. 0 mm) and preg-. 

nenolone (20.0 J.IM) were fixed at enzyme saturating levels. 

Reaction·rates were measured·as in standard assays over a 

5 minute period at 30°C with· the differ~at amounts of solubZe 

enzyme preparation indicated in the figwe: (0) no equilenin; 

(I) 0.05 ~M equilenin. Velocity is expressed as the milli-

micromoZes of product formed per min/ml. Each value is the 

mean dete~ination from duplicate ·incubations and best fitting 

straight lines were drawn·by .the method of least squares .. 
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Figure 35 ~ Effect of cyanoketone on the Vmax of the enzyme catalyzed 

reaction measured at different concentrat~ons of enzyme 

preparation. Incubation conditions were the same as des

cribed in Figure 34 except reaction rates were measured with 

and without cyanoketone; (0} no cyanoketone; ({)) 0. 05 v.'!4 

cyanoketone. Each value is the mean determination from dupli~ 

cate incubations and best fitting straight lines were drawn 

by the method of least squares. Velocity is expressed as. 

the millimicromoZes of product formed per min/ml. 
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of the inhibitors apparently was due to the fact that both steroids were 

bound so much more ·tightly to the ·enzyme surface than- the substrate, that 

little dissociation at equilibrium was demonstrated. The effect.of the 

i.nhibitors therefore was .to decrease the total .enzyme activity units. pre-

sent .and appear to behave. by classical kinetics as. noncompetitive inhibitors~. · 

·A virtually nonreversible enzyme inhibitor will give the same kinetic pat-

. terns ·by plotti_ng Vmax of the reaction aga·inst enzyme protejn concentration 

as will a ~ightly bound, ~lowly dissociating :inhibitor. Inhibitors with 

exceptionally low dissociation constants have thus been termed pseudo~irre

versible. 

To test whe_ther binding by equilenin and cyanoketone is reversible, . 

. control and inhibited enzyme preparations were dialyzed against 5, changes 

of buffer containin~ 0.05 M_sodium phosphaie (pH 9.5) in 30% glycerol. At 
' ' . 

various time intervals, samples from the.-.~ontrol and inhibited enzyme pre-

. parati ons were removed and. assayed for enzyme activity. : Results are ex-· 

pressed as the percent of control activity (i.e. activity in the previously· 

uninhibited enzyme preparation). For comparison, an enzyme preparation was. 

also inhibited by· the less ·potent ·steroidal inhibitor, estradiol. Figure 

36 shows that total control activity was recovered in the enzyme preparation 
. ' 

inhibited by estradiol after dialyzing for 45 minutes. Total control acti-· 

vity was also recovered in the-equilenin ·inhibited enzyme preparation after 

75 minutes· and some 57% of the control activity was recovered in the cyano-· · 

ketone inhibited en:zyme preparation after dialyzing for 2~ hours. _These 

. results show that the enzyme inhibitor binary· complexes formed. with cyano- · 

ketone and equilenin are dissociable. The tight binding exhibited by both 

steroids is apparently du.e to their- slow rate of dissociation, cyanoketone. 

·dissociating at a much slower rate than equilenin. 



Figure 36a RevePsible inhibition of human placental 3f3HSD:isomePase by 

estPadiol~· equilenin and cyanoketone. InhibitoP stePoids were 

added to 1.0 ml portions ·of soluble enzyme preparation (0.8 

mg protein/ml) and allowed to equilibrate for 15 minutes at 

30°C. A. preparation with no inhibitor added was used as a 

aontrol. Final inhibitor aoncentrations were: (9) 50.0 ~ 

estradiol; (CIJ) 5. 0 llM equilenin; (0) 5. 0 llM cyanoketone. 

After equilibrating~ samples from each enzyme preparation 

were removed and assayed for enzyme activity by standard assay 

proaedure. Inhibited and aontrol enzyme preparations were 

. then dialyzed at 4°C--against an exce·ss of 0. 05 M Na2HP04 in 

30% gZyaeroZ (pH 9.5). At the time intervals shown in. the. 

figure~. the outside buffeP was ahanged and enzyme aativity 

measured. Results are expressed as the peraentage of enzyme 

aativity in the _aontroZ enzyme preparation. 
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C.. Effects of_· VCJ.:ryi_ng ·Inhibitor Concentration. 0 The finding that 0 cyano- . 

keton~ and equilenin beh~v~ ~i pseudo-i~reversible inhibitors merely dis- · 

· tinguishes between-a tight-binding m~chanism.andoreversible no~competitive 

i-nhibition·. ·Tightly· bound·, .inhibi-tors may ·inter~ct. with the eriz,Y!ne by· a 

competitive .or noncompetitive mechanism with respect to the enzyme substrate .. 

Further kinetic-analysis was performed to determine whether equilenin. and 
. . . 

·cyanoketone interact with the .enzyme active center or a position on the 

.enzyme surface Qther· than the substrate -binding site. 

Inhibit-ion by cyanoketone and equilenin ~~s measured as.a function of· 

inhibitor concentration at a fixed saturating contentration ·of NAD+ and . 

· - three different fixed concentrations of pregnene 1 one~ Measurements of -

initial velocity at. increasing concentrations· of ·equilenin were plotted as 

the reciprocal velocity versus inhibitor concentration accordi_ng to the 

method of Dixon {1953) (Figure 37A). · The Dixon plot-shows that in~ibition 
• • , , I • 

appears t_o be a linear function ·of equilenin -concentration and g'ives inter-. 

secting lines above the hori-zontal axis, characteristic of competitive in-
- . . . . . . . . ' 

hibition. The K1 value for equilen-in obtained by this method is· 6.2_x 10-8M •. 

The data were also plotted by the method of Cornish-Bowden (1974) .. In this 

method, the ratio.of s·ubstrate concentration to initial velocity (s/v) ois 
. . . . ' . . . . . . ·. 

· plotted as a function of inhibitor concentration {I)~ The resultant plot, · 

depicted in Figure_ 37B gives ·straight lines ·with parallel slopes. Both: 

graphical methods complement each other to provideunambiguous kinetic 
. . . . 

-patterns for determining the mode of inhibition. The Dixon plot alone does 

not distinguish between competitive and mixed inhibition, giving intersect-ing 

patterns to the left of the vertical axis, and above the absctssa for both· 

types of inhibitors. 



·-·'\ ........... . 

Figure 37. Effect of equilenin on ·the human placental 3SHSD:isomerase 

. as a function of inhibitor concentration. Dixon plots (A) 

and s/v versus I plots (B). Incubation conditions: 0.05 M 

sodium phosphate in 30% glycerol (pH 9.5)~ NAD+ as· the non-. 

varied substrate (200 l-IM) and soluble enzyme p'Peparation 

(0.75 mg prot~in/ml). Reaction velocity was measured over a 

5 minute period at 30°C at increasing concentrations of 

equilenin and the three different fixed ~oncentrations of 
. . 

pregnenolone indicated in the figure. Velocity is expressed · 

as.millimicromoles of product fo~ed min/mg of protein.· Each 

value is the mean determination f~om duplicate incubations qnd 

best fitting straight lines were drawn by the method of Zeast 

squares. 
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The Cornish-Bowden p,l at on the other hand yields intersecting· 

straight lines below the horizontal aKis for both mixed and uncompetitive 

·inhibition.·· For competitive inhibition,. the plot s/v versis I yields· 

parallel lines Whil~ the Dixon plot gives intersecting lines above-the· 

. abscissa .. T_he nonintersecting pattern of the Cornish-Bowden plot (Figure 

. 37B) indicates that equilenin inhibits· competitively. 
. . . . 

. . 

Data .obtained by.varying the amounts of cyanoketone at three differ~ 

ent fixed concentrations of pregnenolone were also plotted by the Dixon. 

method (Figure 38A) and.as the s/v versus I plot (Figure 388). Inhibition 

appeared t.o be a., inear function of cyanoketone ·concentration and the find- · 

ing that the. straight lines converge on the horizontal axis indicates that 

. inhibition is noncompetitive. 

Basic to "the-Michaelis-Menten analysis of enzyme kinetics and inhi

bition data is the:assumption that both inhibitor and substrate· combin~_in 

. a freely·reversibl~ martner with the enzyme.· It is also assumed-that concen~ 

tration of the inhibitor _and substrate molecules bou-nd to the enzyme surface 

·is negligible in comparison to the concentration of free molec-ules.: In the· 

presence of an excessive amount of enzyme, the concentrations of ·free inhi.

bi-tor and substrate can be ·appreciably reduced. In the usual experimental 

conditions however, this is avoided by using su'ch a small amount of enzyme· 

that combination of eithe~ substrate or inhibitor does not significantly 

reduce free concentrations of either molecule. _·An experimental situation 
. ' . . 

·that is not so easily controlled however is when an -enzyme has such a high 

affinity for an inhibitor that the free inhibitor concentration is substan

tially reduced even at low enzyme concentrations. 



Figure 38. · Effect of cyanoketone on hwnan placental 3f3HSD:isomerase as 

a. function of inhibitor concentration. Dixon plots (A) and 

s/v versus I plots (B). Incubation conditions: · 0. 05 M sodium 

phosphate in 30% glycerol (pH 9. 5) _, NAD+ as the fixed sub

strate (200 ~)and soluble·enzyme preparation (0.?5 mg pro

tein/ml). Reaction velocity was measured over a 5 minute 

period at 30°C at increas-ing concentrations of ayanoketone 

and the three different fixed ·concentrations of pregnenolone 

indicated in the figure. Velocity is ea:pressed as millimicro

moZes of .product formed per min/mg of protein. . Each value is 

the mean determination from duplicate incubations and best 

fitting straight lines were drawn by. the method of least squares. 
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Goldstein {1944} ~as described the limiting conditions under which 

the usual Mic,haelis-Menten analysis of enzyme inhibition data are va_lid._ 

It was shown that if the free enzyme concentratiori ET to inhibitor dissocia

tion constant ·(Kr) ratio were less than: 0~01 then no appareht reduction in 

free inhibitor concentration would be demonstrated. In this case, Mithaelis 

-Menten analysis is valid and reciprocal plots will give meaningful kinetic_ 

information. However, if Er/Kr very much exceeds 0.01 {dissociation con

stant is very small in comparison to enzyme concentration) free inhibitor 
. . 

concentration will be substantially reduced and the usual methods for ana

lysis of kinetic data are not valid. When Er/Kr is greater than 100 vir

tually all: inhfbitor is· ·complexed wi.th the enzyme surface. In the special_ 

case when an enzyme inhibitor has an exceptionally small dissociation con--

stant it may not be possible to- detect any·e.nzyme activity at the very low 

concentrations required to bring t~e Er/K1 ratio to the point where 

Michaelis-Menten treatment of_ the kinetic data is m@aningful; 
. . . . . . . 

Henderson {1972) h~s described a linear plot for analyzing kinetic 

data for enzymes with tig.htly bound inhibitors. when a ·substant·ial fraction 
. . . - . 

of the added inhibitor remains bound to· the enzyme. The data for this graph~ ---

ical method are obtained by measur_ing the initial ·velocity at i_ncreasing 

concentrations of inhibitor at a fixed c_oncentrati on of enzyme and different 
. . 

· fixed concentrations of enzyme substrate. In the case where Er/Kr is less 

than 0.01 and-nearly all inhibitor molecule~ ar~ free, the-plot I/(l-v;/v0 ) 

vs v0 /vi yields a straight line with a· slope that intercepts the origin.· 

When Er/K1 is greater than 100 and practically all inhibitor molecules are 
' ' . . . . 

bound, the plot I/(1-vi/v0 ) vs v0/vi yields a line with no slope (horizontal) 

and- the intercept gives the molar concentration of the enzyme.- In the 



intermediate situation,. Er/KI. > 9.01 and ~100} when the inhibitor exists. 

both free and combined to the enzyme,_ the plot described by Henderson yields 

a straight line with a slope that inter6epts on the vertical axis._ When an 

. inhibitor interacts with.the site for substrate binding (competitor· mechanism)~ 

the slope·of the lines increase with added substrate concentrations. No 

change _in .the slope is observed when a tightly bound inhibitor interacts \'lith 

a position on-the enzymeother thanthe substrate binding site. Replots of 

the ~lopes of the·. I{l-v;/v0 ) vs v0/vi plot against s~bstrate concentrations are-· 

linear for competiti-ve inhibition and the extrapolated intercept on the verti-

. cal axis gives the true KI value~ · 

Data obtained from measuring the initial reaction veloctty .as ·a func-_ · · 

tion of increasing equilenin concentration ~t. three different fixed substrate 
. . . 

conceniratinns were plotted in the form I(l-vi/v0 ) ~gainst the ~0/v; (Figure. 

39) as described· by Hende-rson (1972). Best fitting straight 1 ines· for -the ·_ 

transformed data were drawn by the unweighted. 1 east squares method. · The find

ing that the straight lines were sloped and conv~rged on vertical axis indi

cates that equilenin is a tightly bound inhibitor .and under the experimental 

condttions used was present in both free and combined ·forms.- Competitive 

inhibition is indicated by the fact that the slopes increase with-increasing 

substrate. The KJ for equi-lenin obtained from the slope-replot is 2.0 X lo-BM, 

whereas the K1 obtained from the Dixon plot is 6~ 2 x fo~BM. The Dixon plot 

and the plot I(l-Vi/v0 ) versus v0 /Vi therefore are in _agreement in yielding 

a co~petitive irihibition pattern fqr equilenin. · 

· When an enzyme ;·nhibitor exists in both free and combined forms, the

relationship between inhibitor concentration and enzyme reaction rate is hot 

linear but an exponential ·function (Webb, 1963~ Chapter 5)~ As potnted out 

. by Henderson -(1972) such nonlinearity for tightly bound inhi-bitors 



Figure 39. I(1-vi/v0 ) versus v0 /vi plot for the effect. of equilenin on · 

the human placental 3f>HSD:isomerase as a function of inhib,itor 

concentration .. Incubation conditions: 0.05 M sodium phos

phate in 30% glycerol (pH 9. 5), NAD+ as the nonva:ried sub

strate (200 ~M) and soiuble enzyme preparation (0.75 mg pro

tein/ml). Reaction velocity was measur~d over a 5 minute 

assay period at 30°C at increasing concentrations of equilenin 

and three different fixed concentrations of pregnenolone: 

(X) 5.0 ~M; ·raJ 10.0 11M; _(I) 20.0 t,J.M.· The data were trans

for,med and plotted as described in the text. The insert 

shows the replot of slopes obtained at each pregnenolone 

concentration. 
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. not be apparent in reciprocal plots ... Stnce the data for the Dixon plots · 

were obtained from incubations with very low ·concentrations of inhibitor, 

it seerns possible that the concentrations used may be on the·ta·il end of 

an exponential curve and the dose response therefore appeared to be a 

linear function. 

When the data obtained from measuring the initial ·velocity at increa-

. sing concentrations of cyanoketone were plotted in the form I(l ... v;/v0 ) vs · 

v0 /v;, the slopes of the best fitting lines for the transformed variables 

were negligible (Figure 40) .. The scatter in the transformed variables 

prevented an accurate estimation of the slope to determine if the lines fn· 

fact were horizontal.· The results however suggest that practically all of

the cyanoketone molecules are bound -to the enzyme.· Since slopes were not. 

apparent~ it was not possible to determine the true K1 or deduce the mecha

nism f9r cyanoketone inhibition. It woutd appear that the Kr for· cyano

ketone would be at least equivalent to the K1 fa~ ~quilenin but more likely · 

would be,mu~h less.tha~ lo-BM. 

When an enzyme inhibitor with a very small dissociation constant binds 

to the enzyme it is evident that the free enzyme concentration as well as 

free inhibitor concentration· will be substantially reduced •. If the affinity . 
. . 

.of an en.zyme inhibitor were not so great that all of the inhibitor existed 

in .combined form, then by using very 'low concentrations of both enzymes. and. 

inhibitor it may_be possible to approach conditions where Et/KI is less 
\ 

than 0.01. To minimize reduction in free enzyme and free inhibitor concen~ 

tration, initial velocities were measured as a function of_pr~gnenolone con~. 
. . 

.centration at very low fixed concentrations of equilenin and cyanoketone 

and a relatively low amount of enzyme preparation. The .results plotted in 



Figur·e .40. I(1-vi/v0 ) vePsus ·Vo/Vi ·plot for the effect of cyanoketone on 

the hU1nanplacentaZ 3BHSD:isomerase as a function of inhibitor 

concentration. Incubation conditions: 0. 05 M sodium phosphate 

in 30% glycerol (pH 9. 5) ~ NAD+ as the fixed substrate (200 11M) 

and so Zub Ze · enzyme prepa:ration ( 0. 7 5. mg protein/m l). Reaction 

velocity was measured over a 5 minute period at 30°C at 

increasing. concentrations of cyanoketone and 3 different fixed 

concentrations of pregnenolone: (X) 5. 0 11M; (0) 10.0 11M;· 

(IJ) .20.0 11M. The data were transformed and plotted as des

cribed in the text. 
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Figure 41. · Double reciprocal pZots of inhibition ·of the human placental 

. 3 f3HSD: isomerase by equi Zen in when pregneno Zone is the varied 

substrate. Incubation conditions: 0.05 M sodium phosphate 

in 30% glycerol (pH 9.5), NAD+ as the fixed substrate (200 ~M) 

and soZubZe enzyme preparation (0.69 mg protein/mZ). Reaction 

velocity was measured over a 5 minute period at 3ooc with and 

without the fixed concentrations of inhibitor indicated. in the 

figure~ Velocity is expressed as miZZimicromoles of product 

fo~ed min/mg of proteino Best fitting straight lines were 

drawn by the method of least. squares. 
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the conventional double reciprocal form are illustrated in Fig~res 41 and· · 

42, respectively. The plots yielded -competitive inhibiton patterns for · 

both s.teroi"ds. The true K1, determined from the intercepts· of s 1 ope replots ... · 

was 3.2-·x 10--8 for equilenin and 6.3 x lo--8 for·cyanoketone·. 
. . ' . . . 

Kinetic analysis of inhibition by .equilenin and cyanoketone by-con--

ventional graphical methods gave conflicting results in these studies. The. 

majority of evidence however indicates that equilenin is_ a· _tight--binding· 

inhibitor, that exists under the present experimental conditions in both .. 

the free and combined forms and _inhibits by interacting with· the enzyme 
. . . 

substrate binding site. Cyanoketone apparently binds much.niore tightly to 

the enzyme· than equilenin and it was not possible by the· kin.etic tools em-

ployed to deduce the true K1 or the mechanism for cyanoketone inhibition .. 

It is.evident from these studies that that affinity of th~ human pla-

cental 3SHSD:i'somerase for cyanoketone and equilenin is· exceptionally high· 

and that the conventional ·plots-for analyzing enzyme inhibition kinetic data-· 

may give misleading information .. - Changes in slopes of reciprocal plots upon 

addition of sub~trate or-inhibitor is diagnostic of the mechanism of tnhi~ 

_bition only when ~he substrate and inhibitor iriteract reversibly with the 

enzyme. The dissociation constant for cyanoketone is so small that ·kinetic 

experimentation may not be an adequate approach. Elu~idation of the mecha-· 

nism for cyanoketone- and its true dissociation constant-may require direct 

binding studies to an enzyme obtained _in pure· form. 

D. Effects on VCIPying NAD+ Concentration. The human placental 

3SHSD:i~omerase reaction appears to follow conventional Mtchaelis--Menten 

kinetics when NAD+ is the varied substrate. The inhibition kinetic data 

were therefore_analyzed by the computer programmed Michaelis-Menten 



Figure 42 • . Double reciprocal plots of inhibition of the human placental 

3~HSD:isamerase by cyanoketone when pregnenolone is the varied 

substrate. Incubation conditions: 0. 05 M sodium phosphate in 

30% glycerol. (pH 9. 5), NAD+ as the fixed substrate · (200 IJ.M} 

and sol-uble enzyme preparation (0. 69 mg protein/ml);. Re.aa

tion velocity was measured over a 5 minute period at 30°C, with 

and without the fixed concentrations of inhibitor indicated in 

the figure. VeZor;;ity is expressed as the miZ.ZimicromoZes of . 

product formed min/mg of protein .. - Best fitting straight· Zines.

were d:rau.m by the method of least squares .. 
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regression analysis, referred to in Results, S~ction VIII. The program in 

addition to providihg the best fit of the experimental data to a rectangulaF 

hyperbola also gives maximum likelihood estimates for the ~.and Vmax of the· 

enzyme reaction with their corresponding reciprocal values and intercepts· 

for linear graphical presentation of the ~ata. 

Inhibition by cyanoketone and equilenin was examined as a function · 

of NAn+ concentration. Pregnenolone was used as the fixed substrate at near 

saturating levels (20 11M) and the initial velocity was measured with and with

out different fixed amounts of inhibitor. The results depicted in Figure 43 

show that when NAn+ is the varied substrate cy~noketone markedly decreases 

both the Vmax and the 1<r1 of. the enzyme reaction. A compound that decreases 

the Vmax and the i<M (i.e. increases the apparent affinity of the ·enzyme .for 

the vari~d sub?trate) acts as either an uncompetitive or a part.ially uncom .... 

petitive inhibitor. Both types of inhibitors bind reversibly with positions 

on the enzyme surface other than the substrate binding:site. Inhibition re

sults from the formation of a .dead-end ESI ternary complex which_ reduces the 

maximal velotity of the enzyme reaction. Unlike a noncompetitive inhibitor 

which can bind randomly to the enzyme surface to form both EI and ESI com-

_plexes, uncompetitive ·inhibition results from an obligatory order of addition 

of the substrate and the inhibitor to the enzyme surface~ An uncompetitive 

in~ibitor binds then only to the enzyme form ES (after S has bound to the 

· enzyme) and no EI complexes are formed. A decrease in apparent ~<M occurs due 

to the fact that addition of the inhibitor reduces the concentration of ES 

and thus pulls ·the equilibrium of the reaction (E + S ++ ES) far to the right~ 

Partially uncompetitive inhibition on the other hand results when inhibitor 

binding increasing the affinity of the enzyme for the varied substrate but 



Figure 43. Effeat of ayanoketone on t.he hwnan pZaaentaZ 3BHSD:isomeraase 

reaation with NAD+ as the varied substrate. Inaubation aon

ditions: 0.05 M sodium phosphate in 30% gZyaeroZ (pH 9.5)~ 

pregnenolone as the nonvaried substrate. (20. 0 v,M) and soZubZe 

enzyme preparation (0. 74 mg· protein/mZJ. Reaation veZoaity 

was measuraed over a 5 minute period at 30°C with and without 

a fixed aonaentration of ayanoketone (0.05 lJ,M) • . VeZoaity is 

expressed as the miZZimicromoZes of steroid produat formed 

min/mg of protein. 
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Figure 44. Double reaiproaal plots of inhibition of human plaaental 3SHSD: 

isomerase by ayanoketone when NAD+ is the varied substrate. 

The data were taken from Figure 42 and the inaubation aondi

tions were the same as desaribed in Figure 42. 
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at th~ same time forms an ESI compJex that breaks.down into products, 

a 1 bei t not as readily as ES .. An ordered addition of 1 i gands is therefore· 

not required . 

. Lineweaver-Burke plots of the·data .taken from-the NAD+-velocity 

. curves in Figure 43 gave intersecting lines ·above· the 1/s axis at a-point 

greater th~n 1/Vmax (Figure 44). This kinetic pattern is indicative of par

tially uncompetitive inhibition (Segel,' 1975, Chapter 4). 

l · Equilenin also appears to act as the parti~lly uncompetitive inhi

bitor. when NAD+ i·s the varied substrate .. ·As shown in Figure 45, Q_oth the· 

Vmax and the apparent 1<r1 of the enzyme -reaction ~re· reduced upon addition : 

of equilenih. ·The double reciprocal plots of the data taken from.Figure 
. . . . ' ' 

45 were_ a-lso found t? yield kinetic patterns consistent . .with partially 

uncompetitive inhibition (Figure 46). The resulting change in affinity· 

of the enzyme- for NAn+· is substantial. At the same molar concentrations, 

the a factor is 0.25 for cyano.ketone and 0~34 for equilenin. 

An excellent graphical method for diagnosing uncompetitive and par- .. 

tially uncompetitive inhibition is the plot I(l-i)/i versys the varied. 

substrate concentration. These are the only commoh mechanisms that yield 

a hyperbolic type ·curve by this plotting procedure.· The data obtained· 

from incubations with NAD+ as the varied substrate. both with and without 

a fixed amount of either equilenin or cyanoketone were plotted by the 

1(1-i)/i versus S method. With cyanoketone the transformed data illustra

ted in Figure 47 fell on a hyperbo}ic curve. In the presence of equilenin,. 

a similar hyperbolic. curve was observed (d~ta· not shown). ·.These findings 

further indicate that ~quilenin and cyanoketone inhibit the enzyme reaction 

by a· partially uncompeti ti .ve. mecha·n; sm when- NAD+ · is the varied substrate. 



Figure 45. Effect of equilenin on the human.placentaZ 3SHSD:isomerase 

reaction with NAD+ as the varied substrate. Incubation 

conditions: 0. 05 M sodium phosphate in 30% glycerol (pH 9. 5)_,_· 

pregnenolone as the nonvaried substrate (20.0 ~M) and soluble 

enzyme preparation (0.8 mg protein/ml).· Reaction rate was 

measured over a 5 minute priod at 30°C with and.without a 

. fixed concentration of equilenin ~(0. 25 llM). ·Velocity is ex

pressed as the millimicromoZes of steroid-product formed per 

min/mg of protein. 
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Figure 46. DoubZe reciprocaZ pZots of inhibition of human pZacentaZ 3SHSD: 

isomerase by equiZenin when NAD+ is the varied substrate. Data 

were taken from Figure 45 and incubation conditions were the. 

same as described in Figure 45. 
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Figure 47. I(l~i)/i vs [S] plot for inhibition of the hv~an piacental 

3SHSD:isomerase by cyanoketone with NAD+ as the varied sub

strate. Incubation condit·ions: 0. 05 M sodium phosphate in 

30% glycerol (pH _9.5)., pregnenolone as the nonvaried substrate 

(20.0 ~) and soluble human piacental enzyme preparation 

(0.8 mg protein/ml). · Reaction rate was measured with and with

out a fixed concentration of equiienin (0.25 ~) and incuba

tions were carried out for 5 minutes at 30°C. 
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1-39 

A classical uncompetitive inhibitor binds reversibly with the e:nzyme 

substrate complex to form ·an inactive ESI ternary complex. Even though. 

cyanoketone and equi_lenin are pseudo-irreversible inhibitors the experi-

. mental data obtai~ed consistently gave kinetic patterns characteristic of 
.. . . . 

partially uncompetitive inhibition at any fixed cqncentration of inhibitor. 

·If equilenin inhibits ·the enzyme. reaction by inter·acting with the binding 
. . 

. . . 

site for pregnenolone,the partially uncompetitive inhibition patterns ob-

. served when NAD+.is the varied substrate corrobo~ate the conclusions of 

the initial velocity studies that binding of one substrate alters. the appa-· 

rent affini~y of the enzyme for binding the cosubstr'ate (See Res~lts, 

. Section VIII-C). 

To summarize, the mechanism of inhibition by equilenin and cyanoketorie 

appears to be· similar, cyanoketone however being the more effective inhibitor .. 

Both steroid~ are- tightly.bound or pseudo:irreversible inhibitors and equi~ 

lenin inhibits by interacting with the binding site for pregnenolone. · The 

mechanism of.cyanoketone inhibition has not_been clearly elucidated because 

Df its exceptionally small dissociation constant~ Both steroids appear to 

increase the affinity of the enzyme for the binding qf its coenzyme NAD+. · · 
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DISCUSSION 

Validation and Characte_ristics of th~ Enzyme Assay~ 

. Modi fica t ion of a pr-ocedure 'fi.rst described by Phi 1 pott and Peron . · 

(1971) was- employed .for ·measuring the reaction velocity of the 3s-hydroxy- . 

steroid dehydrogenase .. · Beca,use this technique ·measures the rate 9f product 

formation rather than substrate ·depletion it· \1/as necessary to determine 

whether further metabolites of progesterone were being synthesi~ed iri the 

incubation medium and whether they were precipitable by digitonin •. The 
. . . 

only conversion products of radio1a~elled pregnenolone which could be. iso-

1 a ted and .i denti fi ed were pregn-5-ene-3, 20-di one, the product of the dehy~: 

drogenase and· progesterone the product of· the isomerase. 

It· was found that neither conversion product of pregnenolone was 

coprecipitated by digitonin and as much as 5-6% of the total supernatant . 

radioactivity was associated with pregn-5-ene-3,20-dione. Measuring total· 

supernatant radioactivity therefore· is a measure of both steroid conversion 

. products and not just progesterone. Since· the dehydrogenase .is· the initial 

and rate limiting step in the conversion of pregnenolone to progesterone .: 

the rate of the dehydrogenase reaction is essentially the same as· the rate 

of the overall coupled reactions (Nevi.lle et al., 1969-; McCune et al. ~ 19.70}. 

Because the conversion· products are not differentiat~d, the assay procedure 

described is an accurate and sensitive method for measuring-the rate of the 
~ ... _) . 

dehydrogen-ase reaction.· Further metabolites· of -progesteron.e are not. pro- . 

duced in the reaction medium so this. is a highly specific ~ethoct·for mea-

suring the 3S-hydroxysteroid dehydrogenase despite the fact that the solubi-
I 

lized enzyme is a nonpurified preparation. 
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In th~ present study~ isolation of pregn-5-ene-3}20-dione and its 

identification by mass fragmentography has for the first time unequivocally 

demonstrated that the. 65, 3-ketosteroi d is a reaction intermediate in the .· 
! 

conversion of pregnenolone to progesterone. Formation·of 65,3-k~tone in~ 

termediates in the conversion of 65,3[3-hydroxysteroids to 64,3-ketosteroids 

_has for the most part only been assumed (Ewald etal., 1964; Kruskemper · 

et a 1., 1964; Beyer and Samuels, 1956; ·cheatum et a 1., 1967; Rosner et a 1., 

1965; Ward and Engel, 1964; Ward and Engel, 1966). · Only Gupta and Karavo- · 

las (1973) in studies of progesterone synthesis by rat-ovaries have reported 

radioactivity from· [14c]pregnenolone asso.ciated with pregn-5-ene-3,20-dione· 

on chromatography. The failure ·of previous studies to produce direct evi-· · · 

dence for the formation of 65,3-ketone inte~mediates may be attributable to 

isomerase activity being p~esent in greater _exces~ than dehydrogenase acti

vity in other tissues, a situation which _would prevent accumulation of the_· 

intermediate (Krusk_emper et al., _1964; Neville and Engel, 1968) .. ·Also the 

chromatographic tech.ni ques of others may have been 1 ess adequate than ours-.: _-

The increased 3H:14c ratio found in pregn-5-ene-3,20-dione obtained · 

from the reaction medium incubated simultaneously with tritium-labell~d and 

[4-14c]pregnenolone suggested that the rate of, is6merization of tritium 

-labelled pregn~S-ene-3,20-dione was approximately 4 t~ 5 times slower than 

th~t for 14c-labelled steroid, providing further evidence that the active 

·sites of ~(3-hydroxysteroid dehydrogenase and 65-isomerase ar~ separate 

kinetic:entitie~~ A differente greaier than 2 in reaction _rates ~s usually 

regarded as ·evidence for a primary kinetic· isotope effect on an enzyme 

{Richards, 1970}. Cleavage-of the·bond to either the 4a- or 4(3-hydrogen atom· 

has been shown to be the rate-determining step of mammalian stetoid AS-· 



;·somerase reactions (Oleinick and. Koritz, 1966; Fukushima et al., 1968). 

We have assumed therefore that tritium -located at C-4, rather than. at C-7 

which is a. nonreactive position, was responsible for producing the observed 

kinetic isotope effect. Isotope effects of fractionation· procedures·have 
' ' . -

been reported. for a number of labelled steroids and can be detected b,y 

large variati·ons in isotope ratios across chromatographic peaks. -The con

stant 3H: 14c ratios. a·cross the Sephadex LH-20. chromatographic peaks for 
. . . . 

' . ' 

each steroid isolated ·in our experiments eliminate the possibility that the 

i :5otope effect. seen in isola ted pregn-5-ene-3 ,20-d i one was an artifact of 

fractionation {Klein, 1970). 

Increased radioactivity rema.ining as pregnenolone was an indicati'on .. 

. that the dehydr·ogenase had been in hi bi ted· after exposu.re to two steroids .· 

known to inhibit the overall conversion of. pregnenolone to progesterone. · 

Although the amount of .radioactivity remaining as pregn-5-ene-3,20-dione 

was not in itself a reliable indication that isomerase activity had been 

inhibited (a decrease in the quantity of radioactivity remaining in pregn 
. ' 

-5-ene-3,20-dio·ne migh~ be the result of inhibition of the dehydrogenas.e); 

an effect of the inhibitors on L\5-isomera·se was evident when the yield· of· 
' . 

radioactivity in pregn-5-ene-3,20-dione was compared to that in progest,erone •. ·· 
' ' ' 

Inhibition of the isomer·ase reaction was also evident in the effects of 

equilenin on the 3H: 14c ratio of isolated pregn-5-e~e-3,20-dione. As the · 

·overall reaction was inhibited, the isotope ratio decreased,· indicating a.·. 

proportionately greater effect on the isomerization of [4-14C]pregn-5-ene 

.-3,20-dione than tr·ittum-labelled pregn-5-ene-3,20-dione. 

In the bacterium Pseudomonas testosteroni. 1713-dihydroequilenin was· 

shown to be an effective inhibitor of the L\5-isomerase reaction (Wang et al., 
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·1963) and Nevi 11 e and Engel ( 1968} demonstrated that cyanoketone was an · 

effective inhibtto~ of the bovine adrenal steroid ~5-isomerase~ The 

results of the present study are comparable to those obtained with the· 

bacterial and the. bovine adrenal ·enzymes and indicates that the· ·action of 

· cyanoketone.and equilenin in ·inhibiting progesterone synthesis is mediated 

. not only by inhibiting the dehydrogenase but also the isomerase. reaction. 

Subcellular Distribution of 3{3HSD:Isomerase in the Human· Placenta. 

Unti'l recently, it has been generally accepted that the 3aHSD: 

i~omerase·present in steroidogenic tissues was localized in _the smooth endo

plasmic reticulum. Evidence has been accumulating to indicate that thes~ 

enzymes are also located in the mitochondrial fraction.. In the bovine 

adrenal (Bash and Finegold; 1971; Sulimovici and Boyd, 1969·), rat ovary, 

rat testis (Sulimovici et al., 1973} and human placenta (Kbide and Torres, 
....... 

·1965; Ferre et al., 1975), enzyme activity has. been-shown to be contained 

in both the mitochondria and microsomal subcellular· fractions.·. In the 

present study, the 3{3HSD and L\5-isomerase upon differential centrifugation 

were found to be 16calizsd in the mitochondrial and microsomal fractions of 

the human placenta, thus adding to the growing list of evidence to support· 

.-the fact that these enzymes are localized in both particulate fractions. 

A small amount of activity was detected in the soluble cytosol 

fraction.· This is most likely attributable to redistribution of loosely· 

attached membrane enzyme as a result of the vigorous homogenization pro

cedure utilized. Koide and Torres (1965) homogenized human placental tissues · 

in a Waring blender and also found after differential centrifugation that 

a small portion of activity was present in .. the so-luble cytosol. On the 

other hand, Ferre et al. (1975) homogenized with a hand driven Teflon pestle 
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and no· activity w·as detected .in the cytosol fraction. In previous studies 

(Koide and Torres;· 1965; Ferre· et ·a 1., 1975) enzyme activity was found to 

be equally distributed between mitochondrial and microsomal fractions, and · 

the specific ·enzyme activitie~ as well were comparable in both fractions. 

In the present study, this was not the case. The specific activities of 

._the·.enzyme ·contained in the microsomes were consistently higher:.than in .· 

the mitochondria· and the relative distribution of activities appeared to be 

affected by the tonicity of the solutions in which the tissue was homogen- · 

.. ized. The discr~pancies in·results cannot be explained~. It is evident. 

· however,· that. quantitati'le distri.bution of the enzymes among the subcellu~ 

lar fractions is affected by methodology and .buffer media conditions. In· 

. the. present st~dy, the ~ for. pregn_eno 1 one was estimated to be _2. 8 X 1o-6M 
. . 

a·nd 3.3 x 1o-6M respectively for the mitochondrial and ··microsomal. enzymes · 
. . 

isolated by differential centrifugation in 0.25 M sucrose. Another group·· 

(Ferre et al., 1975) has reported similar ~-values for pregnenolone of 

3.0 x 1o-6M in the mitochondria and 2.5 x 1o-6M in the microsomes.· 

In a paper by. Cowan et al. (1974), it was suggested that the often 

observed association of 3SHSD:isomerase with mitochondria. in stero·idogenic 

tissues was the result of a redistribution artifact during homogenization.· 

Even though mitochondria may be pure~mitochondrial association ~auld result . 
. . . 

from in vitro detachment of the enzyme from the microsomal fraction and. 

subsequent binding .to the mitochondrial. membranes .. If this were the case, .. 

the enzyme would be expected to be· loosely attached to the outer mitochon-· 

drial membranes. Cowan et -al .. (1974) then proceeded to demonstrate that 
. . 

the mitochondrial associated enzymes in ·bovine adrenals were located in the 
. . . 

out~r mitochondrial membrane. The inconsistent subcellular distribution 
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of the enzymes -obtained in the present studies might support this point of 

view. Sulimovici et al·. (1973) however, were able to show in the rat testis 

that the 3aHSD:isomerase was localized mainly in the inner mitochondrial 

membrane. This indicates that mitochondria in steroidogenic tissues may 

contain substantial 3aHSD:isomerase activity. To resolve these questions 

will require more detailed studies. 

The results obtained in the present study however are comparable to 

those previously reported by other groups in that 3aHSD:isomerase in- the 

human platerita is contained in both the ~itochondrial and microsomal frac

tions; Mitochondria are therefore capable of complete biosynthesis of 

progesterone from cholesterol. 

Enzyme Stability, Solubilization and Partial Purification .. 

Stabilizing. Effects of Glycerol. Glycerol was found· to exert a· 

stabilizing effect on the extracted placental enzymes. Solubilized enzyme. 

wa~ not able to withstand repeated freezing and thawing unless 20-30% gly~ 

cerol was added to the aqueous medium .. Even in 30% glycerol, a small por-. 

tion of activity was lost with ·a single freezing and thawing but remained 

fairly stable up to 2 months at -20°C. Glycerol was also found to protect 

against substantial loss in activity during experimental manipulations and 

it was observed that adding 30% glycerol to the assay medium markedly 

enhanced· enzyme~ activity·. 

In reviewing·the literature on mammalian 3aHSD:isomerase only two 

studies were found in which glycerol was added as a stabilizing agent. Fo~d 

and Engel (1974) reported that 20% glycerol enhanced the recovery of solu

bilized ovine adrenal enzymes from ion.exchange columns and was necessary 

for maintaining activity during storage. Cheatum and Warren (1965) added 
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25~50% glycerol to the.-buffer mediom during purification rif the.-beef ovarian· · 

enzymes. · It is noteworthy that the study by Ford and Engel (1974} has pro-

vi~ed the only ~uccessful solubilization and extensive purification of ~ 

mammalian 313HSD and 85-isomerase. 

The sta.b'ili,zing influence of glycerol has been demonstrated for a 

number of enzymes. It has been shown to have a protective influence on 

- purified human placental 1713-hydroxyster·o-·id dehydrogenase (Jarabak, et al., 

1966) protecting against cold and ··heat inactivation.- Also success in puri

fication is dependent on the presence of a: glycerol and w·ater mixture at 

each step of :the· procedure. With many enzymes, the stabilizing effects of 

_glycerol can also be achieved with propylene and ethylene glycols_, sucrose· 

or inorganic ions, which su_ggests that the stabilizing interactions between 

gl_ycerol and prote.i'ns is rather nonspecific. ·.In the present study, as niuch 

as 20% of the tota·l cell free homogenate activity was lost by homogeniz.ing 

in sucrose in comparison. to homogeniz-ing in sodium phosphate alone. _ 

.The mechanism of the stabilizing effect is not known, but glycerol· 
. . . . . . . .. . ·.·· ' 

is believed to function in maintaining the native conformation of the enzyme_. 

protein. This seems most 1 ogi ca 1 for membrane ... bound- enzymes s·uch as the 

placental 313HSD:isomerase. The theory has been advanced- that within the 

membrane environment, the lipid matrix functions in maintaining the proper· 

conformation of the enzyme for activity (Coleman, 1975).: Lipid requirement 

for activity therefore may be very nonspecific for inany membrane enzymes.·

Loss of activity after being extracted from the membrane ma-y be due to un-
- - . . ' 

, folding of the enzyme into an inactive conformation as well as. from removal 

·of specific membrane components required for activity.· The stabi 1 izing 

effects of glycerol exerted on the solubilized human placental_ enzyme may 
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be therefore to aid in·maintaining the native conformation of the ~nzyme. 

In .view of the successful solubilization and extensive purification of the 
. . 

ovine adrenal .enzymes· carried out in a.·glycerol water mixture (Ford and 

Engel, 1974) and the .stabilizing eff~cts observed in· this study, the advan~ 

· tages of using glycerol as a stabil ii:ing compound in working with solubilized 

mamma 1 ian 3(3HSD: isomerase systems should be stre.ssed. 

Enzyme. SoZubiZization and PartiaZ Purifieation. ·The resistance of 

tne mammalian 3f3.HSD:isomerase to solubilization has hampered its extensive 

purification .. The most common ptoblems encountered have been that the ex

tractiOn·treatment either inactivates a.substantial amount of enzyme or merely 

breaks membranes into smaller fragments. Cheatum and Warren (1~65) solubi~ 
. ' . . . . . . ~ ' . 

lized enzy~es from the bovine corpus.luteum.by sonicating microsomal membrane·· 
. . . - . 

' . 

. preparations. They failed however to .achieve a significant increase in speci-:-

fic activity when the solubilized enzyme was subjected·· to protein· purification· 
. . . . 

tec;hniques·, .indicating th~t the·enzyme wa~ not really soluble but bound to 

small membrane fragments.·· Neville and Engel (1968) and Ewald. et al·. (1964) 

have reported' similar difficulties in solubilizing these enzymes ... 

The.present study shows that the human placental 3SHSD:isomerase can 

be extracted and solubilized by treating the cell free homogenate with 

. sodium deoxycholate. Soluble enzyme was obtained with a.two-fold purifi

cation and an approximate 50% yield of original homogenate activity. The· 

solubul i:z:ed enzyme .was characterized by remaining i~ the 105,0~0 x g .. super ... · 

natant for 90 minutes, and by not. precipitating upon ·dialysis to remove the 

sodium deoxycholate. Subjecti.ng the solubilized enzyme to. gel filtration 

on Sepharose 4B yielded a further increase in speci.fic activity. The eluted 
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activity appeared in fraction~: fol1owi.ng the first column volume and pre

ceding the fractions cont~ini~g smaller solubilized proteins~ When·the 

solubilized enzyme was subjected to gel filtration on a Sepharose 4B col

umn-equilibrated and ~luted· with ·a buff~r containing sodium deoxycholate~ 
. . . 

no: .alteration in the elution· pattern of the enzyme was observed,. su·gg~sting · 

the enzymedoes not need sodium deoxycholate to remain in solution. Proba

bly the best 1ndicati6n that the solubilized preparations ~ontain separate 

·soluble enzyme· molecules ;·s ·the fact that gel filtration chromatography 

consistently yielded a si.ngle symmetrical enzyme activity peak and the· 

elution. profile- of enzYme prepared from different placentas was highly re

producible~ · If the solubilization procedure had only broken the membrane 

into smaller fragments, several enzyme activity peaks might .be observed and 

the reproducibility of the ·elution patt_erns would not be· expected.. Further-

more, the finding that partially ·purified enzyme precipitates only with hi·gh 

ammonium sulfate concentrati-ons (60-80%) also indicates that the enzyme 
• I • • 

extracted bysodium deoxycholate treatment is readily-s.oluble. · 
. . . 

In the studles by Ford and. Enge·l (1974) enzymes were extracted from 

sheep adrenal microsomes by treatment with Triton X-100 .. It was found that · 

the extracted enzymes. required the presence .. , of the nonioni c detergent for 

aqueous solubility. In contrast to the 50% yield obtained in our studies,.· 

after treatment of the. sheep adrenal microsomes with !ri~on X-100, 12% of 

the ce 11 free homogena-te was recovered in the- so 1 ub 1 e fraction.. ·Even though 

Ford and Engel (1974) were able to purify.the enzyme to protein homogeneity, 

they obtained· only a g;_fold purification and 3% yield of total activity. 

The low yield suggested that the extraction procedure denatured a substantial 

amount of enzyme, a problem often encountered in attempting to solubilize· 
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and purify membrane enzymes. The. extracti·on pro~edure. itself can lead to 

denaturation of the enzyme protein or the enzym? may be extremely labile 

outside of its normal ~embrane envi~onment such that it is rapidly inacti~ . 

vated during processing .. With membrane enzymes therefore a· small increase 

in specific activity may often be sufficient to achieve homogeneity. In a· 

study with bovine adrenal· glands, Neville· and Engel (1968) solubilized micro- · 

somal ·AS-isomerase by treatment with sodium deoxycholate~ They were able to 

relocate 80% of the microsomal activity in the 100,000 x g supernatant. Gel 

filtration on Sepharose 2B .columns however yielded several peaks of enzyme 
. . . ' 

activity sugg~sting that the treatment had only broken membranes into smaller· 

fragments.·. Ferre et. al. (1975) were unable to solubilize human placental. 

microsomal and mitochondrial enzymes. They reported that sodium deoxycho-

late treatment irreversibly denatured all 3sHSDactivity. This di-screpancy 

from our own results as well as those of NeVille a~d Engel (1968) cannot be 

explained other than to suggest that the proper-relative concentrations of 

deoxycholate and membrane protein may not have been utilized. ·wh~n using sur-· 

face active agents such as nonionic. detergents and bile salts,· there is a deli-. 

cate balance between solubilizing and protein denaturing effects .. ·In the pre-· 

sent study the relative concentration of sodium deoxycholate to tissu~ protein 

(0.125 - 0.025 mg of NaDoc/mg of protein) was cr~~ial to the success of the 

procedure. Extensive denaturatiQn occurred when the relative concentration 
. . . . . 

of sodium deoxycholate to tissue protein was increased by ten-fold. On_the · 

other hand, by utilizing ten-fold less than o_ptimal concentrations virtually. 

no enzyme was extracted. As noted .above, presence of 20-30% glycerol was 

a 1 so essenti a 1 for a good. recovery. Geynet et a 1. ( 1972J found that the

bovine adrenal A5-iso'merase could be solubilized with good yield by treat-
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ment with CaCl2 but the enzyme precipitated from solution upon dialysis to 

remove·the calcium .. · In our studi_es sodium phosphate alone appear~d to have· 

some solubilizing effect. Ewald e~ al. {1964) similar)y .. \tere .able· to . 
' . . ' 

·solubilize a portion of beef adrenal enzymes by first homogenizing in 

isotonic phosphate buffer and then extracting with the same buffer. 

The pre·sent studies .do ·not exclude ·the possibility of micelle 

formation or that the enzyme is completely bound to small membrane fragments. 

Complete solubilitation is essential for kinetic studies to answer the 

questions pertaining to the identify and specificity of mitochondrial .and 
. ' 

microsomal, enzymes. For the present studies however, enzyme solubili-zation 

has provided free access of the substrate and inhibitors to the. enzyme active· 

site. Otherwise reliab-le information· might not be obtained from kinetic data .. 

Kinetic Ana lys.i s of the Enzyme Protein. 

AnomaZous Kinetia Behavior. To my knowledge this is the first de-
. ' . . 

tailed kinetic· study of a placental 313-hydroxysteroid dehydrogenase:isomerase 

reaction. ·pronounced deviation from the Michaelis-Menten hyperbola occurs.· 

when initial velocity of the enzyme reaction is measured as a function of 

pregneriolone concentration in the presence of a·fixed NAD+ concen~ration. 
' . 

The curves are reproducibly bi.phasic, containing a distinct intermediary·· 

plateau.region. Furthermore, results consisteritly indicate the pregnenolone 

binding and not NAD+ is responsible for the unusual kinetic patterns .. 

When enzyme reaction rates are plotted .against substrate concentra- · 

ti on, the resu 1 tant curves for most regula tory enzymes deviate from the_ · 

rectangular hyperbola· predicted ·by the Michaelis~t~enten equation. Over 

the entire substrate range, the slope of a rectangular hyperbola decreases 

steadily ~ith increasing substrate. With most 
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regulatory enzymes there isc a range of substrate concentrations over wic·h .· 

-the slope of the rate curve increases with increasing substrate. Examining 
. . 

the pregnenolone-velocity curve {Figure 14) it is evident that the slope 

·increases with increasing substrate in .regions above the intermediary . 

plateau. ·Computational .analysis of data by Michaelis-t~enten regression 

also illustrates that the pregnenolone velocity curve deviates significantly 

from the rectangular hyperbola predicted by the Michael is-Menten equation .. 

r~oreoever, regression analysis of the data to a rectangular hyperbola does· 

not give reliable estimates for the values of ~.and Vmax~ The_95% confi

dence intervals for the computational estimates of Vmax and .Km were unac

ceptably wide and the variance of the experimental data from hyperbolic 

function did not appear to be normally distributed~ For·an enzyme reaction 

that follows Hichaelis-Menten kinetics however·, the parameters Vmax.and KM_ 
. . . . ' . . 

. . . 

would ·not be expected to adequately define the substrate~rate curve~ 

Negative Cooperativity. Diagnostic tests were performed to choose 

between molecular species that may be contributing to the· anomalous kinetic 

patterns observed.· The downward deviation_ in the double reciprocal plot 
. . . . . 

. (Figure 15), the Hill coeff1cient of le~i than 1 (F1gure 19) and the dis-

tinct lev~ling of the pregnenolone-velocity curve over intermediate sub

strate ranges are strong indications of negative· cooperativity in the bindi~g 

of the enzyme· .substrate. 

The shape ·of a substrate-velocity curve is not· always obvious by.· 

visual inspection. The cooperativity index is a_ useful device· for defining 

the shape of ratecurves. The cooperative index is the ratio of substrate 

concentration required fo.r any two fractions o.f Vmax and can be read direct~ .. 

ly from the substrate-velocity curve (Segel, 1975, Chapter· 7; Koshland~ 1970). 



152 

The ratio of substrate concentrations required to reach O.S Vmax and 0.1 

Vmax is = 81 for a ·normal hyperbolic curve, <81 for a sigmoid curve, and 

>81 for n·egative rcooperativity. The [S] 0.9/[S] ~0.1 ratio. r·ead directly 

from the pregnenolone-velocity curve (Figure 14) is <81, indicating that the 

curve is sigmoidal. 

If homotropic cooperative effects are the re~ult of ligarid induced 
. . ~ . . . . . 

conformational changes which distort neighboring subunits; as theorized by 

Koshland (1970), then both positive and negative cooperativity·could exist 

for the same ligand.· tn such cases, positi~e cooperative effects ~ay more 

than compensate for the negative interactions and the substrate-velocity 

curve .could give an [S]0.9/[S]O.l value of <81 even though the enzyme dis..; .. 

plays negative cooperativity. As suggested by Levitzki and Koshland_ (1969) 

the cooperativi.ty index alone may not be diagnostic of .negative cooperati

vity with respect to substrate binding. An· [ S] 0. 9/[ S] 0.1 index <81, ·accom~. 

panying a rate curve displaying a pronounced intermediary plateau region, 
. . . . ' . . . . . . 

downward deviati.on in the double reciprocal plot and Hill coefficients of 

less than 1 may reveal a combination of both positive and negative coopera

tivity in substrate binding .. 

The rate curve for an enzyme exhibiting negative cooperativity _is 

not however sigmoidal. and·its shape is best defined by the ratio [S]0.75/ 

·[S]0.25 (Segel, 1975, Chapter 7).· The [S]0.75/[S].0.25 read directly from 

the pregnenolone-velocity curve was >3.0 compared to 3~0 for a hyperbolic · 

curve. This observation ~aises the possibility that an intermediate nega-. 

tively cooperative binding step may be'fo.llowed :by· positive cooperativity 

in substrate binding to ·the placental enzyme~· 
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Severa 1 independent i·nvesti ga tors vii th a variety of different enzymes- . 

have observed unusual substrate--:vel.ocity curves similar in shape to the 

curves obtained ·;n the present study for the placental enzyme reactions with 

respect to.pregnenolcine binding~ The-rate.curve for the. cytidine triphos-. 

phate synthetase reaction (Lev.itzki and Koshland, 1969), glutamate .dehydro-

genase ( LeJohn an-d Jackson, 1968) and yeast glycera 1 dehyde-3-phosphate · · 

dehydrogenase (Koshland and Cook,· 1970; Rock and Cook, 1974) ·are character

ized by decreasing slopes over intermediate substrate ranges followed by 

increasihg slopes over highei substrate ranges to generate biphasic curves 

with a pronounced intermediary plateau region. Unlike sigmoid curves which 

d.iplay a single inflection point, such curves cannot be explained by simple 
. . . 

progressive cooperati.vity in substrate bin9ing. ·As suggested by Koshl_.and, 

(1970) this. type of leveling in the rate curve over intermediate substrate_ 

ranges is compatible with either a combination of-negative and positive 

cooperative effects or negative coop·erativity plus noninteracting (Mic.haelis 

-Menten) substrate binding~ ·If cooperative effects are responsible for the 

unusual ki~etic patterns observed, an intermediary-plateau region could not 

be generated by a multisite enzyme dfsplaying a progressive incr~ase or de-_ 

crease in substrate binding affinity. This kinetic pattern wil·l only be 

produced if there is fluctuation in substrate· binding affinity as the enzyme 

is saturated _(i.e. a decrease in affinity followed. by an increase). ·Further

more, a si.ngle enzyme to produce· the· kinetic patterns observed must possess 

more than.two substrate binding sites per enzyme molecule. It is noteworthy

that all other enzyme systems. published in the literature, displaying in

termediary plateau regions in their rate curves, ·have been found to contain. 

four or more polypeptide subunits and presumably as many substrate sites. 
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It has been suggested that n_egative cooperativity in enzyme sub

strate binding may not be an especially unusual phenomenon (Levitzki and 

Koshland, 1969; Kosh1and, 1970; Koshland and Cook, -1972; Rock and·cook, 

1974) and that enzymes. displaying pronounced leveling areas or "bumps" 

may be fairly widespread (Teipel and Koshland, 1969). Complex kinetic 

patterns similar to those observed in the present study may be an important 

characteristic of enzymes that do not contain regulatory or "allosteric 

sites 11
• 

AZternatives to Cooperative Effects for Explaining-the Unusual 

Kinetic Patterns. ~~~re are of course alternative molecular events for-

explaining the unusual kinetic patterns observed for the human placental 

3sHSD reaction. (1) multisite enzymes containing intrinsic catalytic 

-constants of widely differing magnitude for each site; (2) multiple forms 

of the same enzyme, each with markedly different kinetic parameters; (3) 

geometric arrangement of polypeptide subunits which induces nonidentity in 
- -

sites by steric hindrance or association-dissociation pheriomenon; (4) elec

trostatic repulsion in template enzymes or {5) a substrate binding step nr

ligand induced conformational- change that is the rate limiting step in the

overall enzyme reaction may all be contributing factors. All steroidogenic 

tissues contain 3S-hydroxysteroid dehydrogenase converting-pregnenolone, 

DHA, and 17a-hydroxypregnenolone in vivo with the exception of the placenta 

which has no l7a-hydroxylase activity. Evidence has been presented sup

porting both the concept of a single enzyme with low-substrate specificity 

(Ford and Engel-, 1974; Neville et al., 1969; Cheatum and Warren, 1966; 

Cheatum et al., 1967) and of two ·or more separate enzyme molecules with high 

specificity (l<ruskemper et al., 1964; Ferre et.al., 1975; Kowal et al., _1964; 
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Koide and Torres, 1965)~ Such results have been obtained however from in

direct kinetic evidence inasmuch as no one has been able to physically 

separate multiple3i3HSD enzyme forms. In every tissue in \-Jhich enzyme 

activity was found to be localized in both the mitochondrial and mic~osomal 

. fractions the kinetic parameters (Vmax and Ki~) were found· to be similar ·in 

both particulate fractions (Beyer and Samuels, 1956; Ferre et al., 1975; 

Basch and Finegold~ 1971; Sulimovici and Boyd, 1969) .. In the human pla

centa, the Kr~ and Vmax va 1 ues for the enzyme reactions fn the mitochondria 

and microsomes were similar (Koide and Torres, 1965; Ferre et al., 1975). 

The same finding was observed in the present study~ 

If multipl.e enzyme forms are present in the placental solubilized 

preparations (which they most likely are), the evidence in the published 

literature and from our own results strongly favors that the KM_ and Vmax 

values with pregnenolone as the substrat~are not different enough to con~ 

tribute significantly to the biphasic pregnenolone-velocity curve. These 

arguments however do not exclude- the possi bi 1 i ty that after they are ex

tracted from the membrane, the mitochondrial and microsomal enzymes may 

display markedly different kinetic properties. This possibility needs to 

be explored by performing detailed kinetic studies with the mitochondrial 1 

and microsomal enzymes solubilized sep~rately by sodium deoxycholate treat

ment. Sulomivici and Boyd {1969) addressed this problem with the rat ova

rian enzymes. Comparing the mitochondrial and microsomal ·enzymes, solubi

lized by ultrasonication, they found the Kr~ and Vmax values to be identical.· 

Until the placental enzyme can be obtained in purified form, the· 

possibility that the enzyme contains noninteracting multiple sites (each 

with different intrinsic binding constant~) or· that the geometric arrange-
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ment of polypeptide subunits may contribute to the unusual kinetic patterns 

c~nnot be r~le out. Graphical procedures for presenting kinetic data are ~ 

at best diagnostic tools for determining the possible molecular models con

tributing to an enzyme reaction~ Kinetic experimentation therefore may not· 

provide a definitive answer to some of the questions raised. Direct ligand 

binding studies with a homogeneous enzyme preparation will _be needed to 

eliminate alternative explanations. 

It is concluded from this study that the kinetic data are compatible 

with negative cooperativity in substrate binding. Furthermore, the transi

tion in the shape of the pregnenolone-velocity curve from hyperbolic at low 

substrate concentrations to sigmoidal at higher substrate ranges plus the 

finding that the cooperativity index ([5]0.9/[S]O.l) was less than 81,. 

raises the possibility that the enzyme may display· a combination of either 

negative and positive cooperativ-ity or negative cooperativity and noninter

acting·substrate binding. 

Membrane versus Solubilized Preparations. Since the particulate 

and the solubilized enzyme preparations displayed different kinetic beha

vior the question of which preparation give~ the more reliable information 

must be considered. The purpose of solubi-lizing the·enzyme was to avoid· 

the problems u·sually encountered when assaying particulate enzymes. Sedi

mentation and aggregation of.the enzyme during the course of the assay, 

as well as inward diffusion of sub~trates and inhibitors becomes a problem 

and may influence results. Even though steroids are lipid soluble, differ

ences in solubility or diffusion rates may complicate interpretation of 

kinetic data. The spatial arrangement of an enzyme within the membrane 

structure can also be a problem. Permeability limitations in ·kinetic studies 



157' 

will be especially troublesome if the active site resides on the inner 

surface of the membrane. The objective of the sol ubi li zing treatme.nt ·was 

to at least disrupt the permeability barrier of the orga·nelle to ensure 

that the active center of the enzyme was readily accessible.tothe sub-· 

strates and inhibitors. Even if solubilization was.not complete, the 

sodium d·eoxycholate treatment should have at. least :disrupted the membrane 

structure to form open sheets so that perm~ability limitations would not 

apply. 

The differences in kinetic behavior observed· with the solubilized 

and particult\te enzymes is infact,a good indication that the enzyme is no 

longer bound to the membrane. If sodium deoxycholate treatment had· only 
. . . 

broken the membrane into smaller fragments· with the enzyme still intact,. the· 

kinetic behavi-or would be expected· to be unaltered. The p,assibility that. 
. . 

sodium. deoxycholate treatment somehow affected the kinetic behavior· of the-

enzyme still bound in its native form to the membrane cannot o·f course be 

excluded. In. recent studies with the human placental enzymes (Weidenfeld. 

et al., 1974), the cofactor requ'irement for the particulate microsomal en

zyme was fourid to be quite different from the_enzyme solubilized by treat

ment with KCl. Itwould appear_tha.tsolubilization may have exposed binding 

sites that were not readily accessible when bound to the membrane. 

Because of the variables introduced by assaying particulate enzyme · 

preparations and the fact that sodi.um deoxycholate treatment appeared to be · 

relatively successful, it may be suggested that results obtained from incu

bations with the solubilized enzyme yield the more reliable information~ The 

question of whether the complex kinetic patterns obser~ed are an inherent 

property of the enzyme or an artifact of the preparation will probably be 

answered only by direct binding-studies with pure enzyme preparations. 
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· · Mechanism of the Bi~eactant .Enzyme Reacti9n. Determination of the 

initial velocity. patterns by varying the concentration of one substrate at 

different fixed levels of the other ·(Figure 24 and 25) revealed a sequen

tial bireactant mechanism for the placental enzyme. The initial velocity 

patterns are consistent with the binding of one substrate increasing the 

affinity of the enzyme for the other substrate, but the same form of the 

rate equation for sequential mechanisms will be given by order as well as 

random mechanisms of substrate addition. Product inhibition studi'es are 

often useful to make a choice between a random and an ordered mechanism. 

·If addition of substrates is ordered, inhibition by a product would be 

competitive against one substrate and noncompetitive with respect to the 

other~ On the other hand, a random mechanism should give competitive 

inhibition patterns against both·substrates. The finding that the product 

of the dehydrogenase reaction, pregn-5-ene-3,20:-dione is an effective 

inhibitor enables the~e studies to be carried out. 

Physiological Relevance of Complex Kinetic Behavior. Although 

the kinetic data presented are not prbof of any particular reaction mechanism, 

the value of th1s study is in identifying the complex kinetic behavior·. 

Furthermore, the results obtained provide a good working hypothesis for 

studying the molecular events ocurring during the binding and kinetic 

process of this physiologically important enzyme reaction .. This is the 

first demonstration of complex kinetic behavior of a 3S-hydroxysteroid 

dehydrogenase: isomerase system. Wiener and Allen {1967) suggested that 

the human placental enzymes followed conventional Michael is-r1enten kinetics,. 

but performed their enzyme assays with particulate enzyme preparations and 

only six substrate concentrations. Apparently, not enough experimental 

points were used to detect the complexities of th~ reaction and as noted above 



measuring the enzyme reaction rates with particulate enzyme· may be· 

misleading. 
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Observations presented·in this study raise the questiorr of whether 

nonconventional kinetic behav.ior is. unique to the placental .enzyme. In the 
. . 

absence of.ari apparent control mechanism.for regulating progesterone syn-

thesis in the human placenta, complex properti~s may have·a selective advan-. 

tage over.conventional kinetics, in terms of cellular economy. Negative 

cooperative effects between pregnenolone binding sites might well prevent 

-the placental enzymes from indiscriminately producing excessive amounts of 

progesterone when presented with high concentrations of pregnenolone. Such 

a self regulating control mechanism would also ·insulate the enzyme _against 

changes in metabolism and would ensure a continued supply of proge·sterone. 

during pregnancy~ 

Kinetics of Inhibition 

The kinetics of the placental enzyme reaction, inhibited by cyano- . 
. . . . ·. ' . 

keton and equilenin were. studied" in some detail in hope of gaining insight 

into the:molecular mechanism of the reaction.· It ·follows from the results. 

of this ·study that a straight forward ki-netic tr·eatment (by usual t~ichaelis 

-Menien analysis) to determine whether the. ~nteraction between substrate 

and inhibitor is competitive, -noncompetitive, etc., is. irrelevant for the 

inhibition of human placental 3{3-hydroxysteroid dehydrogenase: isomerase by 

equilenin ~nd cyanoketone. · The inhibition kinetic patterns vari~d with 

initial assay co~d·itions (i.e. substrate~ enzyme or inhi.bitor concentration). 

Pseudo-i~reversibZe Inhibition .. · Measuring ·the· effect of the in hi- . 

biters .on·th~ Vmax of the enzyme reaction at different concentration~ of 
' ,. . 

.. the enzyme revealed that cyanoketone and equilenin are pseudo-irreversible 
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inhibitors~ The tight binding mechanism therefore at least in part explains 

the failure of conventional plots to clearly elucidate the inhibition 

mechanism. 

Cyanoketone has been shown to be a pseudo-irreversible inhibitor 

in. other 3B-HSD:isomerase systems (Goldman, 1967, 1968). This is the first 

report however demonstrating a tight binding mechanism for equilenin as 

well as its inhibitory action. Since tight bindi_ng inhibition and com

pl-etely irreversible inhibition yield the same patterns when Vmax is mea-
. . 

sured as a function of enzyme concentration, it \'las necessary to determine 

whether binding was reversible. If inhibitor binding were .not reversibl.e, 

then no kinetic approach would be valid. · The dialysis experiments show 

quite conclusively that inhibitor binding to the enzyme is reversible, 

cyano·ketone binding with a .much greater affinity than equilenin (Fi·gure 36). 

·Neville and Engel (1968) similarly demonstrated that cyanoketone binding to 
. 

the P. testosteroni enzyme was reversible upon dialysis .. Goldman (1968) 

however, has suggested that cyanoketone binding is virtually nonreversible. 

Since equilenin and cyanoketone were shown to inhibit by a tight·· 

binding mechanism, kinetic data taken as a function of inhibitor concentra

tion were analyzed by the graphi.ca 1 procedure described by Henderson { 19~2) 

for tight bihding inhi.bitors. The resultant plots {Figures 39 and 40) fur~ 

ther confirm the tight binding mechanism for equilenin and cyanoketone. In 

addition the plots suggested that equilenin inhibits by interacting with 

pregnenolone binding sites. Cyanoketone apparently binds so tightly however 

that neither the mechanism nor the true K1 could be discerned. Because the 

affinity of enzyme for equilenin and cyanoketone is: much.greater than the 

affinity for the substrate, i~ is important to realize that in studying the 

·kinetics of inhibition, conventional plots for determining inhibition:m~cha-
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nisms and kinetic constants are not very meaningful unless incubation cori~ . 

ditions are carefully controlled to erisure that .the ratio fTIKr approaches 

0.01. This will require using very small concentratibns of inhibitor and 

enzyme.· The dissociation constant for cyanoketone may be so small that the· 

enzyme concentration required to achieve ET/Kr::: 0 .. 01 may be too low to 

detect any activity. 

Effects of Inhibitors on the Re~tionship Between Reaction Velocity 

and Pregnenolone Concentration. Although tight binding is responsible for. 

the failure of conventional plots to fully_characterize the mechanism of 

. inhibition, the fact that the enzyme reaction in the absence of an inhibitor· 

deviates from Michaelis-Menten kinetics must also be considered. For an 

enzyme reattion that does not follow Michaelis-r-1enten--kinetics, the para

meters 1<r1 and Vmax do not fully describe the relationship bet\~een substrate. · · 

concentration and reaction rate. For lack .of another way to define the, 

relationship it is necessary to observe the effect of an inhibitor on the 

reaction rate by relating to changes· in Vmax ·and K.\1· Enzymes displaying: 

regulatory 'kinetics generally behave in one of two ways.. In the absence of· 

an inhibitor, the rate curve can be normal (i.e. hyperbolic) but upon addi-

tion of an inhibitor, the ~ of the reaction increases and the rate of in

crease in the ·slope decreases (the relationship bet~een substrate concen- · · 

tration and velocity is altered and the shape of the curve is changed). 

Hi-th other enzymes, the opposite is true. An effector could abolish the 
. . -

' -

si'gmoid _character of the curve and decrease the KM·of the enzyme reaction.-

The rate curve for the placental enzyme reaction With pre~nenolon~ 

as the varied substrate is biphasic in the absence of an inhibitor. Addi

tion of 0~125 ~M ~quilenin (Figure 30) increased the pregnenolone concen~ 
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tr·ation required to reach 0.5. Vinax and had no effect :on the ·maximal velocity 

. of the enzyme reaction.·- On the other hand addition of 0.25 11M equilenin 

appeared. to decrease the maximal velocity but ·did not increase· further the 

pregne-nolone concentration required to reach 0.5 Vmax. In the presenc·e of 

both conceritrations of equil'enin.the slope of the rate curve decreased over 

low substrate ranges. _ In· the absence of' e.quilenin, the substrate-velocity 
- . ·. 

curve is fairly normal at low substrate concentrations (hyperboli-c) but addi- --

tion of equilenin ~hifts it to the right to give a sigmoid character to the· 

curve at low -substrate ranges._-_ This obse-rvation is consistent with the hypo-. 

thes{s that equileniri binding may c~ange the coriformation of.the substrate 

binding site to convert the enzYme to _a form with decreased. affi ni.ty for 

pregn~nolone. This {inding is also consistent with cooperative effects 

between pregnenolone sites. 

Substrate-veloci.ty curves for enzymes -are defined by the relationship 

-between. substrate concentration and reactfon velocity. Upon ·addition of a 

truly competitive inhibitor-the relationship between substrate concentration 

·and velocity is not.altered. Only the amount of subs-trate required ·to· reach 

·o.5 Vmax is chang~d .. The results obtained with equilenin therefore ~uggest · 

that the placental enzyme is a flexible-protein in accord with. Koshlandts 

-·theory of enzyme_ flexi-bility and substrate-enzyme interactions to establish 

·the proper alignment' of catalytic groups in the active site (Koshland, 1967). 

Consistent with this concept, ·equilenin could interact either directly with .· 

the substrate binding site or another·~osition on the surface of the active 

site to reduce the affinity of the enzyme for its substrate. Upon addition

of 0.05 ~M cyanoketone, the rate was not _markedly altered- (J.e. shape of~ the 

curve) and the stibstrate. concentration required ~o reach G.5 Vmax was in- · 

. creased (Figur~ 28). ·With 0~25 11 M cyanoketone, the biphasic curve·was abolished 

and the maximal velocity of the reaction was decreased. 
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· Effects of Inhibitors on Varying Co-enzyme Concentration.. The. 
. . . 

effects o.f cyanoketone and equilenin on the enzyme reaction when·NAD+ is 

the varied substrate are consistent with partially uncompetitive inhibi

tion, a mechanism in which the inhibitor binds ·to·the enzyme surface at a 

position other thari·the site for the varied substrate (i.e, NAD+ binding 

site}. The overall effect is to·decrease the ~ (i.e. increase the affinity 

of the enzyme for the varied substrate) and decrease the maximal velocity 

of the reaction. Upon visual inspection of the NAD+-velocity curve (Fig

ures 43 and 45) this mechanism is not readily distinguiShable from an un- . 

competitive inhibition pattern- The doub,le reciprocal plots for the two 

mechanisms however are quite different .. In the case of partially uncompe

titive inhibition,·the double reciprocal plots intersect above the 1/S 

. axis at a point greater.than l/Vmax (Segel, 1975, Chapter 4). The explana~ 

tion for the partially ~ncompetitive inhibitio~ patterns is ~s follows: 
. . .· 

Binding of the inhibitor in some manner i.ncreases the affinity ·of the enzyme 

for the varied substrate (here, NAD+). At low substrate concentrations, 
( 

the concentration _of the ternary complex ESI wi 11 be much greater than the · 

concentration of ES. (because EI has a greater affinity than E for S). · Even 

·though ESI does not form product as effectively as ES, the higher concen-

. tration of ESI _(ESI >>> ES), masks the inhibitory acti.on and the overall· 

effects at 1 ow substrate concentrations is activation __ of the react1 on through · 

enhancement of substrate binding. As the substrate increases, the greater 

affinity of EI for. the substrate is no longer significant because ESI <<< ES .. ·. · 

The overall effect of the inhibitor is thus to decrease maximal velocity. 

In the double re6iprocal plots the intersection point to the right of the 

vertical ·axis reflects the fact that the inhibitor activates at low substrate· · 

concentrations· and inhibits at high substrate concentration's .. 



164 

The. equilibrium expression for partially uncompetitive inhibition of 

·the placental enzyme \'lith NAD+ ·as the· varied substrate may be written as 

K. s 
E ~ NAD+ t E.NAD + E + P 

+ v 

I 
K. t+ 

1 
E. NAD. I + E + P 

The findi.ng. that equilenin and cyanoketone inhibit the reaction \vith NAo+·. 

·as the varied substrate by a partially uncompetitive mechanism: is consis-· 

·tent with other observations in this study. If-equilenin for example were 

to interact with the pregnenolone binding site (to bind with a greater affi~ 

ni ty than pr_egnenol one) and the binding of one substrate increases the · 

affinity of the enzyme for the other substrate, it follows that when NAD+ 

is used as the varied substrate equilenin would inhibit by a partially 

. uncompetitive mechanism~ 

It is concluded from t.his study that inhibition by equilenin and 
. . . . . . . . . . 

cyanoketone carinot be adequately defined in terms of class-ical inhibition· 

mechanisms and the usual kinetic treatment of inhibition data may not be 

relevant. Xt would seemmore-appropriate to characterize inhibition at·a 

particular set of incubation conditions by simply describing qualitative. 

effects on the kinetic parameters (Vmax and KrvtJ of the enzyme reaction and 

on the ~hape of the. substrate-velocity curve. To clarify the site of action 

of these inhibitors on the enzyme surface will -require. direct competitive 

binding studies ~lith an enzyme obtained in pure form .. Most important f1owever 

is the finding that the inhibition kinetic data have given some insight into 

the kinetic process of the placental .enzyme reactjon. 
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Structure-Activity Relationship for Inhibitton by Estranes. 

Examination of the in hi bi tory potency of variou$ estranes has. re-

vealed a definite relationship between structural characteristics of the. 

steroid molecule and the ability to inhibit the human placental 3sHSD: 

isomerase. There is no·similar·ity in this relationship to the structural 

requirements for hormonal activity. In fact, the weaker estrogenic steroids 

proved to be the most effective inhibitors.. However, the structure activity 

relationship so far defined is most reminiscent of the structural -·require--

·ments described for the action of steroids as inhibitors of electron trans

port enzymes {Stoppani et al .. , 1968.), (NADH-oxidase and succinate oxidase), 

and the huma~ placental aromatase (Schwar~el et al., 1973). 

It was found that steroids with trans A/B junctions (i .. e~ ·planar -
I . 

molecules) were the most effective inhibitors of beef h~art electron trans- -
' . . . 

port enzymes. Also, the presence of small polar end groups at C-3 and G-17 

were ~ssential for effective_ inhibition {i.e. alcohol -~nd ketone groups) and 

acylation of the alcohol at C-3 and C-17 enhanced inhibition. On the other· 

hand introduction of double bonds appeared to reduce stero·id inhibitory· 

action. ·There was a similarity between inhibition of the electron transport 

enzymes by androstanes and t_he structural requirements .for ·hormonal activity.· 

No such simi 1 ari ty \'las observed for the action of estranes in· the present study. 

Planarity_ in ring A/B conformation appeared also to be> a structural

requirement for inhibition of the aromatase system in the human placenta · 

{Schwarzel et al., 1973). Small·polar groups at C-3 and C-17 were essential . 

for inhibition and the 17-keto substituent was more effective than the 17B 

-OH group. Introduction of double bonds to Ring A and B in the androstane -

nucleus enhanced inhibitory effectiveness. However estr_ogens proved to be 
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poor inhibitors suggesting that they do not control· thei·r own synthesis· 

by feedback inhibition.·at the level of the aromatizing enzymeo .. 

Although the results 6b~erved. in the present study bear some resem~ 

blances to theres-ults obtained with other enzymes (Stoppani et al., 1968; 

Schwarzel et al., 1975) the s·tructure~activity relationship defined is 

rather novel and may be unique to the 3SHSD:isomerase. One of the objec

tives of the present study was to determine qualitative-trends for the 

. relationship betvJeen steroid structure and inhibitory potency •.. The fact 

that consistent results were obtained by comparing the K1s determined f~om 

double reciprocal plots indicated that the experimental approach for.testing 

the relative potency of inhibition.was valid. Although most compounds were.·: 
. . . . . . 

tested in a single assai a~ suggested by Schwarzel.et al. ·(1973}; the large.· 

number of compounds tested. under ·the ·same ·assay conditions provides a method· 

of experimental replication. 

·The synthetic steroidal·analogue cyanoketone (2a-cyano-17s-hydroxy 

-4,4, 17a-trimethyl-androst-5-en-3-one) has been the most extensively used . 

inhibitor of the 3sHSD and d5-isomerase rea~tions. Goldman (1967; 1968) has 

shown in previous studies that cyanoketone is an active site pseudo-irrever- :· 

sible inh1bitor and has an exceptionally small dissociation constant (i.e~ 

1,000 to 300,000-fold less than the K~1 of the enzyme substrate). Cyanok.etone 
. . 

· has the advantage of being a very potent, tight binding ·inhibitor as well as 

being a synthetic steroid with. no appa~ent sex hormone ~iological activity. 
. ..... . -

. . 

• Presumably then, its only iction is to inhibit the 3sHSD and isomerase 

reaction. Cyanoketone however produces toxic side. effects in vivo. _.These· 

include adrenocortical hyperplasia' and a decrease in testosterone an~· cor-

ticosteroid production in rats (Neville and Engel, 1968}. The fuost potent. 
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inhibitors in the estrane· series were found to be_ Ri~g B unsaturated estra

pentaenes (1,3,5(10),6,8). Equilenin (3-hydroxyestra-1,3~5(10)~6,8-penta~n 

-17-one) appears to be as potent an· i"nhi.bitor as cyanoketone, but has the 

advantage of being a naturally occurring ste·roid with little, or no estro- · 

genic activity.· 

·Design of a Selective Inhibitor of Progesterone Synthesis.· 

Knowledge of the structure-activity relationship d~fined.so fa~ for 

the action of estranes as. inhibitors is an important step in designing a .. · 
. . 

- ·.' '' .--

potent specific inhi'bitor of progesterone synthesis_ ·ra design such an in-. . .. 
. .. 

·hibitor it would first be necessary to· systematically examine the in vitro. 

effects of equilenin and structurally related compounds on the enzymes in· 

the placenta catalyzing the conve~sion· of DHA a~ well as pregnenolone. It 

waul d a 1 so be necessary to carry out a st.~dy 'to defermi ne and compare the 

in vitro effects of the same steroids on the enzyme activities catalyzin~ 

the conversion of DHA, 17a.-hydroxypregnenolone and pregnenolone to their· 

corresponding products in the ovary and adrenal cortex.. It seems plausib-le 

that a systematic study may reveal other steroids or steroid derivatives 

that preferentially inhibit the re~ction synthesizing progesterone. 

It is not uncommon for substrate specific enzymes. catalyzi_ng the 

same reaction to respond quite differently to the same.inhibitor .. Estradiol, 
. .· 

4-androsten-3,17-dione and cyanoketone are strong-inhibitors of t.he human 

placental enzymes when pregnenolone is used as the substrate (Ferre et al., · 
' . 

1975). Yet, inhibition by these steroids is weak when DHA is used as·· the 

substrate. Isozyme var·iation in· inhibitor binding was also demonstrated 

by Goldman and Sheth (1972) •. Several steroids with nitrophilic substituents 
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were shown to be effecttve inhibitors of the human placental enzymes con~ 

verting.DHA but relatively poor inhibitors of the enzyme converting preg-. 

nenolone. 

Relating in vitro effects to the action· of an inhibitor in vivo 

should only be considered tentative. There are too many variable~ that 

could alter the effect of an inhibitor in vivo. Differences in absorption, 

steroid metabolism, serum protein binding, etc., may contribute to the 

potency of the inhibitor. In the extreme case, a potent inhibitor in vitro 

may never reach the target enzyme when administered· in vivo. For a selective 

inhibitor of progesterone synthesis to be of value in·vivo would require 

that it spares adrenocortical function and is free of toxic side effects. 

In the adrenal cortex, it is reasonable to·suggest that inhibition cif pro

gesterone synthesis may not markedly alter C-21 corticosteroid synthesis. 

It has been shown that the major pathway for their product i.on is vi a the 

conversion- of ·17a-hydroxypregneno 1 one to 17a ... hydroxyprogesterone (He 1 i ky 

and Engel, 1962). 

Potential Value of a Selective Inhibitor of Progesterone Biosynthesis as 

an Antifertility Agent. 

A selective inhibitor of progesterone synthesis would be of con

siderable value both experimentally and pharmacologically. In an animal 

model, in which the primary source of progesterone throughout gestation is 

the placenta~ selective inhibition of th~ enzymes converting pregnenolone 

to progesterone would be equivalent to the experimental approach or organ 

ablation and hormone replacement .. Selective inhibition of progesterone 

synthesis in an animal model therefore would facilitate studying the phy

siology of progesterone during pregnancy. 
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Pharmacologically, a selective inh~bitor of progesterone synthesis 

is of potential value as an antifertility agent (i.e~ br interceptive, as 

per Naqu i and Warreri, 1971 ) ~ · I.f the feto-p 1 acenta 1 u·n it or the uterine . 

target tissue is deprived of sufficient progesterone in early pregnancy~_ 

the pregnancy will terminate and the fetus will either be resorbed ·(rat, 

rhesus monkey) or expelled (human). Warren (1973) has recently reviewed_ 

the mechanisms ·by which potential antifertility agents might promote with

drawal of progesterone in early pregnancy. We have been interested in the 

possibility that selective inhibition of progesterone synthe.sis in the ovary· 

and placenta might either prevent implantation or interrupt pregnancy. 

Equilenin and structurally related derivatives are the most likely candi

dates for· study .as antifertility agents. The fact that .equilenin has been 

shown to be a tight-binding inhibitor (Results, Section X) is an extremely 

desirable attribute. ·By virtue of its tfght binding it should be able to 

· be given in acute or single doses and effectively reduce progesterone pro

duction over a long enough period of time to induce termination of pregnancy. 

Extensive work with cyanoketone suggests that tight binding to·the target. 

·enzyme in vivo may be predicted by similar behavior in vitro. · Studies to 

determine how equilenin and structurally related compounds are metabolized 

and the effects in vivo on adrenocortical function are of course essential 

in_determining the potential Value of equilenin as an antifertility agent. · 

In Vitro Inhibitory Action of Some Pregnanes. 

Studying _the in vitro effects of pregnanes, normally fOund in the 
. . 

human placenta, 20a-hydroxypregn-4-en-3-one. {KJ 2. 0 x 1 o-6r~) was shown to · 

be a potent noncompetitive inhibitor of the. human placental enzymes conver

ting pregnenolone to progesterone (~Jiene.r and Allen, 1968) .... In the present 
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studies, 20&-hydroxypregn-4~en-3-one was also found to be a potent .inhibi-

tor of the human placental enzymes (Kr 3.2 x 1o-7M). In addition the. 

intermediate of the reaction, pregn-5-ene-3,20-dione is an effective inhibi- . · 

tor (Kr 3 x 1Q-6M)· while progesterone shows no inhibitory actioh. Other 

investigators have however demonstrated an inhibition of the human placental 

enzymes by progesterone at the same range of molar concentrations used in 

this study (Ferre et al, 1975; Wiener and Allen, 1968). 

Inhibition by progesterone was demonstrated with enzyme activity 

in the 10,000 x g supernatant of the whole homogenate (Wiener and Allen, 1968)· 

and with isolated mitochondrial and microsomal enzyme preparations (Ferre 

· et al .. , 1975). These preparations are less pure and certainly less soluble 

than the deoxycholate treated enzyme preparations used in the present study& 

In the work with the isolated membrane fractions, Ferre et al .. (1975)· found 

that even though progesterone· at a molar concentr~tion of 1.0 x 10-5M was 

an effective inhib·itor of the enzymes catalyzing the conversion of DHA to 

androst-4-ene-3,20-dione, it was a weak inhibitor of the activities conver-

ting pregnenolone to progesterone.· Available evidence published in the 

literature and, from our own r-esults therefore does not favor the possibility 

that the rate of progesterone synthesis in vivo may be controlled in part 

by product inhibition. 

Wiener and Allen (1967) and Wiener (1976) have suggested that be~ause 

the magnitude of the K1 foun_d for 20~-hydroxypregn-4-en-3 -one is comparab 1 e 

to endogenous concentrations of this steroid normally found in the human 

placenta (0~25- 5.7 x lo--6r1), (Zander et al., 1958; Sobrevilla et al.; 1964) 

that inhibition by 20~-hydroxypregn-4-en-3-one may form part of an important 

feedback inhibition mechanism in vivo for controlling placental progesterone 
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synthesis. The finding in the present study that the Kr for 20a.:.hydroxy

pregn-4-en-3-one was an order of m~gnitude·less than previously rep6rted · 

1 ends further ·support to this_ contention. However, it is uncertain whether 

20~:-hydroxypregn,...4-.en--3-one ·accumulates_ in vivo in sufficient concentrations 

·for its inhibitory action :to be of any physiological consequence. In the· 

human p 1 ac·enta, progesterone is not metabo 1 i zed to any 1 a rge extent and· 

the human is the only species studied that apparently does not· form Ring A . 

reduced metabolites of progesterone in the placenta (Solomon:. ·1966). In 
. . 

addition, ·equilibrium in the 20a-.hydroxylase reaction is str-ongly in favor 

of progesterone formation from 20a-hydroxypregn~4-en-3-one {Diczfal usy, 1969) ~· · 

In the present. study; two other endogenous steroids, estrone and 

estradiol, normally present in the placenta in substantial- amounts were 
. . . . ' 

. :, . . . . . . . . . . . ~ . . . . 

found to be effective in hi biters of the placenta 1 enzymes.. The KI for. es~ 

trone .(2.0 x l0~.7M) is comparab~e to the/K1 for 20a-hydroxypr_egn-4-en-3-one 

{3.2 x .to-7M}. Since estrogens are the· end products of steroid biosynthesis · 

in the placenta, a feedback inhibition mechanism involving estrone or estra-

diol would be more efficient than feedback inhibition by 20~-hydroxypregn 
. . . 

· -4-en-3-one ~ It may be specula ted that the in hi bi tory action of estr.ogens 

.. could be simultaneously directed toward different steps in the pathway to 

• control progesterone synthesis· as well as· r.egulate· the synthesis of its own 

precursor, androst-4-ene~3,17-dione. 
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. SUMMARY. 

In the human, the placenta is the primary source of progesterone 

r·equired for the· maintenance ·of pregnancy. The activities, 3s-hydroxy~ 

steroid dehydrogenase and 85-isomerase, catalyzing the conversion of preg

nenolone to· progesterone therefore play ·an important role in the physiology · 

of human pregnancy. The human placenta is a temporary steroidogenic organ·· 

of pregnancy but a mechanism for regulating steroid synthesis in the pla~ 

centa has not been demonstrated. Progesterone production by the placenta 

therefore has been presumed to be relatively autonomous. Since the placenta 

is the ma~n source of progesterone throughout the major portion of pregnancy 

it seems improbable that progesterone biosynthesis in the placenta is not 

controlled by some sort of regulatory mechanism. 

The objectives of this study were to examine in deta.il the kinetic 

and inhibition kin.etic behavior of the human placental 3s-hydroxysteroid 

dehydrogenase:isomerase system to gain insight into the manner in which the· 

enzymes might be regulated in vivo .. Part of the present study was also 

designed to examine the relative in vitro inhibitory potency of a large 

number of steroidal compounds and endogenous placental steroids in order to 

define a structure-activity relationship for inhibition and to test the 

possibility that the placental enzymes may be controlled in vivo by. -a steroid 

feedback inhibition me~hanism. To facilitate· these kinetic and inhibition 
' 

studies a radiochemical assay method for measuring the rate of formation of 

3H-progesterone from 3H-pregnenolone has been developed~ as well as proce

dures for solubilization and partial purification of the enzyme. 

In order to measure the rate of progesterone formation by the coupled 

enzyme reactions, a radiochemical method involving precipitation of 



pregnenolone by digitonin has been utilized. ·It w~s found that the only 

radiolabelled steroid conversion products of pregnenolone that could be 
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i so 1 a ted from the enzyme reaction med i urn were pregn-5-ene-3 ,20-d i one, the · 

product of the dehydrogenase, and progesterone, the product of· the· isomerase 

reaction.· Digitonin precipitation proved to be effective· i.n separating un

converted pregnenolone from both steroid conver~ion products. · Pregn-5-ene 

-3,20-dione, isolated from the reaction medium and identified by mass frag-

mentography has for the first time unequivocally demonstrated that the 

A5,3-ketosteroid is a reaction intermediate in the conversion of pregnerio

lone to progesterone. 

The placental enzymes are routinely extracted and so·lubilized by 
I " 

treating the cell free· homogenate w_ith sodium deoxycholate. By this. proce--. 

dure soluble enzyme is obtained _with a two-fold purification and an approxi

mate 50% yield of original homogenate activity .. The criteria for consider

ing the enzyme -to be soluble were: remaining· in the 195,000 x g supernatant 

for 90 minutes, not precipitating upon dialysis to remove· sodium deoxycho

late and .. by eluting from a Sepharose 48 columnin the hold up volume. ··Fur-

thermore, subjecting the solubilized enzyme preparation to gel filtration 

on Sepharose 4B ·routinely-yields- a partia·lly purified enzyme with a high 

recovery of activity~ 

Kinetic analysis with the soluble _enzyme preparation has revealed 

marked deviations from conventional Michaelis-Ment~n behavior. When initial· 

velocity is measured as a function of pregnenolone concentration in the 

presence of a fixed NAD+ concentration the ~esult~nt ~urves are ·~eproducibly. 

biphasic, containing a pronounced intermediary plateau region .. Furthermore, 

results from this study consistently indicate that pregnenolone binding and • · 

not NAD+ binding is responsible for the unusual kinetic patterns observed. 
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Diagnostic tests were performed to make a choice between the molecular 

species.contri~uti~g to the kinetic patt~~ns_ Downward deviation in the 

double reciprocal plots, Hill plots with slopes less .than 1, as well as· 

the distinct leveling in the rate curves over· .intermediate substrate ranges 

are compatible with negative cooperativity in substrate bindir1g. There are 

of course alternative molecular events for explaining these unusual kinetic 

patterns. From our results and the evidence in the published· literature 

it was concluded that the presence of multiple forms of the same enzyme do 
. . 

not contribute significantly to the kinetic behavior observed~ More det~iled · 

studies however will be needed to eliminate other ~lternative explanations. 

Upon addition of two potent steroidal inhibitors, 3-hydroxyestra-l, 

3,5(10),6,8-pentaen-17-one (equilenin) and 2a-cyano~l7a-hydroxy-4,4,17a-tri

methyl-androst-5~en-3-one (cyanoketone) it was found that the usual kinetic 
. . 

treatment of inhibition data (by Michaeli~i'-Mentenanalysis) was not relevant. 

In the presence of both steroidal inhibitors,: the shape of the rat~ curv~s 
. . . . . . . ·. . ' . 

were markedly alte~ed (i.e. relationship between substrate concentration and . 

reacti.on velocity) and the kinetic patterns varied with initial as~ay condi

tions (i.e. substrate and, inhibitbr concentratiori). In.the presence of 

equilenin a shift in. the rate curve at low substrate· ranges from a hyper

bolic to sigmoidal character was demonstrated. These observations are con-

·sistent .with the ·hypothesis ~hat inhibitor binding induces .conformation· 

change in the substrate bind·.ing site to convert the enzyme to a form with de-. 

creased affinity for the substrate. Inhibition kinetic patterns with 

equilenin are·also compatible with cooperative eff~cts between binding sites. 

The failure-of ·conventional plots to fully characterize the inhibition 

mechanism of cyanoketone and equilenin was _also attribute~ to the finding 
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that both steroids are tightly bound or pseudo-irreversible inhibitors; 

It was concluded from the detailed inhibition experiments that th~ mecha

nism of inhibition by cyanoketone and· equilenin appears to be similar~· 

cyanoketone however bei.ng the more effective inhibitor. Both ·steroids 

are tightly bound or pseudo-irreversible inhibitors and equilenin inhibi_ts 

by interacting with the binding site for pregnenolone. The mechanism of 

cyanoketone inhibition has not been clearly elucidated because of its 
. ' 

excptionally small dissociation con.stant. ·Both· steroids increase the 

affinity of the enzyme for the binding o{ its coenzyme, NAD+. 

The value. in the present study ·is in ._identifying ·the complex kine

tic behavior of the human placental enzyme· system. Furthermore; the 'results 

obtained provide a good working hypothesis for studying the molecular events 

occurring during the binding and kinetic process of this physiologically 

important enzyme reaction. In the absence of an apparent control mechanism 

for regu 1 at i ng progesterone synthesis in the ·human placenta, ·the camp 1 ex. 

kinetic beha~ior may be of physiologic significance in serving ~s a ·self 

regulatory mechanism for controlling progesterone biosynthesis in vivo.· 

Examination of·. the relative inhibitory potency of various steroids · 

in the estrane series has revealed a definfte relationship between struc

tural requirements i-n the steroid molecule and the ability to inhibit the 

enzyme reaction~ The structure-aGtivity relationship defined so far ls 

rather novel. Inhi·bitory action appears. to be related to the degree. of·· 

unsaturation in both Ring A and· B of the steroid nucleus .. Thus ·the most · 
. . 

potent inhibi-tors found were the Ring B aromatized estranes, which contain · 

little or no estrogenic,activitj. Furthermore, substituent end groups. 

show predictable effects on inhibitory action. ~Jith :the knowledge of the· 



·structure-activity relationship defined so far for estranes, it may pe .. possi

ble to design a potent specific inhibitor of. progesterona synthesis .. 
. . 

A selective inhibitor of progesterone: synthesis in the ovary and/or placen-

ta would. be of considerable· value in. cantrall i.ng progesterone production ... 

(durtng pregnancy) both experimentally and pharmatologically. Pharmacolo

gically, such an inhibitor may be of potential value as an interceptive 

or antifertility ~gent by promoting withdrawal of progesterone ~equired. 

for implantation and maintaining pregnancy. 

Of the endogenous placental ~teroids. examined, estradiol, estrone 

and. 2Qa-hydroxypregn-4-en-3-one were found to be the most effective. in vitro 
. - . . 

inhibitors of.the placental 3SHSD:isomerase. reaction .. Substantial inhibi-
. . ' . 

ti.on can be ach.i eved with concentrations of steroid equa 1 to 'or. 1 ess than 

the ~ of the enzyme reaction. These inhibitory actions in vivo may be of 
. . 

physiological consequence in forming part of a feedback inhibition mechanism 

. for controlling progesterone biosynthesis.·. 
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\APPENDIX . 

Trivial Names Systematic Names 

progesterone: 4-pregnene-3,20-dione. 

pregnenolone: 3s-hydroxy-5-pregnen-20-one .. 
. . . 

equilenin: 3-hydroxy-1 ,3,5(10) ,6,8.:.estrapentaen-17-one .. · · 
. ' ·, 

cyanoketone: 2a.-cyano-17 s-hydroxy-4 ,4 ,"l7ci -trimethyl-5-
androsten-3-one. 

hydroxymethy1enesteroid: l7s-hydroxy-2-hydroxymethy1ene-17a.-methyl-
5a.-aridrostan-3-one. 

dehydroepiandrosterone (DHA): 3s-hydroxy-5~androsten-17-one. 

17a.-hydroxypregneno 1 one: · 3s, 17 a-d i hydroxy-5-pregnen-20.-one. 

17a.-hydroxyprogesterone: · 17a·-hydroxy-4-pregnene-3 ,20-di one. 

tes.tosterone: 1713-hydroxy-4-androsten-3 ~one. 

estrenol: 4-estrene-3,17s-diol . 

. estrenone: 3-hydro:Xy-4-estren-17 -one. 

mestranol: 3-methoxy-17a-ethyny1-1,3,5(10)-estra-
, triene-3,17s-diol ... 

estradio1-l7-sodium sulfate: ··. 3-hydrdxy-1 ,3,5(10)-estratrien-17-yf- · 
sodium-sulfate. · · 

estradiol-17a.-3-sodium sulfate: .. 17a.-hydroxy-l ,3,5(10)-estratrien-3-yl
. sodium·sulfate . 

estrone methylether: 

estradiol hemisuccinate:. 

estradiol glucuronide: 

estriol: 

estradiol-17a: 

. 3-meth6xy-1,3,5(10)-estratrien-17-~ne~ 

. 3-hydroxy-1, 3, 5 ( 10 )'-estra tri en-17 -yl
hemisuccinate. 

3-hydroxy-1~3,5(10)-estratrien-17-y1-
. glucuronide. 

1,3,5(10)-~stratriene-3,16a.,17s-trio). 

1;3,5{10)-estratriene-3,17a.-diol. 



·Appendix (continued) 

Trivial Names 

epiestriol: 

·estradiol-17(3: 

ethynylestradiol: 

estradiol-17~acetate: 

estradio1-3,17-diacetate:· 

7~dehydroestrone-3-acetate: 

7-dehydroestradiol-17a: 

6-dehydroestradio1-17s: · · 

I 7-dehydroestrad i 01-17 a: 
6-dehydroestrone: · 

equilin: 

equilin-3,17-diacetate: 

equi1enin-3-methy1ether: 

equi1enin-benzylether: 

equilenin-17-sodium sulfate: 

6,8-dehydroestradiol-lla: 

equilenin-3-sodium sulfate: 

. ·190 

Systematic·Names · 

1,3,5(10)-estratriene-3,16B,17s-triol. 

1 ,3,5(10).-estratriene-3·,17(3~diol ~ 

17a-ethyny1-1 , 3, 5 (1 0) -estra tri ene-3, 17 s-
dio1. 

3-hydroxy-1 ,3,5(10)-estratrien -17-yl
acetate. 

1 ,3, 5 ( 10) -estra triene-3, 17B-d io 1-di acetate. 

17-oxo-1,3,5(10),7-estratetraen-3-y1-
. acetate. · 

· 1,3,5(10),7-estratetraene-3,17a~dio1. 

1,3,5(10),£-estratetraene-3,17s-diol. 

1 ,3,5(10),7-estratetraene-3, 17s..;diol. 

3-hydroxy-1,3,5{10},6-estratetraen-17-one. 

3-hydroxy-1,3,5(10),7-estratetraen-17-one .. 

1,3,5(10},7-estratetraen-3,17s-diol~ 
diacetate. 

3-metho'xy-1 ,3 '5(1 o)· ,6 ,8-estrapentaen-17-
one .. 

3-benzoate-1,3',5(10),6,8-estrapentaen-
17-one. · 

3-hydroxy-1,3,5(10),6,8-estrapentaen-17-
. yl-sodium sulfate. 

1 ~3 ,5(1 0) ,6 ,8-estrapentaene-3, 17a-diol. 
. . 

17-oxo-1,3,5(10),6,8-estrapentaen-3~yl
sodium sulfate. 

l7o,-dihydroequilenin-3-trimethyl 17a-h.Ydroxy-3-trimethyl ammonium sulfate-
ammonium sulfate-17-a·cetate: 1 ,3,5(10) ,6,8-estrapentaen-17-yl- · 

acetate. · · 



Appendix (continued) 

Tr.ivial Names 

6,8-dehydroestradiol-17~: 

equilenin-3,17-diacetate: 

diethylstilbestrol:· 

oxymetholone: 

20S-hydroxypregn-4-en-3-one: 

20a-hydroxypregn-4-en-3-one: 

pregn-5-ene-3,20-dione 

Systematic Names 

1,3,5(10),6,8~estrapentaene-3,17B-diol. 

1,3,5(10),6,8-estrapentaene-3,17S-diol
diacetate. 

trans-4,4'-a,a'-diethylstilbenediol. 

17~-hydroxy-17a-methyl-5a-androstan""' 
3-one. · 

20B-hydroxy-4-pregnen-3-one. 

· 20a-hydroxy-4-pregnen-3-:-one .. 

5-pregnene-3, 20-d i one. · 

191 : 



E 

Er 
ES 

EI 

ESI 

i 

p 

S· 

s 

. Vmax 

v 

Vo 

v· 1 

Symbols 

Interaction constant (effect of binding_ of one~ substance 
on another). 

Enzyme, 

Total Enzyme 

Enzyme-Substrate Complex 

Enzyme-Inhibitor Complex 

Enzyme-Substrate-Inhibitor Complex 

Michaelis Constant · 

Inhibitor Dissociation ·Constant 

Substrate Dissociati6n Constant 

Inhibitor Concentration 

Fractional Inhibition (fraction of total control 
. activity inhibited). 

Product 

Enzyme Substrate 

Substrate Concentration 

Maximal Velocity 

Initial Reaction Velocity 

Velocity of Uninhibited Reaction 

Velocity of Inhibited Reaction.· 
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