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SUMMARY 

I. An inves t iga t ion  was conduc ted  on the kinet ics  of  inhibi t ion of  f l -hydroxy-  
s teroid dehydrogenase  (3(or I7) - f l -hydroxys te ro id :  NAD(P)  oxidoreductase ,  EC 
I . I . I . 5 I  ) from Pseudomonas testosteroni. The na tu ra l  estrogen,  estradiol-r7fl  (Ki 
I , I O  -5 M) was a non-compet i t ive  inhib i tor  as were 2 -hyd roxyme thy l e ne - I7a -  
methy landros tan- i7 f l -o l -3 -one  (Ki = 3" Io -~  M) and  2a-cyano-4,4,i7a-trimethyl- 
androst-5-en-x7fl-ol-3-one (Ki = 7 " r ° - 7  M). 4 ,4 -Dimethy l - I7 f l -hydroxyandros t -5 -  
eno[3,2-c~pyrazole (Ki = 5"1o-7 M) and  ITfl-hydroxy-4,4,i7a-trimethylandrost- 5- 
enoE2,3-d]isoxazole (Ki = 4"IO-6 M) were compet i t ive  inhibi tors .  These four syn-  
the t ic  and ros t ane  or andros tene  der iva t ives  were more t igh t ly  bound  to the  enzyme 
than  was estradiol-x7fl.  

2. The degree of inhib i t ion  b y  estradiol-ITfl  and  b y  d ie thy ls t i lbes t ro l  was found 
to v a r y  wi th  pH.  Bo th  estrogenic compounds  were be tween 4 and  20 t imes  more  
effective inhibi tors  when the p H  was made  4 uni ts  more  alkaline.  Possible reasons 
for this  behav io r  are a change in the  degree of  ionizat ion of  groups  at  or near  the  
ac t ive  site(s) of  the  enzyme and  a con t r ibu t ion  of phenola te  ion b y  these estrogenic 
compounds .  

INTRODUCTION 

In  the  preceding pape r  2, i t  was r epor ted  t ha t  cer ta in  subs t i tuen t s  on C-2 of the  
andros t ane  nucleus, as in 2-hydroxymethylene-i7a-methylandrostan-i7fl-ol-3-one 
and  2a-cyano-4,4,I7a-trimethylandrost-5-en-i7fl-ol-3-one, inhib i ted  f l -hydroxys te -  
roid dehydrogenase  a t  low concentra t ions .  Br idged  r ing s t ruc tures  at  C-2 and  C-3 
such as s te ro ida l  2,3-isoxazoles and  2,3-pyrazoles were also efficient enzyme inhibi-  
tors.  A s imilar  t y p e  of  inves t iga t ion  was conduc ted  b y  MARCUS AND TALALAY 3 
wi th  1,3,5-estratr iene der ivat ives .  They  found t ha t  the  phenolic  A r ing wi th  a 3- 
h y d r o x y l  subs t i t uen t  resul ted  in effective inhibi t ion.  

This  communica t ion  is concerned wi th  fur ther  de l inea t ing  the  mode of  inhibi t ion  
and  with  de te rmin ing  the dissociat ion cons tan t s  of i nh ib i t o r - enzyme  complexes.  

* Presented in part at the 46th Annual Meeting of the Federation of American Societies for 
Experimental Biology 1. 
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Estradiol-I7fl was compared with four androstane or androstene derivatives found 
by us to be effective inhibitors of the fl-enzyme at low concentrations. An observa- 
tion that estradiol-I7fl and diethylstilbestrol inhibited to greater extent at pH 9.5 
than at pH 5.5 led to a study of the possible reasons for this behavior. 

MATERIALS 

The enzyme, fl-hydroxysteroid dehydrogenase (3(or I7)-fl-hydroxysteroid:NAD(P) 
oxidoreductase, EC I . I . I . 5 I ) ,  w a s  prepared from testosterone-induced cultures of 
Pseudomonas testosteroni by the method of MARCUS AND TALALAY 4 with slight 
modifications by us as reported before 2. NAD and NADH 2 were obtained from Sigma 
Chemical Company. Testosterone, androst-4-ene-3,I7-dione, estradiol-I7fl and di- 
ethylstilbestrol were products of the Vitamerican Oil Corporation, Mann Research 
Laboratories, Eli Lilly and Nutritional Biochemicals, respectively. The other steroids 
were obtained from Dr. R. O. CLINTON and his associates of this Institute 5-s. 

METHODS 

The enzyme system contained o.I #mole of NADH 2 or o.5 #mole of NAD, o.o5 #mole 
of the substrate which was either androst-4-ene-3,I7-dione or testosterone dissolved 
in absolute methanol, test steroid of varying amounts dissolved in absolute methanol, 
Ioo#moles of Sorensen's phosphate buffer (pH 5.5) or potassium phosphate or 
sodium pyrophosphate buffers of given pH values, and fl-hydroxysteroid dehy- 
drogenase in a total volume of 3.o ml. The reaction mixtures were contained in I-cm 
silica cuvettes. The reaction was initiated by the addition of enzyme and the initial 
reaction rate was measured at 34o m# on the Beckman DU spectrophotometer for 
the first minute. 

Kinetic measurements were made with androst-4-ene-3,I7-dione as substrate 
and NADH~ as cofactor in S0rensen's phosphate buffer (pH 5.5) with 5o #1 (25o/5 
units) of steroid dehydrogenase. For studying the effect of pH on estrogen inhibition 
of fl-hydroxysteroid dehydrogenase, potassium phosphate or sodium pyrophosphate 
buffers within their appropriate buffering ranges were used. 

RESULTS 

Mode of inhibition and K, values 

Four of the compounds which were among the most effective inhibitors of steroid 
dehydrogenase, as given in the preceding paper 2, were further characterized according 
to their mode of inhibition by the method of LINEWEAVER AND BURK 9. The data 
for 2-hydroxymethylene-i7a-methylandrostan-iTfl-ol-3-one are presented graphically 
in Fig. I, those for 2a-cyano-4,4,I7a-trimethylandrost-5-en-I7fl-ol-3-one in Fig. 2, 
those for 4,4-dimethyl-I7fl-hydroxyandrost-5-eno[3,2-c]pyrazole in Fig. 3, and those 
for I7fl-hydroxy-4,4,i7a-trimethylandrost-5-eno[2,3-d!isoxazole in Fig. 4. These com- 
pounds were compared with estradiol-i7fl (Fig. 5) which had been shown by MARCUS 
AND TALALAY a to be tightly bound to the enzyme surface. From the Ki values sum- 
marized in Table I, it may be seen that estradiol-I7fl, a non-competitive inhibitor, 
was less tightly bound to the enzyme than any of the other synthetic androstane or 
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Fig. i. Inhibition characteristics of 2-hydroxymethylene-I7a-methylandrostan-I7/~-ol-3-one on 
fl-hydroxysteroid dehydrogenase. The inhibitor concentrations were: none ( O - - O ) ;  o.167 #M 

( A - - A ) ;  and o.833/~M ( D - - D ) .  
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Fig. 2. Inhibition characteristics of 2a-cyano-4,4,i7a-trimethylandrost-5-en-i7fl-ol-3-one on ~- 
hydroxysteroid dehydrogenase. The inhibitor concentrations were: none ( O - - O ) ;  o.I67ktM 

( a - - A ) ;  and 1.67/zM ([~--[q).  
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Fig. 3. Inhibition characteristics of 4,4-dimethyl-i7{/-hydroxyandrost-5-eno[3,2-c]pyrazole on 
fl-hydroxysteroid dehydrogenase. The inhibitor concentrations were: none ( O - - O ) ;  o.167/*M 

( A - - A ) ;  and 1.67 k,M (E]--U) .  
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Fig. 4- Inhib i t ion  characterist ics  of  I7f l -hydroxy-4,4,I7a- t r imethylandrost-5-eno[2,3-d] isoxazole  
on f l -hydroxysteroid  dehydrogenase.  The inhibi tor  concentra t ions  were : none ( O - -  O) ; 1.67 #M 

( A - - A ) ;  and t6.7/~M ( [3- - [~) .  

androstene derivatives irrespective of whether they were competitive or non-com- 
petitive inhibitors. 

2-Hydroxymethylene-3-keto steroids exist as hydrogen-bonded, 6-membered 
ring structures. Reaction of these compounds with hydroxylamine hydrochloride 
gives the corresponding 2,3-isoxazole 7. This change in the ring system to the 2, 3- 
conjugated isoxazole resulted in the conversion of an androstane derivative which 
was a non-competitive inhibitor to one which was competitive, but with less affinity 
for the enzyme surface. Condensation of the 2-hydroxymethylene-3-keto-steroid 
with hydrazine s to give the pyrazole derivative also yielded a competitive inhibitor, 
but this time affinity for the enzyme surface was approximately the same as for the 
parent compound. 

"7 

E 

1 , 5 0  

.£ 
E 

10C 

0 1 0 0  2 0 0  3 0 0  4 0 0  

Y[S] x 103 M-1 

Fig. 5- Inhib i t ion  character is t ics  of  estradiol-I7fl  on /~-hydroxysteroid dehydrogenase.  The in- 
hibi tor  concent ra t ions  were:  i~one ( O - - O ) ;  t - 6 7 # M  (LX A);  4I-7/~M ( O - - @ ) ;  and I6 .7#M 

([] D). 

The effect of pH on inhibition 

The relative effectiveness of various steroids as inhibitors and the kinetic deter- 
minations reported above were compared using androstenedione as substrate in a 
medium buffered at pH 5.5- Estradiol-I7/~, tested as an inhibitor of steroid dehy- 
drogenase with testosterone as substrate in a medium buffered at pH 9.5, which 
favors steroid oxidation, exhibited a 3-tbld increase in effectiveness as an inhibitor 
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Steroid i~ o (#M) Type of inhibilion Kt (I~M) 

Estradiol- 17fl I I 

2-Hydroxymethylene-I 7a-methylandrostane-x 7fl-ol-3- 
o n e  

2a-Cyano-4,4,17a-trimethylandrost-5-en-17/~-ol-3-one 

4,4-Dimethy 1-17fl-hydroxyandrost-5-eno[3,2-c]pyrazole 

17fl-Hydroxy- 4,4,17a-trimethylandrost-5-eno[2,3-d]- 
isoxazole 8. 5 

Non-competitive I o 

0.9 Non-competitive 0. 3 

o.78 Non-competitive o.7 

o .83 Competitive o. 5 

Competitive 4 

compared with its action at  pH 5-5. Diethylst i lbestrol ,  tested under  the same con- 
ditions, showed a Io-fold increase in the concent ra t ion  necessary to produce 5o% 
inhibi t ion  at  pH 5.5 with androstenedione compared with testosterone as subst ra te  
a t  pH 9.5. In  each case, be t te r  inhib i t ion  was observed at the more alkaline pH. 
An explanat ion  for this behavior  was sought. 

The par t ic ipat ion of NAD carries with it  up take  or release of a H ÷ ion from 
solution. The reaction, therefore, is pH-dependent .  Oxidat ion of testosterone is 
favored at  alkaline pH values while androstenedione reduct ion is favored at  more 
acid pH values;  so, the reaction systems are buffered according to which direction 
the reaction is to proceed. The increased degree of inhibi t ion of steroid dehydrogenase 
with estradiol-I7fl or with diethylst i lbestrol  noted  above at  pH 9-5 was in each case 
compared with the rate of reaction wi thout  either test agent a t  tha t  pH. Therefore, 
this observed difference was in addi t ion  to a ny  change in rate due to pH of the 
react ion med ium alone. 
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STEROID DEHYDROGENASE INHIBITION 

TABLE I 

K I N E T I C S  O F  I N H I B I T I O N  O F  / ~ - H Y D R O X Y S T E R O I D  D E H Y D R O G E N A S E  

B Y  S Y N T H E T I C  A N D R O S T A N E  D E R I V A T I V E S  C O M P A R E D  W I T H  E S T R A D I O L - I 7 / ~  

Fig. 6. Absorption spectrum of NAD and dihydroxyacetone (C)--O) contrasted with that of 
NAD and diethylstilbestrol ( • .) and of NAD alone ( . . . .  ). 
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From work in KAPLAN'S laboratory 1°, it is known that NAD can combine with 
carbonyl reagents at an alkaline pH. Also, MONDER 11 reported that cortisone and 
other allied steroids complex with NAD at high pH. Estradiol was found unreactive 
here. Fig. 6 illustrates the results obtained by us with diethylstilbestrol and NAD. 
Diethylstilbestrol did not complex with NAD in pyrophosphate buffer (pH 9.8) 
while dihydroxyacetone did. Therefore, complex formation with NAD at pH 9-5 
using testosterone as substrate can be eliminated as an explanation for a greater 
degree of inhibition at alkaline pH values. 

The dependence of the degree of inhibition upon pH was investigated further 
using androstenedione and NADH 2 as the respective substrate and cofactor. Diethyl- 
stilbestrol and estradiol-I7fl were compared as inhibitors of the reaction as illustrated 
in Fig. 7. Since the reaction rate itself is pH-dependent, the rate of androstenedione 
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Fig. 7- E s t r o g e n  effect on  a n d r o s t e n e d i o n e  r educ t ion  as a f u n c t i o n  of  p H  : d ie thy l s t i lbes t ro l  ( O - -  O),  
and  es t radio l - i7f l  ( A - - A ) .  

reduction decreased with increasing pH. Independent of this rate change, there was 
an increased degree of inhibition by estrogen at progressively more alkaline pH 
values compared with the reaction rate determined without the estrogenic compound 
in each case. In addition, with androstenedione as substrate, diethylstilbestrol in- 
hibition varied more with pH than did estradiol inhibition. 

Using testosterone as substrate and NAD as cofactor, as shown in Fig. 8, the 
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Fig. 8. E s t r o g e n  effect on  t e s t o s t e r o n e  ox ida t ion  as  a f u n c t i o n  of  p H  : d ie thy l s t i lbes t ro l  ( O - -  O),  
and  es t radiol -  17/~ ( A - -  A ). 
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degree of inhib i t ion  wi th  the  two estrogens also va r ied  wi th  p H  and  this  inhib i t ion  
was more  p ronounced  as the  p H  became progress ively  more  alkaline.  In  this  case, 
es t radio l  inhib i t ion  was more  affected b y  an a l t e ra t ion  in p H  than  was d ie thy l -  
s t i lbes t ro l  inhibi t ion.  This  s i tua t ion  was the  reverse of t ha t  observed wi th  andros tene-  
dione as subs t ra te .  

DISCUSSION 

In  the  case of the  phenolic,  estrogenic compounds  dea l t  wi th  here, phenola te  ion m a y  
be one of the  factors  responsible  for t igh t  a t t a c h m e n t  to the  enzyme because of  the  
p H  dependency  of  inhib i t ion  potent ia l .  The p K  values  of estradiol-x7fl  and  d ie thy l -  
s t i lbes t rol  were found to be 11.8 and  12.2, respect ively ,  in 50% ethanol .  (The p K  
values  of i i . 8  and  12.2 m a y  be high compared  wi th  t ha t  of 9-9 for phenol.  The  
reason for this  m a y  lie in the  solvents  used for the  two sets of de terminat ions .  Since 
es t radio l - i7f l  and  d ie thy l s t i lbes t ro l  are insoluble in water ,  t hey  were dissolved in 
50% e thano l  for the  p K  de terminat ions .  Phenol  is more  water-soluble .  Changing 
the  solvent  from wate r  to  50% e thanol  m a y  a l te r  the  degree of  ioniza t ion  b y  1 or  
2 p K  units.) As the  p H  of  med ium increases,  so will the  con t r ibu t ion  b y  pheno la te  
ion. A m a j o r  fac tor  in any  discussion of p H  and  react ion ra tes  is, of course, the  in- 
fluence of p H  on the  ionizable  groups of the  enzyme.  The re la t ive  impor tance  of a 
series of  p H - d e p e n d e n t  factors  is cont ingent  on the  dissociat ion cons tan ts  of the  
var ious  enzyme,  cofactor,  subs t r a t e  and  inh ib i tor  complexes  as a funct ion of  pH.  

Ano the r  s imi la r i ty  be tween na tu r a l  and  syn the t i c  estrogens was s t a t ed  b y  
GRUNDY li, who reviewed d a t a  ob ta ined  b y  X - r a y  c rys ta l lography .  The dimensions  
of  es t rone and d ie thy l s t i lbes t ro l  are qui te  similar.  The lengths  of  the  two molecules  
were found to be 8.55 A and  the wid ths  3.88 A. Also, the  thicknesses  of the  two 
molecules  are qui te  similar.  The  d ie thy l s t i lbes t ro l  molecule is not  p lanar .  The benzene 
rings are out  of the  p lane  formed b y  the a l iphat ic  chains.  Therefore,  i t  has  th ickness  
and  t h a t  th ickness  is a p p r o x i m a t e l y  the  same as t ha t  p roduced  b y  the conformat iona l  
pucker ing  of the  s teroid  nucleus. 

MARCUS AND TALALAY 3 have  shown tha t  s t i lbenes and  es t ra t r ienes  are f i rmly  
bound  to the  enzyme.  Phenol  is not  an inhibi tor ,  b u t  this  m a y  be due to the  necess i ty  
for mul t ip le  a t t a c h m e n t  to the  enzyme,  since ox ida t i on - r educ t i on  occurs at  pos i t ions  
3 and  I7, and  to a lesser degree at  posi t ion 16 of the  s teroid nucleus. The influence 
of  p H  on b ind ing  of these es t rogens represents  an add i t iona l  factor  in this  complex  
sys tem.  
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