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SUMMARY 

In t h e  presence of a TPNH-generating system the synthesis of pregnenolone from 
endogenous precursors by the large particles (pellet 2) of rat adrenals is stimulated by 
Ca 2+. Ba ~+ and Sr ~+ at higher concentrations can replace Ca ~+. The stimulation does 
not appear to be due to the activation of a proenzyme. At the pH optimum of 6.2, 
freezing pellet 2 decreases pregnenolone synthesis. However, at pH 7.5 the previously 
frozen pellet 2 is more active than the normal one. These results are discussed with 
respect to the Ca 2+ and freezing stimulation of corticoid synthesis in adrenal whole 
homogenates. 

In the presence of TPNH and at pH 6,2, Ca ~+ stimulates the formation of pregne- 
nolone from cholesterol but not from 2ox-hydroxycholesterol, but at pH 7.5 the latter 
reaction is stimulated. Also, in whole homogenates at pH 7.5, Ca2+ stimulates the 
transformation of 2oa-hydroxycholesterol to .corticoids. 

Evidence is presented that the stimulation by freezing of both pregnenolone and 
corticoid synthesis at pH 7.5 appears to be due to the stimulation of the conversion 
of cholesterol to 2o,¢-hydroxycholesterol. Several observations also indicate that  this 
step is rate limiting in the transformation of cholesterol to corticoids in adrenal 
homogenates. 

INTRODUCTION 

It has been shown in a previous study 1 that corticoid production by rat adrenal 
homogenates, in the presence of TPN and glucose 6-phosphate, is stimulated by freezing 
the homogenate and by the presence of Ca *+. It  has also been found S that corticoid 
production from endogenous precursors requires the presence of the large particles 
(pellet 2) and the supernatant:The stimulation resulting from freezing is a consequence 
of events taking place in pellet 2. This fraction is also the rate-limiting fraction and 
contains most of the cholesterol present in the two fractions needed for corticoid 
production. In addition, in the sequence of reactions leading to the synthesis of 
corticoids from endogenous precursor, the steps stimulated by both freezing and Ca 2+ 
appear to be coficerned with the transformation of cholesterol to pregnenolone*." Since 
this transformation occurs in the mitochondria 3, it was concluded that Ca 2+ also 
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probably acted on the pellet-2 fraction although direct evidence for this could not be 
obtained at that  time. 

Recent work by HALKERSTON e¢ al. 4, 5 indicates that  the conversion of cholesterol 
to pregnenolone in adrenal mitochondria proceeds readily if T P N H  is provided. On 
the.basis of this report the synthesis of pregnenolone in pellet-2 preparations has been 
investigated with the aim to define 'some of the characteristics of this system and to 
establish more precisely the location of the stimulat0ry effects of Ca 2+ and of freezing. 

EXPERIMENTAL 

The rat  adrenal tissue used in this s tudy was routinely preincubate0 as previously 
described 1 and peUet-2 was isolated from o.154 M KC1 homogenates a :ording to the 
procedures already reported 2. The homogenates usually contained 8o<)0 mg wet wt. 
of tissue/ml. Before use, pellet 2 was resuspended in o.154 M KC1 to a final volume 
equal to the volume of the original homogenate. Results expressed on a per IOO mg 

, tissue basis refer to the wet wt. of tissue in ths  unfractionated homogenate. In one 
determination, the peUet-2 suspension obtained from a whole homogenate containing 
82 mg wet wt. of tissue/ml contained 2. I mg of protein/ml as determined by the method 
of LowRY et aL e using crystalline bovine serum albumin as a standard. In this paper 
pellet-2 preparations which have not been frozen are called nolmal preparations. 

The determination of pregnenolone 

The procedure used is a modification of that  of MUNSON et al. ~. A suitable aliquot 
of the incubation mixture (usually 1.5 ml of an incubatiola mixture of 2.0 ml) is trans- 
ferred to a glass-stoppered test tube and 2.5 m l  of spectrograde dichloromethane is 
added. The tube is shaken vigorously for I min and then centrifuged to clearly separate 
the two layers. A 2.o-ml aliquot of the dichloromethane layer i.s removed and trans- 
ferred to another glass-stoppered test tube. The dichloromethane is evaporated, in a 
warm water ba th  under a stream of dry nitrogen and to the residue 0.2 ml of glacial 
acetic acid, 0. 5 ml of the furfural reagent ~, and 1. 7 ml of 16 N H2SO 4 are added, with 
shaking after each addition. The tubes are placed in a water bath  at 67 ° for 15 min, 
cooled in an ice bath, and 3.0 ml of dichloromethane added. The tubes are now 
shaken vigorously for I min and again centrifuged. The color appears in the dichloro- 
methane layer and is read against dicbloromethane at 677 mr,. 

The reduction in the amount of reagents in the proportions indicated leads to 
about a four-fold increase in sensitivity, so that  after extraction with 3 ml of dichloro- 
methane,  I.O t~g of pregnenolone will give an absorbancy of about O.Ol 4 in a cell of 
I cm width in the Beckman DU spectrophotometer. This sensitivity can be further 
increased by extraction with smaller volumes of dichloromethane. The extraction by di- 
chloromethane after color development is necessary because the presence of lipids in the 
• dichloromethane extracts of incubation mixtures containing crude tissue preparations 
results in turbid solutions in the reagents used for the coloi development. The extrac- 
tion with dichloromethane results-in a shift of the absorbancy maximum from 660 m/, 
to 677 mt  L with a slight loss in sensitivity (approx. 8 %). Other solvents such as hexane 
and 2,2,4-tlimethylpentane are also effective in removing the lipid turbidi ty but they 
offered no advantages over dichloromethane and had some disadvantages, such as 
higher blank values, somewhat lower sensitivity and retention of the chromogen in 
-.the aqueous phase. 
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MUNSON et al. 7 have explored the specificity of the furfural procedure quite 
extensively and from their results substances other than pregnenolone expected to 
be encountered under the incubation conditions employed would not interfere. The 
modified procedure has been tested with cholesterol, progesterone, deoxycortico- 
sterone, hydrocortison6, and 2o~-hydroxycholesterol. None of these substances give 
appreciable color (absorbancy < 0.o08 at the 2oo-t~g level). As reported by M~:l~sor~ 
et a/. 7 for dehydroisoandrosterone, the concentration curve deviates from linearity. 
At absorbancy readings greater than 0.09, values must be read from a standard curve. 

"MATERIALS 

Sodium glucose 6-phosphate, NaTPN, NaTPNH, and glucose 6-phosphate dehydro- 
genase and pregnenolone were obtained from the Sigma Chemical Company, The 
2o~-hydroxycholesterol was a gift from Dr. M. GUT AND K. SHIMIZU. 

RESULTS 

Some properties of the system 

~Pellet-2 preparations fortified with TPN, glucose 6-phosphate, and glucose 
6-phosphate dehydrogenase show an increased synthesis of pregnenolone from endo- 
genous precursors in the presence of Ca 2+ (Fig. I). However, fleezing the pellet-2 
preparations results in a diminution of pregnenolone synthesis and there is a relatively 
smaller Ca z+ effect. The Ca s+ ion is more effective in stimulating pregnenolone syn- 
thesis than any other cation tested. The data of Table I shows that Ba a+ and Sr z+ 
at higher concentrations can replace Ca ~+, while Mg 2+ gives only a slight stimulation. 
Other cations tested had no effect or were inhibitory. Mn 2+, Co 2+ and Ni 2+ had no 
effect up to 5 raM; I.O mM, and 1.5 mM final concentration, respectively. Zn 2+ became 
inhibitory at o.2 mM, Fe z+ at 2.0 mM, Fe 3+ at i .o raM, Cu l+ at o.oo5 mM and Cu + 
at o?o5 mM, all final concentrations. 

The stimulation by Ca 2+ could be due to the activation of a proenzyme to an 
enzyme, such as the transformation of prothrombin to thrombin, ol Ca z+ may be a 
co-factor as in apylase. In the first case preincubation with Ca ~+ should result in an 

a ¢ 

:a. 

I 

i 

I I f 

Q55 1.10 1.65 
[co~mM 

Fig. x. The medium contained pellet 2, 90/zmoles phosphate buffer (pH 6.2), 1.6 mg NaTPN, 
2.x mg glucose 6.-phosphate, 0.05 units glucose 6-phosphate dehydrogenase, mad o,154 M KC1 
and the indicated additions to a final volume of 2.0 ml. Incubation was for 2.0 .h at  37 ° in air. 
Curve z, the pellet-z preparation had been previously frozen in a dry ice-ethanol  mixture. Curve 2, 

normal pellet-z preparation. 
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T A B L E  I 

S T I M U L A T I O N  OF P R E G N E N O L O N E  S Y N T H E S I S  B Y  V A R I O U S  C A T I O N S  

The i n c u b a t i o n  m e d i u m  con ta ined  0. 3 ml  of pel le t  2, 90 /zmoles  phosph i t e  buffer (pH 6.2), 1.6 mg  
NaTPN,  2.1 mg  glucose 6-phosphate ,  o.05 un i t s  of glucose 6 -phospha te  dehydrogenase ,  the  indi-  
ca ted  cat ions,  and  o.154 M KC1 to a final vo lume  of 2.0 ml. The va lues  under  the  Ca 2+ head ing  a re  

control  va lues  in  the  absence or presence of Ca 2+. I n c u b a t i o n  was  for 1.o h a t  37 ° in  air. 

Pregnenolone formed 

Sr2+ Ba2+ Mg~+ 

mM (ag/±oo mg tissue) 

o.2 23.2 2o.8 25.3 
o.5 27.5 24.1 23.7 
1. 5 41.4 29.2 27.o 
5.0 41.1 36.9 27.5 

15.o 4o.0 46.8 

Ca 2+ Ca ~+ Co#+ 

o 23.5 23.0 23.5 
o.55 37.4 41.6 37.4 

activation which will persist after the Ca ~+ is removed with EDTA. In the second case 
the stimulation of the system will require the continuous presefice of Ca 2+. I t  may  be 
seen from the data of Table I I  that  no evidence of stimulation during the preincubation 
with Ca 2+ was obtained, in the sense of a persistence of the Ca ~+ effect after the ad- 
dition of EDTA. Since the Ca z+ stimulation may  require the conditions needed for 
pregnenolone synthesis, i.e., the presence of TPNH,  the experiment described in 
Table I I I  was run. I t  is apparent that  since the pregnolone formed (b--a) is not 
greater than the pregnolone formed in Section C, that  the addition of EDTA to 
pellet 2, which had been incubated with both Ca 2+ and the TPNH-generat ing system, 
results in a reduction of the rate of pregnenolone synthesis to values obtained in the 

T A B L E  I1 

E F F E C T  OF P R E I N C U B A T I O N  OF P E L L E T  2 IN T H E  P R E S E N C E  OF C a  2+ ON P R E G N E N O L O N E  S Y N T H E S I S  

P r e i n c u b a t i o n :  The  m e d i u m  con ta ined  0.3 ml  of pe l le t  2, 9o/zmoles of Na  phosph i t e  buffer (pH 6.2), 
I . I  /zmole of Ca z+ w h e n  present ,  a nd  o.154 M KC1 to a f inal  vo lume  of 2.0 ml. I n c u b a t i o n  was  for 
the  i nd i ca t ed  t i m e s  a t  37 ° in  air. F ina l  i n c u b a t i o n :  To the  beake r s  which  had  b e e n  p r e i ncuba t ed  
were added  7 .5 / ,moles  phosph i t e  buffer (pH 6.2), i .6 m g  of NaTPN,  2. i mg  of glucose 6-phospha te ,  
0.o5 u n i t s  of glucose 6 -phospha te  dehydrogenase ,  and  where  i nd i ca t ed  I . I  /zmole of Ca z+ and  
2 .o /zmoles  of EDTA.  o . I54 M KC1 was  added  to  a final vo lume  of 2.2 ml. I n c u b a t i o n  was  for i .o  h 

a t  37 ° in  air. 

Preimubation . 

T i m e  C a  2+ 

(min) 

Final incubation 

No addition Ca ~+ EDTA Ca z+ + EDTA 

(ktg pvegnenolon¢/ioo rag tissue) 

o - -  i7. 5 32.6 i8 .o  
io  - -  i8 .o  18.o 
IO + 31.9 i8.o 
3 ° - -  I7.8 19.1 
3 ° + 32.4 21.5 
60 - -  18. 3 18.o 
6o + 28.2 23.3 

W.5 
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case where Ca 2+ and EDTA had been present from the start of the incubation. I t  
would appear that  the continuous presence of Ca*+ is needed for the system to become 
and remain stimulated. 

Fig. 2A shows the variation in pregnenolone synthesis from endogenous sub- 
strates with i~H with both phosphite and bicarbonate buffers under a variety of 
conditions. A pH of about 6.2 was optimal for pregnenolone synthesis in the absence 
and presence of Ca 2÷ and phosphite buffer at pH 6.2 was used routinely. It  is to be 
noted that although freezing pellet 2 has a deleterious effect at the lower pH values, 
at pH values greater than 7.2 it is more active than the non-frozen preparation. 

Since the TP NH requirement for this reaction, tlemonstrated by HALKERSTON 
et al. 4, is met by the generation of TPNH from glucose 6-phosphate and TPN in the 
presence of glucose 6-phosphate dehydrogenase, it was of consequence to determine 
whether the stimulation by Ca 2+ operated through this reaction. It  may be seen from 
Fig. 2B that the Ca ~+ stimulation also takes place when TP N H  is directly provided. 
The pH optimum has shifted from about 6.2 to about 5.8. This lower pH probably 
reflects more accurately the pH optimum of the series of reactions involved in the 
synthesis of  pregnenolone in this preparation. It  should be noted that here also the 
frozen pellet-2 preparation is more active than the non-frozeia one at higher pH values. 

4C 

5G 

2C 

52 

IG 

4c 

2C 

i i i i i i i i i i i i i~ 
u 

I 

1 

, ,  . . . .  , , , , , - ; , I  
5.6 6D 6.4 6B 72 7.6 80 

pH 

Fig. 2. The effect of pH on pregnenolone synthesis in 
pellet-2 preparations. Curve i, pellet 2. Curve z, pellet 
2 plus Ca *+ at  0.55 mM final concentration. Cawve 3, 
the pellet-2 preparation had been previously fat~zen in 
a dry ice-ethanol  mixture. A, the medium contained 
the pellet-2 preparation, 1.6 mg of NaTPN, 2.I rag. 
Na glucose 6-phosphate, 0.05 units of glucose 6-phos- 
phate  dehydrogenase, buffer and o.154 M KC1 to a 
final volume of 2.0 ml. Incubation was for 2.o h at 37 °. 
0 - - 0 ,  90/zmoles of acetate-phosphite buffer at  the 
indicated pH values. Incubation was in air. O ~ O ,  
o.154 M NaHCO 3 at  volumes calculated to give the 
indicated pH values under an atmosphere containing 
5% CO, and at 37 ° (see reI. 8). Incubation was in 
O2-CO2 (95:5). B, the medium contained the pellet-2 
preparation, 90/,moles of aceta te-phosphi te  buffer at 
the indicated pH values, 0.8 mg of the NaTPNH, and 
o.154 M KCI to a final volume of 2.o ml. Incubation 

was for 2.o h at  37 ° in air. 

Fig. 3 A describes the time course of the reaction in the presence and absence of 
Ca 2+. Little effect of the Ca 2+ is seen in less than a 2o-min incubation. I t  appears that 
in the absence of Ca 2+, pregnenolone synthesis may start at a rate comparable to that 
obtained in the presence of Ca 2+, but that this higher rate is maintained for only a 
short time. The effect of pellet-2 concentration is seen in Fig. 3 B. Unlike the curves 
obtained with whole adrenal homogenates in the synthesis of corticoids from endo- 
genous precursors 1, these curves do not exhibit increasing ~lopes. This suggests that  
the increasing slopes seen in the whole-homogenate system'is due to the existence of 
a multiplicity of. rate-limiting steps as proposed by Wu AND R&CHER 9 in their in- 
vestigation of the rate of glycolysis in tumor-cell extracts and not to the presence of 
endogenous substrate 10. 
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Various other properties of the system were also investigated. It  is relatively 
insensitive to hypotonic conditions. The replacement of 0. 5 ml of the o.154 M KC1 
by water had little effect on pregnenolone synthesis in the presence or absence of Ca *+, 
while the replacement of 0.87 ml of the KC1 by water resulted in a 17% inhibition 
in the absence of Ca *+ and a 13 % inhibition in the presence of Ca *+. Hypertonic 
sucrose (0.87 M final concentration) inhibited synthesis 42 % and 2o % in the absence 
and presence of Ca *+, respectively, and KC1 at 0. 4 M final concentration inhibited 
63 % in the presence or absence of Ca *+. The inhibitory effect of high KC1 concentra- 
tion has also been seen in the synthesis of corticoid by whole homogenates 1. 

Ascorbic acid over the concentration range i .o mM to 4o mM and cysteine and 
glutathione over the concentration range 0.75 mM to 30 mM stimulate pregnenolone 
synthesis only slightly (about lO%). Antimycin at 0.25 and oi 5 /~g/ml, aminopterin 
over the concentration range 0.o5 mM to i .omM, andAmytal  over the concentration 
range o.2 mM to 2.o mM had no effect on pregnenolone synthesis in the presence or 
absence of Ca *+. p-Chloromercuriphenyl sulfonate was completely inhibitory at o. I mM 
final concentration. 

In spite of the specificity displayed by the furfural procedure, additional evidence 
was deemed necessary to indicate that it was indeed pregnenolone that  was being 
measured under incubation conditions. This was done by demonstrating that the 
furfural chromogen produced by the pellet-2 system is readily converted to corticoids 
in whole adrenal homogenates and by the demonstration that  the increase in furfural 
chromogen resulting from the addition of TPNH and of TPNH plus Ca ~+ to the in- 
cubation medium was reflected in increases in pregnenolone as detected chromato- 
graphically. It  may be seen from the data of Table IV that when dichloromethane 

T A B L E  IV 

THE CONVERSION OF FURFURAL CHROMOGEN TO CORTICOIDS BY A WHOLE ADRENAL HOMOGENATE 

Pellet-2 s y s t e m  : The  m e d i u m  con ta ined  o. 3 ml  of pellet  2, 9o pmoles .of  phosph i t e  buffer  (pH 6.2), 
a n d  w h e n  present ,  1.6 m g  N a T P N ,  2.1 rag glucose 6 -phospha te ,  o.o 5 u n i t s  of glucose 6 -phospha t e  
dehydrogenase  a n d  I. I /*mole  Ca 2+. o" 154 M KCI was  added  to a final v o l u m e  of 2.o ml. I n c u b a t i o n  
was  for I.O h a t  37 ° in  air. P regnenolone  ana lys i s  b y  t he  fur fura l  p rocedure  a n d  cort icoid ana lys i s  
b y  t he  blue t e t r a zo l i um m e t h o d  11 were carr ied ou t  on  two ident ical  se ts  of vessels  and  2.o ml  of 
t he  d i ch lo rome thane  ex t r ac t  of a th i rd  set  was  evapo ra t ed  in  t he  beakers  in  wh ich  t he  whole 
homogena te ,  s y s t e m  incuba t ion  was  t h e n  carr ied out.-J~Vhole h o m o g e n a t e  s y s t e m :  In  add i t ion  to 
t he  above  m e n t i o n e d  evapo ra t ed  d i ch lo rome thane  ex t rac t ,  t h e  m e d i u m  con ta ined  o.3 ml  of t h e  
whole  h o m o g e n a t e  f rom which  pellet  2 h a d  been  prepared ,  4 ° pmo le s  of N a H C O  v 1.6 m g  N a T P N ,  
2.1 m g  glucose 6 -phospha te ,  and  o.154 M KC1 to a final v o l u m e  of 2.o ml. I n c u b a t i o n  was  for i .o h 
a t  37 ° u n d e r  Oz~CO 2 (95:5). The  cor t icoid-formed va lues  in  th i s  s y s t e m  h a v e  been  corrected for 
t he  sma l l  a m o u n t  of b lue  t e t r azo l ium-pos i t ive  ma te r i a l  p r e sen t  in t he  d i ch lo rome thane  ex t r ac t s  

f rom t h e  pellet-2 sy s t em.  

l~ellet-z system 

Additions 

Whole homogemae system 

Increased ¢o~icoid due to 
Furfural chromogen as Corticoid [urfuecd 

pg preguenolone/ formed chromogen addition 
z ml dicMoromelhane extract 

(re~beaker) 

Ca~+ 
Glucose 6 - p h o s p h a t e  dehydrogenase  

+ glucose 6 - p h o s p h a t e  + T P N  
Glucose 6 -phospha t e  dehydrogenase  

+ glucose 6 - p h o s p h a t e  + T P N  + Ca 2+ 

8.46 
o.41 9.07 
1.o4 9.13 

4.05 io.8 

7.34 13.4 

o.6 
0.7 

2.3 

4.9 
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T A B L E  V 

CHROMATOGRAPHIC EVIDENCE THAT THE FUREURAL CHROMOGEN (VC) MEASURES PREGNENOLONE 
IN DICHLOROMETHANE EXTRACTS OF VARIOUS REACTION MIXTURES 

I n c u b a t i o n  cond i t ion  I : each  beaker  con ta ined  0. 3 ml  of pel le t  2, 90 /*moles  of phosph i t e  buffer 
(pH 6.2), and  o.154 M KC1 to a final vo lume  of 2.0 ml. I n c u b a t i o n  condi t ion  I I :  add i t ions  were 
the  same  as for condi t ion  I p lus  1.6 mg  of NaTPN,  2.1 mg  of Na  glucose 6-phosphate ,  and  O.lO 
un i t  of glucose 6 -phospha te  dehydro'genase.  I n c u b a t i o n  cond i t ion  I I I :  add i t ions  were the  same 
&s for cond i t ion  I I  plus  i . i / * m o l e  of Ca 2+. All i nc uba t i ons  were for i .o  h a t  37 ° in air. The con ten t s  
of 12 beake r s  for each group  were pooled and  e x t r a c t e d  3 t imes  wi th  d ich loromethane .  Af ter  
r emova l  of a l iquo t s  for analysis ,  t h e  e x t r a c t  was  c h r o m a t o g r a p h e d  on pape r  us ing a l igroin 
p ropy lene  glycol  s y s t e m  1~ (sys tem A). The pregnenolone  areas  were de tec ted  by  an  a n t i m o n y  t r i -  
ch lo r ide  r eagen t  13. Af ter  e lu t ion  of the  areas  cor responding  to  p regnenolone  and  r emova l  of a l iquo t s  
for analys is ,  the  e lua te  was r e c h r o m a t o g r a p h e d  us ing the  g a s - c h r o m a t o g r a p h y  procedure  descr ibed 
by  VANDEN HEUVEL et al. 14 (sys tem ]3). The r e t en t i on  t ime  "of the  e x p e r i m e n t a l  saanples were 
iden t i ca l  w i t h  t h a t  of a u t h e n t i c  pregnenolone.  Concen t ra t ions  were ca lcu la ted  on the  bas is  of the  

areas  under  the  curves,  us ing  pregnenolone  as a s t andard .  

Incubation 
condition 

ChromaJography system 

A B 

FC found FC put FC found FC put 
on paper on column Found 

(ug~ O'g) (~g) (~g) 

1 3.1 1. 7 1. 7 1.2 o 

I I  33.8 26.7 17.1 11.7 I3.3 
I I I  74.3 59.6 41.6 28.3 27.5 

extracts  of the pellet-2 system containing varying amounts of furfural ehromogen 
(depending on the incubation conditions of the pellet-2 system) are transferred to an 
adrenal whole homogenate system known to be able to transform pregnenolone to 
corticoids ~, the amount of corticoid formed is seen to depend on the amount of 
furfural chromogen added. In addition, the per cent transformation of the furfural 
chromogen is in the correct range to assume that  all the furfural chromogen is preg- 
nenolone 2. The data 'of this table also confirm the results of HALKERSTON et al. 4 as to 
the necessity of the components of a system supplying T P N H  for pregnenolone 
formation. Table V shows that  by two chromatographic systems, the increases in 
furfural chromogen resulting from the addition of T P N H  and of T P N H  plus Ca *+ are 
reflected in increases in pregnenolone. In the paper-chromatographic system used 
65-7 ° °/o of the furfural chromogen is recovered in the pregnenolone zone. However, 
in control experiments using pregnenolone and the above paper-chromatographic 
system recoveries of 62 65 % were obtained. This compares quite favorably with the 
experimental results and indicates that  the furfural chromogen measured only preg- 
nenolone. Dehydroisoandrosterone, which also reacts with the furfural reagent, could 
be present in the incubation system used. However, none of this substance could be 
.detected chromatographically. 

The location of the stimulation by Ca .'.+ and by freezing 

The biochemical reactions involved in the conversion of cholesterol to pregneno- 
lone are not well known. SOLOMON et al. 15 have isolated 2oa-hydroxy-[4-14C]cholesterol 
after incubation of [4-14C]cholesterol with adrenal homogenate and have proposed it 
as an intermediate. SHIMIZU et al. 16 have shown that  2oa-hydroxy-[22-1*CJcholesterol 
incubated with adrenal extracts yields [14C]isocaproic acid, strongly suggesting that  
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the compound is converted to pregnenolone. Recently, they have demonstrated 
directly the formation of pregnenolone from 20a-hydroxycholestero117. Thus, two 
precursors of pregnenolone are known. It may be seen from the data of Table VI 
that in the absence of Ca ".+ exogenous cholesterol is poorly convertedto pregnenolone, 
while exogenous 20a-hydroxycholesterol is readily converted to pregnenolone in 
accordance with the results of SHIMIZU eta/. 16,17. In the presence.of,Ca t+, however, 
the conversion of exogenous cholesterol to pregnenolone is increased while that of 
20a-hydroxycholesterol is actually somewhat decreased. These results indicate that 
the stimulation of pregnenolone formation by Ca 2+ in pellet 2 at pH 6.2 takes place 
at the hydroxylation Of cholesterol to 20a-hydroxycholesterol. 

However, with whole homogenates, incubated under conditions where both Ca t+ 
and freezing stimulate corticoid production from endogenous precursors, it was found 
that the conversion of exogenous 20a-hydroxycholesterol to corticoids was stimulated 
3 fold by Ca 9+ but only slightly by freezing (Table VII). Ca 2÷ added to the frozen 
preparation had only a slight effect. 

TABLE VI  

T H E  E F F E C T  O F  C a  2+ O N  P R E G N E N O L O N E  S Y N T H E S I S  F R O M  E X O G E N O U S  P R E C U R S O R S  

The incubation medium contained o.3 ml of pellet 2,-9o #*moles of phosphi te  buffer (pH 6.2), 1.6 mg  
of NaTPN, 2.1 rag of glucose 6-phosphate,  o . io  uni t  of glucose 6-phosphate  dehydrogenase and 
the indicated addit ions and o.i54 M KC1 to a final volume of 2.0 ml. Where indicated, 60 pg  of the 
sterols in o.o2 ml e thanol  were added. The same volume of ethanol was also added t o t h e  control  

incubations.  Incubat ion  was for I.O h at  37 ° in air. 

Ca2+ 
(m,~O no addition 

Pmgnenolone synthesize~l (rig~beaker) 

cholesterol zo~-hydroxycholesterol 

Net Na 

3.27 4.09 0.8 13.2 9.9 
0.55 7.22 9.80 2.6 15.8 8.6 
2-75 8.27 11.4 3 .1 15.6 7.3 

T A B L E  V I I  

THE EFFECT O F  C a  2 +  AND FREEZING ON THE TRANSFORMATION OF 2OlX-HYDROXYCHOLESTEROL TO 
CORTICOIDS IN ADRENAL WHOLE HQblOGENATES 

Each  beaker  contained 40 /,moles of NaHCO s, 0. 3 ml o f  the homogenate,  1.6 mg of NaTPN,  
2.1 rag of Na glucose 6-phosphate,  and o.154 M KC1 to a final volume of 2.0 ml. 6o pg  of 2o~- 
hydroxycholesterol  was present  where indicated. Incuba t ion  was for I .o h under  O2-CO 2 (95:5). 

The analysis for corticoids was performed according to procedures described elsewhere 1. 

Coaicoid syntkesised (l~g/beal~r) 

Cat+ 2oot-hydroxycholesterol 
Homogenate (raM) no addition 

Na 

Normal 

Frozen 

- -  3.8 12.3 8.5 
0.28 IO.I 35.4 25-3 
0.55 11. 4 35.2 23.8 
I . I  II.O 3~o  24.0 
5.5 13.o 35.5 22.5 

16.5 15.7 32.8 17.I 

- -  12.1 21.9 9.8 
I . I  16.2 28.7 12.5 
5.5 17.5 29.2 11. 7 
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Since the whole homogenate is incubated at pH 7.5, which is in the optimal 
range for the conversion of endogenous substrate to corticoids 1, the transformation 
of exogenous cholesterol and 2oc¢-hydroxycholesterol to pregnenolone was tested as a 
function of pH in the pellet-2 preparation. I t  may be seen from the data of Table V I I I  
that  the Ca ~+ stimulation of cholesterol to pregnenolone is seen only at low pH values 
while that  of 2oa-hydroxycholesterol to pregnenolone is seen at the higher pH values. 
The transformation of cholesterol and 2o~-hydroxycholesterol to pregnenolone in 
pellet 2 as a function of Ca 2+ concentration is seen in Table IX. The stimulation is 
seen at the lowest Ca 2+ concentrations used. At higher Ca e+ concentrations the 
conversion of 2oa-hydroxycholesterol to pregnenolone is diminished. This is also seen 
in whole homogenates (Table VII).  

T A B L E  V I I I  

THE EFFECT OF p H  ON THE STIMULATION BY C a  ~+ OF THE TRANS~'ORMATION OF CHOLESTEROL AND 
20~-HYDROXYCHOLESTEI~OL TO PREGNENOLONE BY PELLET 2 

W h e n  p r e s e n t ,  C a  2+ w a s  a t  0 .55  m M  f i n a l  c o n c e n t r a t i o n .  T r i s - p h o s p h i t e  b u f f e r s  w e r e  u s e d .  O t h e r  
a d d i t o n s  a n d  i n c u b a t i o n  c o n d i t i o n s  w e r e  t h e  s a m e  a s  f o r  T a b l e  V I .  

Pregnenolone synthesized ( vg/beaker) 

2oa- Hydroxycholesterol Expt. pH ~ Ca 2+ Cholesterol Cholesterol + Ca 2+ 2o~-Hydroxycholesterol + Cat+ 

Net Net Nel Net 

6 .0  4 .2  7.1 
6-5 3 .8  7.2 
7.0 2 .6  6 .4  
7 .25 2 .2  5 .8  
7.5 1.9 5 .3  

7 .0  2.1 7.2 
"7 .25 1.3 5 .9  
7.5 1.3 5 -1 
7 .75 I.O 3.5  
8 .o  o .8  2 .9  

5.2 I.O 8 .0  0 .9  
4 .6  0 .8  4 .1  1.9 
3 .5  0 .9  7 .6  1.2 
2 .8  0 .6  6 .6  0 .8  
2 .0  o . I  5 .5  0.2 

12.o  9 .9  16.7 9 .5  
lO.6 9 .3  16.z lO. 3 

8 .7  7.4 17.1 12.o  
7 .7  6 .7  16.9  13. 4 
6 .5  5 .7  13.o IO.I  

T A B L E  I X  

THE EFFECT OF C a  2+ ON THE TRANSFORMATION OF CHOLESTEROL AND 20~-HYDROXYCHOLESTEROL 
TO PREGNENOLONE IN PELLET 2 

P h o s p h a t e  b u f f e r  w a s  u s e d  a t  p H  6 .2  a n d  T r i s  b u f f e r  a t  p H  7.5.  O t h e r  a d d i t i o n s  a n d  i n c u b a t i o n  
c o n d i t i o n s  w e r e  t h e  s a m e  a s  f o r  T a b l e  V I .  

Pmgnenolone synthesized (lzg/beaker) 

pH 6.2 pH 7.5 Ca t+ 
(rnM~ Cholesterol 2oa-Hydroxycholesterol 

No addition No addition 
Net Net 

- -  5 .o8  6 .58  1. 5 2.21 14. 7 12. 5 
o . 1 6  8 .46  12.5 4 .o  6 .77  22 .5  15.7 
0 .55  9 .84  13.7 3-9 7 .16 24 .5  17.3 
2.2 lO. 4 16.2 5 .8  6 .64  22 .8  16.2 
5-5 8 .98  13 . °  4 ,0 

I I .O 8 .21 19.2 I I .O 
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T A B L E  X 

"THE T R A N S F O R M A T I O N  O F  2 0 ~ - H Y D R O X Y C H O L E S T E R O L  T O  P R E G N E N O L O N E  B Y  N O R M A L  A N D  F R O Z E N  

P E L L E T - 2  P R E P A R A T I O N S  

Condi t ions  were t he  s ame  as for Table  VI  excep t  where  indicated.  

Ca t+ 
Pellet ~ (raM) 

Pregnenolone synthesized ( l~glbeaker) 

p H  6.z pH  7.5 

2oat-Hydroxyckolestegol 2oo~-H~droxyckolesterol 
No addition " " ' No addition 

Net Net 

Notanal 3.5 ° I7 .  9 ' I4. 4 1.2o 14. 3 I3 . I  
0.55 8,3o : I8. 3 IO,O 2.86 19.7 i6.8 

Frozen  0.84 1.33 0. 5 1.81 2.37 0.6 
0.55 I.IZ 2.05 0.9 2 . I6  2.65 0. 5 

TABLE XI 

T H E  R E Q U I R ~ E M E N T  FOR T P N H  FOR TI~E C O N V E R S I O N  O F  2 0 ~ - H Y D R O X Y C H O L E S T E R O L  T O  

P R E G N E N O L O N E  B Y  P E L L E T  2 

"The i ncuba t i on  m e d i u m  con ta ined  o. 3 m l  of pellet  2, 9o /*moles  of phosph i t e  buffer  (pH 6.2), 
a n d  t he  ind ica ted  add i t ions  a n d  o.I54 M KC1 to a final v o l u m e  of 2.o ml.  W h e r e  ind ica ted  1.5 m g  
of N a T P N ,  2 . i  m g  of glucose 6 -phospha te ,  o . Io  un i t  of glucose 6 -phospha t e  dehyd rogenase  a n d  
6o p g  of 2o~-hydroxycholes te ro l  in 0.o2 m l  e thano l  were added.  The  s a m e  v o l u m e  of e thanol  

was also added  to t h e  control  incuba t ions .  I n c u b a t i o n  was  for I.O h a t  37 ° in air. 

Addition 
Preg~'~olone syntlw_.si~d ~g lbea~  

~o~-hydroxy- 
c~ lcs~o l  

0 0 . 2  

T P N  + glucose 6 -pho rpha t e  i , I 6  2.77 
T P N  + glucose 6 -phospha t e  + glucose 6 -phospha t e  dehydrogenase  4.45 I4.7 

As indicated in Fig. 2 the freezing of pellet 2 diminishes the formation of preg- 
nenolone from endogenous precursors at pH 6.2 but increases it at pH 7.5. The normal 
pellet-2 preparation readily converts 2oa-hydroxycholesterol to pregnenolone but the 
frozen pellet-2 preparation has very low activity in this respect at both pH values 
(Table X) despite the increase in pregnenolone formation at pH 7.5 from endogenous 
precursors. It should be noted that this increased activity of the frozen pellet 2 is 
better seen in a 2-h incubation than in a x-h incubation. 

The data of Table XI show that TPNH is required for the conversion of 2oa- 
hydroxycholesterol to pregnenolone by the pellet-2 preparation. 

DISCUSSION 

The results presented indicate that the stimulation of corticoid synthesis by freezing 
and by Ca s+ seen in adrenal whole homogenates I is indeed due to the stimulation 
of the steps anterior to the production of progesterone as suggested earlier s. Th.e 

B i o c h i m .  B i o p h y s .  A c t a ,  56 (1962) 63-75 



74 s.B. KORITZ 

requirements for stimulation by divalent cations in pellet 2 and in the whole homo- 
genate are qualitatively similar. The stimulation by Fe 2+ seen in the whole homo- 
genate system is not present here, suggesting the possibility that this cation may act 
at a step subsequent to pregnenolone formation. Both systems require the continuous 
presence of Ca ~+, i.e., a proenzyme to enzyme transformation is probably not involved. 
There is a difference between the systems in that the synthesis of pregfienolone in 
pellet 2 is inhibited by freezing, while in the synthesis of corticoids freezing pellet 2 
was stimulatory 1. This discrepancy is, however, more apparent than real. The pH 
optimum for the series of reactions leading to corticoid synthesis in the whole homo- 
genate is in the neighborhood of pH 7.5 (see ref. I). At this pH, pregnenolone synthesis 
by the frozen pellet 2 is greater than that of the non-frozen preparation (Fig. 2) and 
would account for the stimulation of corticoid production from endogenous pre- 
cursors seen in frozen whole homogenates. 

The locus of the stimulation by Ca °+ of pregnenolone formation in pellet 2 was 
found to depend on the pH. At pH 6.2Ca 2+ stimulates the hydroxylation of cholesterol 
to 2o~-]~ydroxycholesterol and actually somewhat inhibits the trmMormation of 
2o~-hydroxycholesterol to pregnenolone. At pH 7.5Ca 2+ stimulates the conversion of 
2o~-hydroxycholesterol to pregnenolone. In addition, the transformation of 2o~- 
hydioxycholesterol to corticoids in the whole homogenate at pH 7.5 is stimulated by 
Ca 2+. The action of Ca "+ at two sites in the sequence of reactions from cholesterol to 
corticosterone could account for the Ca 2+ concentration curve exhibiting two maxima 
previously observed in the synthesis of corticoids by adrenal whole homogenates 1. 
Presumably, each Ca 2+ sensitive step reacts uniquely to varying concentrations of 
Ca 2+ and the Ca 2+ concentration curve in whole homogenates would correspond to a 
composite of the two curves under the conditions of corticoid synthesis prevailing. 

The stimulation by freezing, of corticoid synthesis in whol6 homogenates 1 and of 
pregnenolone synthesis in pellet 2 (Fig. 2), in both cases from endogenous precursors 
and at pH 7.5, appears to be due to the stimulation of the conversion of cholesterol 
to 2o~-hydroxycholesterol. This conclusion is based on the following evidence. (a) At 
pH 7.5, freezing a whole homogenate results in an increase in corticoid production 
from endogenous precursors due to events occurring in pellet 2 and at a step prior 
to the formation of progesterone 1,3. However, there is only a very small increase in 
the transformation of exogenous 2o~-hydroxycholesterol to corticoids. (b) The frozen 
pellet-2 preparation is less effective than the normal pellet 2 in transforming exogenous 
2o~-hydroxycholesterol to pregnenolone, but is more effective then the normal pellet 2 
in transforming endogenous precursor to pregnenolone at pH 7.5- 

Several observations indicate that at pH 7.5 in the normal whole homogenate 
the initial step in corticoid biosynthesis from cholesterol, i.e., the formation of 
2o~-hydroxycholesterol, is perhaps the rate-limiting step. Pregnenolone synthesis 
from endogenous precursors is very low at pH 7.5 in the pellet-2 preparation. However, 
2o~-hydroxycholesterol is readily converted to pregnenolone in this preparation at 
this pH. In addition, 2o~-hydroxycholestelol (this paper), pregnenolone and pro- 
gesterone 2 are readily converted to corticoids by whole homogenates at pH 7.5. Other 
evidence supporting the above conclusion is furnished by the observation that although 
the freezing of pellet 2 diminishes greatly the conversion of 2oe-hydroxycholesterol 
to pregnenolone, this preparation shows a greater synthesis of pregnenolone from 
endogenous precursor at pH 7.5 than does the non-frozen preparation. It  would appear 
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that in the normal pellet 2 the formation of 20a-hydroxycholesterol is rate limiting, 
since the stimulation of this step by freezing results in incleased pregnenolone for- 
mation despite the inhibition of the transfoimation of 20a-hydroxycholesterol to 
pregnenolone. 

It should be pointed out that the calculation of net synthesis in the presence of 
exogenous substrates and the conclusions drawn therefrom are based on the assump- 
tion that the addition of exogenous substrate does not materially affect the rate of 
synthesis from endogenous substrate. 
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