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SUMMARY 

The succinate-supported synthesis of corticosterone from endogenous precursors in a cell-free system 
from rat adrenals is inhibited by ADP and ATP. The inhibition is observed at short incubation times 
followed by a recovery from the inhibition and it appears to be specific for adenine containing com- 
pounds. The inhibition by ADP(ATP) requires phosphate, is increased by the presence of glucose 
plus hexokinase and eliminated by the presence of atractyloside or phosphoenolpyruvate plus pyruvate 
kinase. The inhibition is also eliminated if ATP is added shortly after the start of the incubation 
or if succinate is replaced by isocitrate. The inhibition has been found to occur only at the 1 Ifi-hydroxy- 
lation of deoxycorticosterone and the inhibition of this reaction shares many of the properties of 
the inhibition of corticosterone synthesis from endogenous precursors. It is concluded that the inhibition 
may be attributed to a competition for reducing equivalents between the hydroxylase system and 
oxidative phosphorylation as well as a direct effect on the hydroxylase system. 

The synthesis of corticosterone from cholesterol in 
the rat adrenal cortex consists of a series of reactions 
which occur in the mitochondria and the microsomes. 
The transformation of endogenous cholesterol to 
pregnenolone takes place in the mitochondria [l]; 
the formation of progesterone from pregnenolone and 
the 21-hydroxylation of progesterone to yield deoxy- 
corticosterone occur in the microsomes [2,3]; and 
the final 1 I~-hydroxylation of deoxycorticosterone to 
give corticosterone takes place in the mitochondria 
[Z]. There is thus present an interaction between two 
organelles to accomplish the synthesis of the final 
product. There is evidence that there are regulatory 
factors involved in this complex series of reactions 
in addition to the primary regulation by ACTH at 
the transfo~ation of cholesterol to pregnenolone 
[4,5]. Thus, it has been found that 1 I~-hydroxylation 
of deoxycorticosterone inhibits the conversion of cho- 
lesterol to pregnenolone, but the reverse situation 
does not occur [6]. Pregnenolone can inhibit its own 
formation from cholesterol [7]. Ca’+ stimulates preg- 
nenolone synthesis [S] and 1 l/Lhydroxylation of 
deoxycorticosterone [9]. Reduced NAD+ inhibits the 
formation of progesterone from pregnenolone and 
this inhibition can be reversed by ascorbic acid 
among other substances [lo]. Both NAD4 and 
NADH stimulate the 5-ene-3-keto steroid isomerase 
(I I]. It is not known what physiological functions 
these modifications of the steroidogenic enzyme reac- 
tions may have, but the existence of such a number 
suggests the possibility that this sequence of reactions 
may well be functionaliy a highly integrated system. 

In addition, a number of investigations have been car- 
ried out on the relationship between steroid 1 l/J-hyd- 
roxylation and oxidative phosphorylation [12-161. 

In this communication we describe an inhibition 
by ADP(ATP) of corticosterone synthesis from endo- 
genous precursors. Several of the properties of this 
inhibition have been investigated and it has been 
found to take place only in the 11/3-hydroxylation 
of deoxycorticosterone. 

MATERIALS AND METHODS 

Rat adrenal glands were removed, homogenized 
and the homogenate fractionated according to the 
procedures described previously [17] except that the 
homogenization medium consisted of 0.25 M sucrose 
which contained 1 mM EDTA and 12 mM Tris buffer 
at pH 7.5. The preparation of mitochondria con- 
tained, on the average, about 2.0-2.5 mg protein per 
ml and the microsomes about 1.8-2.1 mg protein per 
ml. 

The incubation conditions in cell-free systems for 
the synthesis of corticosterone from endogenous pre- 
cursors (mitochondria plua microsome) and from 
deoxycorticosterone (mitochondria), the synthesis of 
deoxycorticosterone from progesterone (microsomes), 
the formation of progesterone from pregnenolone 
(microsomes) and the synthesis of pregnenolone from 
endogenous precursors (mitochondria) have been 
given elsewhere [ 171. All incubations were carried out 
at 20” in the presence of phosphate and succinate 
unless otherwise indicated. The analytical methods 
used have been described [17] except that pregneno- 
lone was determined by a different procedure [18]. 

401 



402 SI.F MOI’K B. KOKITZ and ABIXLKAIIMA& M. MOIISIA~ 4 

5 IO 15 20 
Minutes 

I- is. I. Ihe time-course of inhibition of corticosterone syn- 
thesis by ADP and ATP. Curve 1, na ADP or ATP pres- 
ent; Lurve 2, 0.1 mM ATP: curve 3, 0.1 mM ADP; Lurve 

4. I.OmM ATP; curve 5. l.OmM ADP. 

In most experiments the tissue was obtained from rats 
treated with ACTH [17] and unless otherwise indi- 
cated in the data corticosterone synthesis from endo- 
genous precursor is presented. 

RESULTS 

The effects of ADP and ATP on the time course 
of synthesis of corticosterone from endogenous pre- 
cursor in a cell-free system are shown in Fig. 1. The 
usual biphdsic rate curve is obtained in the absence 
of ADP or ATP [ 171. In the presence of these adenine 
nucleotides an initial inhibition of corticosterone syn- 
thesis is observed. followed by a recovery from this 
inhibition so that essentially no effect is found after 
20min of incubation. The extent and duration of the 
inhibition depends on the nucleotide and its concen- 
tration, ADP being more effective than ATP. 

The inhibitory effects of various nucleosides and 
nucleotides are given in Table 1. It is seen that in 

the adenine series ADP is most effective followed hq 
ATP and that AMP and adenosinc arc about equally 
effective. The nucleosidcs and nucleotides of guanine. 
uracil and cytosine are approximately equally etl?c- 
tive with no inhibition by the nucleosides and \\ith 
considerably less inhibition than ADP by the various 

nucleotides. In all cases the inhibitory effects decrease 
with an increase in time of incubation. Since ADP 

and ATP are metabolically readily interconvertible in 
this incubation system they have been used interchan- 
geably in many of the following experiments. 

A number of characteristics of the inhibition of cor- 

ticosterone synthesis by ADP(ATP) have been deter- 
mined. It is seen from the data in Table 2 that while 
phosphate has only a slight stimulatory effect on cor- 

ticosterone synthesis from endogenous precursors in 
a cell-free system, its presence is required for the inhi- 
bition to take place. The decrease in the inhibition 

with an increase in incubation time occurs at all phos- 
phate concentrations. It was found that :I decrease 
in succinate concentration from the I2 mM routinely 
used to 5 mM. results only in a slight decrease (10”~ 
in corticosterone synthesis but an increase in the inhi- 
bition by ATP from 40”,, to hZ”,, after 3 min of incu- 
bation. The inhibition is prevented by the presence 
of 0.5 mM potassium atractyloside. The inhibition is 
also eliminated if the ATP is added to the reaction 
mixture 3 min after the start of the incubation (Table 
3). The IISC of ;Idrenal mit~~chondria and mic~rc)\omes 

from rats gl\cn AC‘1 Ii 111 rir.0 15 min before hilling 

has little effect on the inhibition, although there is 
a suggestion that the ACTH administriltion results 
in a somewhat grcatcr and more protracted inhibi- 
tion. 

Several of these observations, particularly the elim- 
ination of the inhibition by atractyloside and the in- 
crease in the inhibition brought about by a decrease 
in succinate concentration suggest that a reaction 

Table 1. The inhlbition of corticosterone synthesis by various nucleosides and nucleotides 

Experiment I 2 3 4 
Addition Adeninc Guanine 1;racil Cytosine 

Incubation time 3 min 9 min 3 min 9 min 3 min Y min 3 min 9 min 

mM 
Nucleoside 0. I 22 5 

._ 2.0 78 13 
Nucleoside-3’-P 0. I 0 0 

. . 2.0 II 0 
Nucleoside-5’-P 0. I 2x 5 

.1 2.0 72 15 
Nucleoside-5’-diP 0. I 84 24 

. 2.0 I 00 44 
luclcoside-i’-trip 0. I 66 I3 

” 2.0 100 34 
ADP 0. I 

2.0 

Percent inhibitlon of corticosterone synthesis 
0 0 0 0 
0 0 0 0 

0 0 0 
I5 0 12 
?I 9 12 
26 9 29 
I5 0 12 
21 6 24 
64 15 53 
91 29 X6 

0 0 
H I3 

I 0 25 
I I 25 
8 6 
8 25 

I3 69 
31 Y2 

0 
0 

0 

0 

0 
IO 

IO 
13 

15 
IS 
3x 

When derivatives of base\ c)thcr than a&nine Here tested ADP was included in the experiment to provide a standard 
for the inhibitions caused by the other substances. The values, in nmoles of corticosterone per ml, for incubations 
with no nucleosides or nucleotides present for 3 min and 9 min incubation times nre for experiment 1. 1.02 and 2.67: 
experiment 2, 0.87 and 2.05: experiment 3, I.09 and 2.89; experiment 4. 1.1 I and 2.77. 
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Table 2. The effect of phosphate on the inhibition by ADP and ATP 

Incubation time 
Additions 

No phosphate 

ADP, 0.1 mM 
ADP, I.0 mM 
ATP, 0.1 mM 
ATP, I .O mM 

1.7 mM phosphate 

ADP, 0.1 mM 
ADP, l.OmM 
ATP, 0.1 mM 
ATP, l.OmM 

12 mM phosphate 

ADP, 0.1 mM 
ADP, l.OmM 
ATP, 0.1 mM 
ATP, l.OmM 

3 minutes 6 minutes 
Corticosterone Inhibition Corticosterone Inhibition 

nmol/ml % nmol/ml % 

0.96 1.75 
0.90 6 I .I5 0 
0.72 25 1.69 0 
0.90 6 1.80 0 
0.81 16 1.81 0 

0.96 I .98 
0.54 44 1.63 18 
0.30 69 1.33 33 
0.60 38 1.63 18 
0.42 56 1.44 27 

1.02 2.04 
0.12 88 1.27 38 
0.12 88 0.54 74 
0.36 65 1.51 26 
0.12 88 0.75 63 

Table 3. The effect of the late addition of ATP on corticosterone synthesis 

ATP 

Time after start 
of incubation of 

ATP addition 

Incubation time 
3 min 6 min 9 min 12 min 

nmol corticosterone/ml 

0 0.79 1.76 2.82 3.00 
2mM 0 min 0.18 0.57 1.41 2.20 
2mM 3 min 1.76 2.73 3.08 
2mM 6 min 2.82 3.08 

located within the mitochondria is involved. A survey 
of the reactions of the major steps in the synthesis 

of corticosterone, i.e., the conversion of cholesterol 
to pregnenolone, the formation of progesterone from 
pregnenolone, the 21-hydroxylation of progesterone 
to give deoxycorticosterone and finally, the 11/Lhyd- 
roxylation of deoxycorticosterone to yield corticoster- 
one, showed that ATP inhibits only the conversion 
of deoxycorticosterone to corticosterone (Tables 4 
and 5). The other mitochondrial reaction, the syn- 
thesis of pregnenolone, was not affected. It is also 
seen in Table 5 that the extent of llfl-hydroxylation 
decreases with increasing deoxycorticosterone con- 
centration in confirmation of the observations made 
by Hayano and Dorfman[ 191. The percentage of inhi- 

Table 4. The effect of ATP on enzyme systems of 
steroidogenesis 

Assay ATP 

Pregnenolone synthesis 
Pregnenolone to 

progesterone 
Progesterone to 

deoxycorticosterone 

nmol product/min/mg 
protein 

0.33 0.33 

5.13 4.78 

1.85 1.81 

bition by ATP also decreases with increasing dioxy- 
corticosterone concentrations so that at 100/.~M vir- 
tually no inhibition is seen. It is to be noted, however, 
that the absolute amounts of corticosterone formed 
in the presence of ATP remains essentially constant 
at the shorter incubation times throughout the range 
of deoxycorticosterone concentrations. 

Several additional lines of evidence also indicate 
that the inhibition by ADP(ATP) of corticosterone 

Table 5. The effect of ATP on the conversion of 1 l-deoxy- 
corticosterone to corticosterone 

Deoxy- 
corticosterone 

!JM 

Incubation time 
3 min 6 min 10 min 

ATP nmol corticosterone/ml 

12.5 

Inhibition 
25 

Inhibition 
50 

Inhibition 
100 

Inhibition 

- 1.98 5.92 10.0 
+ 0.76 3.36 9.43 

62% 43% 6% 
1.52 4.72 10.0 

+ 0.76 3.34 8.85 
50% 29% 11% 

- 1.22 3.34 7.18 
+ 0.76 2.74 6.53 

38% 18% 9% 
- 0.91 3.04 6.53 
+ 0.84 2.90 6.53 

8% 0 0 

ATP when present was 2 mM. ATP when present was 2 mM. 



Table 6. The etfect of ATP dephosphoryl~ltjon. ADP phosphorylati[~n and phosphate on the ATJ’ Inhibition of corIicos- 
terone synthesis 

- - -._____ -__-.-. - 

A R 
Corticostcrone Change C‘cbrticostcrone Change 

Additiclns nm~~l ml 0 nmol ml ,I 
II 

ATP 
GIucose -I- hexokinase 
Glucose +- hexokinase + ATP 
PEP + pyruvate kinase 
PEP + pyruvate kinase + ATP 
P, omitted 
P, omitted + ATP 

I.64 

0.66 
1.58 
0.40 
1.3 
I.18 

_ 
7.90 

60 I .Y’7 -34 
1.42 

70 I.13 -54 
A.18 

0 6.17 + 46 
1.77 
2.10 + IS 

When present. ATP was 2 mM : glucose I2 mM : PFP (phosphocnolpyruvate) 5 mM : crystalline hexokinase. 12 units 

per ml incubation medium; and crys~;~llinc pyru\atc k~rrazc. 5 units per ml mcubSltiw medium tncubation time was 
3 min. Corticosterone synthesis was determined in condition A from cndogenous precursors in the presence of mitochon- 
dria and mitrosomes, and in condition B from added I J-deoxycortic~~steronc in the presence of mito~hondria. 

synthesis from endogenous precursors can be 
accounted for by the inhibition of 1 l/I-hydroxylation. 
In both systems the inhibition decreases with time 
of incubation (Fig. 1 and Table 5). As is seen from 

the data in Table 6, the presence of glucose plus hexo- 
kinase increases the ~nhibitioll caused by ATP in both 
systems while the addition of PEP plus pyruvate 
kinase not only erases the inhibition but in the case 
of ll-hydroxylation results in a stimulation. The 
omission of phosphate also eliminates the ATP inhi- 

bition of 1 l-hydroxylation, as was found for corticos- 
terone synthesis from endogenous precursors (Table 
2). Since the omission of phosphate reduced the 
1 i-hydroxylat~on of added deoxycorticosterone, the 
stimulation of this reaction by ATP in the absence 
of phosphate may be a consequence of phosphate de- 
rived from the ATP. A stimulation of i l/I-hydroxyia- 

tion by phosphate has been reported by others [IS]. 
The addition of oligomycin, which would be expected 

to impair the rate of mitochondrial phosphorylation 
of ADP, results only in a partial reversal of the inhibi- 
tion (Table 7). Higher concentrations of oligomycin 

inhibited corticosterone synthesis. 
The above experiments were carried out with suc- 

cinate as the source of electrons for the formation 

of NADPH required for steroid hydroxylation. This 
involves energy dependent processes such as reverse 
electron transport and tranhydrogenation. Steroid hy- 

droxylation can be supported by isocitrate by an 
energy independent process [IS] presumably by the 
NADP-linked isocitrate dehydrogenase. The effect of 

ADP of isocitrate supported corticosterone synthesis 
is given in Table 8. It is seen that little or no inhibi- 
tion is observed. In the same experiment with suc- 
cinate replacing isocitrate ADP caused a 67”,, inhibi- 
tion in corticosterone synthesis from endogenous pre- 
Lursors (condition A) and a 42”,;, inhibition in corti- 
costerone synthesis from added corticosterone (condi- 
tion I3). Succinate was about 75”;, as effective as isoci- 
trate in supporting corticosterone synthesis. 

DISCUSSION 

The succinate supported synthesis of corticosterone 
from endogenous precursors in a rat adrenal cell-free 
system consisting of mitochondria. microsomes and 
appropriate co-factors has been found to be inhibited 
by the addition of ADP or ATP. The evidence pre- 
sented indicates that this inhibition takes place at the 
mitochondriaf 1 lo-hydroxyl~tion of deoxycorticoster- 
one to form corticosteronc. Of the four major steps 
in rat adrenal steroidogenesis only this reaction and 

not the formation of pregnenolone, progesterone or 
deoxycorticosterone is inhibited. ln addition, many 
of the characteristics of the inhibition of the transfor- 

mation of deoxycorticosterone to corticosterone are 

Table 7. The effect of oligomycin on the inhibition of corticosterone synthesis by 
ADP 

A B 
Corticosterone Change Corticosterone Change 

Additions nmol;ml II nmo:ml (I 
0 0 

-. 

1.08 1 .x0 
Oligomycin 1.08 0 I .x0 0 
ADP 0.42 - 01 0.71 -61 
ADP + oligomycin 0.77 - 29 1.16 -36 

- 

Conditions A and B arc described in the legend to Table 6. Oligomycin was present 
at a concentration of 0.84pg per ml incubation medium in A and 1.6/q in B. The 
concentration of ADP was 2 mM. The incubation time was 3 min. 
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Table 8. The effect of ADP on isocitrate supported corticosterone synthesis 

Additions 

A B 
Corticostetone Change Corticosterone Change 

nmol/ml % nmol/ml % 

- 1.35 3.00 
ADP 1.13 -16 3.03 0 
Antimycin A 1.28 2.89 
ADP + Antimycin A 1.13 -12 2.84 0 

IX -l?ocitrate was present at 24mM, ADP at 2mM, and antimycin A at 4.2pg per ml 
~~~~~~h~~ii~)~l medium. The incubation time was 3min. Conditions A and B are described 
in the legend to Table 6. In concomitant incubations with sue&ate in place of the isocitrate, 
ADP caused a 67x, inhibition in A and a 42% inhibition in B. 

similar to those found in the formation of corticoster- 
one from the endogenous precursors. Thus, in both, 
the inhibition decreases with time of incubation. oli- 
gomycin causes a partial reversal of the inllibiti~~n, 
the presence of glucose &IS hexokinase increases the 
inhibition while the presence of phosphoenolpyruvate 
plus pyruvate kinase reverses the inhibition, and the 
presence of phosphate is required for the inhibition 
to take place. In addition, in both cases the inhibition 
is greatly reduced or eliminated if succinate is re- 
placed by isocitrate. These data support the conclu- 
sion that in the succinate supported steroidogenic 
sequence of reactions only 1 I~-hydroxylation is inhi- 
bited by ADP or ATP. 

A possible explanation for an inhibition by 
ADP(ATP) of a mitochondrial hydroxylation reaction 
dependent upon the oxidation of a Krebs cycle acid 
would be a competition for reducing equivalents by 
the hydroxylating system and oxidative phosphoryla- 
tion. A number of the observations can support this 
interpre~tion. Thus, the inhibition requires phos- 
phate, is partially reversed by oligomycin and is in- 
creased when the succinate concentration is de- 
creased. Furthermore, maintenance of high ADP 
levels by the addition of glucose plus hexokinase in- 
creases the inhibition and, in the reverse situation 
where ADP concentration is reduced by the addition 
of phosphoenolpyruvate plus pyruvate kinase, the in- 
hibition is ei~inated. Also in support of this interpre- 
tation is the essential elimination of the inhibition 
when succinate is replaced by isocitrate. In this case 
the generation of reducing equivalents required for 
steroid hydroxylation does not involve energy gener- 
ating systems [ 153. These observations would indicate 
that the inhibitor is ADP rather than ATP, a sugges- 
tion in keeping with the finding that, in general, ADP 
is more inhibitory than ATP. The inability of other 
investigators [ 14, IS] to find an inhibition of 1 lfi-hyd- 
roxylation by ADP may be due to the high concen- 
trations of deoxycorticosterone used or to the absence 
of phosphate. 

Nowever, an explanation of the inhibition solely 
on the basis of a competition for reducing equivalents 
does not appear to account for the reversibility of 
the inhibition with increasing time of incubation and 
for the absence of the inhibition if ATP is added 

shortly after the start of the incubation. These obser- 
vations suggest an effect on steroidogenesis by a 
mechanism in addition to the postulated competition, 
and preliminary experiments have shown that ADP 
will inhibit NADPH supported 1 lo-hydroxylation in 
disrupted mitochondria. 

The finding that the ADP(ATP) inhibition of 
1 l/i’-hydroxylase decreases with increasing incubation 
times suggests the possible accumulation of a sub- 
stance which either modifies or counteracts that inhi- 
bition. The extent of the accumulation of such a sub- 
stance under the more dynamic conditions present 
during in viva hydroxylation can now determine the 
magnitude of the ADP inhibition. This inhibition 
might then impose a regulatory process on steroido- 
genesis secondary to the ACTH sensitive step, the 
conversion of cholesterol to pregnenolone in the 
mitochondria. It is of interest that this latter reaction 
is not inhibited by ADP when supported by succinate. 
This would suggest that this reaction can more effecti- 
vely compete with the ~tochrome chain for reducing 
equivalents than can 1 lo-hydroxylation. 

The data do not permit a single explanation for 
the characteristics of the inhibition produced by 
ADP(ATP). Both a competition for reducing equival- 
ents by the hydroxylating system and oxidative phos- 
phorylation, which appears to be a major factor, as 
well as a more direct effect of the adenine nucleotides 
on the hydroxylating system must be considered. 
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