
532 BIOCHIMICA ET BIOPHYSICA ACTA 

BBa 45601 

STEROID HYDROXYLATIONS BY GUINEA-PIG ADRENAL TISSUE 

FRACTIONS 

FERNAND G. PERON AND BURTON V. CALD\VELL 

Worcester Foundation .for Experimental Biology, Shrewsbury, Mass. (U.S.A.) 

(Neceived June i5th, 1967) 

SUMMARY 

The effect of oxidizable substrates, a-ketoglutarate and isocitrate on II/3- 
hydroxylation in guinea-pig adrenal mitochondria has been studied. These substrates 
supported the conversion of Compound S (I7~,2I-dihydroxy-pregnene-3,2o-dione) 
into cortisol as well as exogenously added NADPH in Ca2+-swollen mitochondria. 
Progesterone was also hydroxylated at the C-ilfl position but not at the C-2I position. 
Microsomes, on the other hand, when NADPH was added, converted pregnenolone, 
progesterone and I7a-hydroxyprogesterone into Compound S, but showed no steroid 
I1/?-hydroxylating activity. Evidence obtained in incubations carried out with ~- 
ketoglutarate and isocitrate in the presence of 2,4-dinitrophenol, oligomycin, amytal 
and antimycin A indicate that e-ketoglutarate utilization for steroid II/3-hydroxy- 
lation is dependent on activity of the classical electrola chain. This activity can be 
related to high energy intermediates possibly needed for NADPH reduction arising 
from NADH oxidation via the energy-requiring transhydrogenase reaction. These 
reactions do not appear necessary for isocitrate utilization and isocitrate oxidation 
probably gives rise to intramitoehondrial NADPH reduction as a result of a NADP +- 
linked isocitrate dehydrogenase. Data obtained in oxygen uptake studies with an 
antimycin A blocked system supplied with ~-ketoglutarate, are in accordance with 
this conclusion. The high-speed supernatant fraction (103000 /, g) could partially 
replace c~-ketoglutarate, isocitrate or Ca 2+ + NADPH, indicating that it contains 
a factor(s) (tile physiological substrate?) which brings about intramitochondrial 
NADPH. 

INTRODUCTION 

In recent years, there have been several publications concerning utilization of 
reduced pyridine nucleotides in steroid hydroxylations by adrenal tissue of several 
species of animal. The picture which has emerged, is that NADPH is involved in 
several of the steroid hydroxylations occurring at the mitochondrial and microsomal 
levels by a process requiring electron flow along a chain whose components are a 
flavoprotein having NADPH-diphorase activity, a brown-colored non-heme iron 
protein and a cytochrome having a maximum 45o m/~ absorption peak in the reduced 
state (P-45o) 1-1°. By virtue of this process in the presence of molecular 02, the terminal 
oxygen activator P-45o and the mixed function oxidases (steroid II/3-hydroxylase, 
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2I-hydroxylase, iS-hydroxylase), introduction of the hydroxyl group at certain 
positions of the steroid nucleus occurs. Although further clarification of the exact 
mechanism is needed, whereby electron flow proceeds in the above as along the com- 
ponents of the classical respiratory chain, there is little evidence available at present 
which indicates that  NADPH is not involved in adrenal mitochondrial steroid 
hydroxylations in the rat and the ox. Whereas oxidation of succinate and NAD +- 
linked substrates appear to stimulate Ilfl-hydroxylation of deoxycorticosterone in 
bovine adrenal mitochondria by the aforementioned mechanism subsequent to 
NADPH formation (via transhydrogenation) 3,11 in the rat, isocitrate appears to be 
the substrate which is most readily utilized for Ilfl-hydroxylation of deoxycortico- 
sterone12 14. Indeed, in the rat  adrenal, it has been shown that  mitochondrial iso- 
citrate dehydrogenase is mostly NADP+-linked 13. This leads to intramitochondrial 
NADPH production which is then utilized by the P-45o chain for corticosterone 
(ii]3,2i-dihydroxy-4-pregnene-3,2o-dione) production from deoxycorticosterone (21- 
hydroxy-4-pregnene-3,2o-dione ). Further evidence implicating NADPH in steroid 
I ifi-hydroxylations was also obtained in Ca2+-swollen rat adrenal mitochondria 12, la-17. 

The present investigation, using the guinea pig as the source of adrenal tissue, 
was initiated following a preliminary report by SPATZ AND HOFMANN 18, and their 
recent publication 19 which indicated that  adrenal steroid C-ilfl-hydroxylation may 
not be mediated by NADPH in this species of animal. Our findings obtained with 
Ca2+-swollen guinea-pig mitochondria do not support such a conslusion and in 
contradistinction indicate that  NADPH is involved in steroid Ilfi-hydroxylation of 
progesterone (4-pregnene-3,2o-dione), deoxycorticosterone and Compound S (I7~,2I- 
dihydroxy-4-pregnene-3,2o-dione ) at the mitochondrial level as well as being involved 
in 2i-hydroxylation of progesterone at the microsomal level. In this study, we also 
present an application of the fluorometric method of SICBER, BUSCH AND OSLAPAS 20 
which can be used for the determination of small amounts of cortisol in samples of 
biological material containing relatively large amounts of Compound S. 

EXPERIlX{ENTAL PROCEDURE 

All guinea pigs used were males weighing 35o-45o g and were sacrificed by a 
blow administered to the head. The adrenal glands were excised immediately, stored 
in ice-cold o.25 M sucrose and cleaned of adhering fat. The adrenal glands were 
homogenized in exactly the same manner as previously reported for preparing rat 
adrenal homogenates 16 in a mixture of Tris buffer (pH 7.4), nicotinamide and sucrose 
(no EDTA added, see ref. 16). The final concentration of these substances in the 
homogenate was 15, 2o and 25o mM, respectively, and there was approximately 
45o mg wet weight of adrenal tissue per I.OO ml of homogenizing medium. Homogen- 
ization was carried out by subjecting the tissue to lO-2O passes in an all-glass homogen- 
izer with a motor-driven pestle. The homogenate was next centrifuged at 9oo >~ g 
for 15 min and the resultant pellet (Pellet I, P1) discarded. The supernatant fraction 
was next centrifuged at 5ooo x g for 15 min. The mitochondria 16 (Pellet 2, P2) were 
washed twice with buffer-sucrose-nicotinamide mixture (mixture B) described 
above and recentrifuged at 5ooo × g. After centrifugation of the supernatant fraction 
from the first 5ooo × g centrifugation at 145oo >~ g for 15 rain to eliminate "light" 
mitochondria and "heavy"  microsomes, the resultant supernatant fraction was centri- 
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fuged for 6o min at 3oooo ;< g to obtain the microsomes (Pellet 4, P4)- The latter 
had the same appearance as those obtained in the rat experiments and were clear 
reddish-brown in color and gel-like in consistency 16. The supernatant fraction derived 
from this last centrifugation was utilized in some experiments and is designated as the 
high-speed supernatant fraction in the text, or abbreviated as Sup. in the Tables. 

The experiments on swelling and steroid conversion were carried out simultane- 
ously in a total volume of i ml in glass stoppered tubes fitting into the Coleman 
Junior spectrophotometer as previously reported is. When inhibitors were used 
(cyanide, oligomycin, elc.), these were always added to the tubes 7 min before the 
addition of oxidizable substrates (c~-ketoglutarate, isocitrate) or the swelling inducing 
agent (calcium) as previously reported 12. The final incubation medium contained 
20 mM Tris (pH 7.4), I5.4 mM Nat1, 50.0 mM nicotinamide, 15.4 mM KC1, IO mM 
Mg 2+, o.Io % bovine serum albumin, IOO mM sucrose and other additions indicated 
in the tables. Proteins were determined by the method of LowRY et al. 21, and each 
tube contained approximately 0.75 mg mitochondrial or 0.50 mg microsomal protein. 
Steroids (12o/zg) were added to the incubation medium in o.oi ml of an equal mixture 
propylene glycol and ethanol. 

The amount of cortisol formed in the mitochondrial incubations from added 
Compound S was determined by fluorometry according to the procedure of S I L B E R ,  

BUSCH AXD OSLAPAS 20, with the following modification. Because the aqueous -H2SO 4 
reagent added in the last stage of the fluorometric procedure induces some fluorescence 
of Compound S, a carbon tetrachloride extraction (4.o ml) was carried out after 
aliquoting the incubation media to the 13 % aqueous ethanol of the first stage of 
the fluorometric procedure 20, 22. This initial extraction removed most of the Compound 
S which remained unconverted to cortisol at the end of the incubation period. As 
can be seen in the example given in Table I, the respective fluorescence values for 
Compound S and cortisol are vastly different at the levels of concentrations shown, 
when the sensitivity knob of the photomultiplier was set at 25 and the meter multi- 
plier switch set at I.O (Aminco-Bowman spectrophotofluorometer). 

When the CC14 extraction step was omitted, the readings attributed to Com- 
pound S alone were about 5 times those reported in Table I. On the other hand, the 
readings obtained with cortisol only (in the range o.2-3.2 /zg) were not affected in 
any way. Thus, the extraction of the 13 % ethanolic phase with CC14 in the present 
study, removed the greater proportion of the Compound S which would interfere 
with the accurate fluorometric determination of cortisol, especially when the latter 
was present at low concentrations (o.2 /zg). In any event, a Compound S standard 

T A B L E  I 

FLUORESCENCE OF CORTISOL AND REICHSTEIN'S COMPOUND S AFTER AN INITIAL e e l  4 EXTRACTION 

C o r t i s o l  (F),  /~g 0 .2  0. 4 0 .8  1.6 
F l u o r e s c e n c e  r e a d i n g  9 19 39 74 
C o m p o u n d  S (S), /~g 3 .0  6 .0  12 24 
F l u o r e s c e n c e  r e a d i n g  1. 5 3 6 13 
F + S r e a d i n g *  9 20  46  91 

* R e a d i n g  o b t a i n e d  w h e n  F a n d  S w e r e  p r e s e n t  t o g e t h e r  a n d  r u n  t h r o u g h  t h e  p r o c e d u r e  a t  
t h e  c o n c e n t r a t i o n s  s h o w n  in  t h e  t a b l e .  
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curve was always carried out with amounts of this steroid which would be present 
in the aliquots taken of final incubation medium for the cortisol determination, 
assuming that  there was no Compound S conversion into cortisol. Thus, if 0.02, 0.05 
and o.Io ml of the incubation medium after the final 3o-min incubation was used for 
the analysis of cortisol, 2.4, 6.0 and 12.o/~g of Compound S were carried through the 
fluorolnetric procedure and the readings obtained with the respective samples sub- 
tracted from the values obtained with the aliquots of the incubation medium. I t  is 
obvious that  the values obtained with this method are not absolute, especially in 
those experiments wherein there was a substantial amount of Compound S conversion 
into cortisol. However, the relatively small readings (3 and 6, see Table I) obtained 
with the Compound S (i.e. when o.o5 and o.Io ml are used for the cortisol determina- 
tion) vs. the high readings (58 and II6Dobtained in these samples when cortisol was 
produced at a high level (e.g. 25 /~g/ml final incubation mediunl) only introduces a 
slight error (underestimation) in the determination of the cortisol by this method. 
In order to confirm these deductions, experiments were conducted on random 
samples (see Table II) wherein the cortisol formed was isolated on paper chromato- 
grams after running in the conventional Bush B 5 system. For these chromatographic 
runs the residual incubation medium, after taking the aliquots for the direct fluoro- 
metric determination of cortisol, was extracted with 8 ml (2 × 4 ml) of CH2C12 after 
addition of o.io /~g of [14C4~cortisol (II~,I7~,2I-tr ihydroxy-4-pregnene-3,2o-dione) 
specific activity 42.5/~C/mmole. The radioactive tracer amounts of cortisol served as 
a guide to determine recovery values. The respective CHeC12 extracts were pooled 
and brought to dryness under N~ at 37 ° and applied to paper chromatograms and 
run in the Bush B 5 system. Elution of the cortisol spots, after careful visual examina- 
tion of the chromatograms under ultraviolet light, was next carried out with methanol. 
The final methanol eluates were finally adjusted to IO.O ml exactly with methanol 
and separate aliquots (o.io, o.2o ml) taken for counting in a Packard Tri-Carb liquid 
scintillation spectrometer model 314-DC, after addition of io.o ml of the usual 
counting fluid. Samples of the standard [4-uCleortisol (o.Io/zg) were also made up to 
IO.O ml in methanol without being subjected to extraction or paper chromatography. 
Per cent recovery values of the eluted cortisol spots from the paper ehromatograms 
were obtained by  comparing the counts obtained in the methanol aliquots derived 
from the paper chromatographic elutions and those in equal methanol aliquots of the 
standard just described. In the eleven samples thus analyzed the mean recovery 
value was 59 %. 

The method for determining ii]~-hydroxyprogesterone (II]~-hydroxy- 4- 
pregnene-3,20-dione) was that  outlined previously by  McCARTHY AND PI~RON 17. 

Changes in level of nicotinamide-adenine dinucleotide reduction (steady states) 
in guinea-pig mitochondria incubated in the presence of succinate and isocitrate were 
followed in an Eppendorf fluorometer equipped with zero suppression features and 
recorded continuously with the use of an attached Minneapolis-Honeywell recorder. 
An alteration in fluorescence equivalent to 0.05 m~M of nicotinamide-adenine di- 
nucleotide in 2 ml of medium can be determined with the settings used. 

Mitochondrial NAD+, NADP +, NADH and NADPH was estimated specifically 
before and after incubation with substrates (isocitrate and e-ketoglutarate) by  the 
enzymatic method of COLOWICK AND KAPLAN 2a as described by  PURVIS 24. 

The rate of oxygen utilization by mitochondrial suspensions was measured 
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polarographically at 37 o using the vibrating micro-platinum electrode of a Gilson 
Medical Electronics Model KM oxygraph. 

RESULTS 

The effect of adding various amounts of NADPH on II/~-hydroxylation of 
Compound S is shown in Table U. Without the addition of Ca 2+ little II/~-hydroxyla- 
tion of Compound S occurred. The response of the system appears to be dependent 
on the concentration of NADPH even at the levels of Ca 2+ (2.2 raM) which are usually 
present in Krebs-Ringer bicarbonate buffer. An effect of Ca 2+ on mitochondrial 
swelling is clearly seen (Fig. i) whereas little or no swelling of the guinea-pig mito- 
chondria occurred in the presence of NADPH alone. The oxidation of sueeinate and 
malate which are both known to lead to the production of reducing equivalents in rat 
adrenal mitochondria and are utilized for II/3-hydroxylation of deoxycortico- 
steronelB, t3, brought about little II]~-hydroxylation of Compound S in these experi- 
ments (Table II). On the other hand, isocitrate and ~-ketoglutarate were utilized 
nmch more efficiently and considerable II/~-hydroxylation of Compound S took place. 

0 6 _  

o 
~ 0 5  

< 

~ 0.4 
< 

o 
~ 0 . 3  

4 5  

\ 

I~3 2'0 3'0 
TIME OF INCUBATION IN MINUTES 

Fig. I. Course of swell ing of guinea-pig  adrena l  mi tochondr i a  b rough t  abou t  by Ca B+. Curve i ,  
i ncuba t ion  of P2 alone;  Curves 2, 3 and  4, in the  presence of ioo, 400 and 800 [Lg N A D P H ,  
respec t ive ly ;  Curves 5, 6 and  7, in the presence of 800 /Lg N A D P H  and 33 ° /tM, 2.2 mM and 
I I mM Ca 2+, respect ively .  Iden t i ca l  CaB+-swelling curves  were ob ta ined  in the  presence or absence 
of N A D P H .  

It is to be noted that addition of ATP had little effect on isocitrate and ~-keto- 
glutarate utilization, but did affect succinate and malate utilization. Substances 
which block the respiratory chain had little effect on isocitrate utilization whereas 
antimycin A decreased the amount of cortisol to 44 °o of the control level when c~- 
ketoglutarate was used. Ferricyanide had little effect on isocitrate- and ~-keto- 
glutarate-supported II/3-hydroxylation of Compound S, whereas a pronounced in- 
hibitory effect was obtained with the uncoupler 2,4-dinitrophenol when c~-keto- 
glutarate was the substrate. 2,4-Dinitrophenol had a much smaller effect on isocitrate 
utilization whereas oligomycin had a slight inhibiting effect with both Krebs-cycle 
intermediates. 

As previously mentioned in EXPERIMENTAL PROCEDURE, analysis of the cortisol 
following its chromatographic separation on paper chromatograms was carried out. 
The values obtained for the cortisol eluates (Table II) are shown in parentheses and 
are in good agreement with those obtained by the direct fluorometric assay of cortisol 
carried out on aliquots of the incubation medium. A careful examination of these 
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ehromatograms under ultraviolet light and then spraying with the alkaline blue 
tetrazolium reagent 25 failed to reveal any substances (ultraviolet light absorbing, 
blue tetrazolium-redueing or soda fluorescing) other than cortisol and unconverted 
Compound S. 

To test the potential of the II/3-hydroxylase activity of the guinea-pig adrenal 
mitochondria, they were incubated in the presence of progesterone and deoxycortico- 
sterone, respectively. In addition, the capacity of the supernatant fraction to replace 
NADPH + Ca 2+, ~-ketoglutarate and isocitrate, was also investigated (Table III). 
In all cases, progesterone was efficiently converted to Ii/3-hydroxyprogesterone 
(ii/?-hydroxy-4-pregnene-3,2o-dione, section II) whereas deoxycorticosterone was 
converted to the corresponding ilfl-hydroxylated derivative, corticosterone (section 
III). The capacity of tile supernatant fraction to provide reducing equivalents needed 
to drive ii/3-hydroxylation of Compound S is also demonstrated (colunln I) as well 
as the effects brought about by addition of inhibitors (KCN, antimycin A), tile un- 
coupler 2,4-dinitrophenol and tile terminal electron acceptor KaFe(CN)6. The identity 
of the analyzed cortisol (section I) and corticosterone (section III) was ascertained by 
paper chromatography. In all cases, therefore, the addition of the supernatant 
fraction to P 2  led to the formation of cortisol from Compound S. Incubation of P2 
with deoxycorticosterone under the conditions of the present experiment led to the 
formation of corticosterone only. No trace of i8-hydroxydeoxycorticosterone (18,21- 
dihydroxy-4-pregnene-3,2o-dione ) was seen on the paper chromatogranls upon 
visual examination under ultraviolet light nor did subsequent spraying of tile paper 
chromatograms with alkaline blue tetrazolium 2s reveal a fluorescing spot correspond- 
ing in mobility to I8-hydroxydeoxycorticosterone. 

T A B L E  I I I  

THE CONVERSION OF COMPOUND S INTO CORTISOL BY GUINEA-PIG ADRENAL MITOCHONDRIA IN-  

CUBATED \VITH SUPERNATANT FRACTION. I I /~-HYDROXYLATION OF PROGESTERONE AND DIOXY- 

CORTICOSTERONE BY GUINEA-PIG ADRENAL MITOCHONDRIA INCUBATED IN THE PRESENCE OF 

N A D P H  + Ca  2 .  AND KREBS-CYCLE INTERMEDIATES 

C o n d i t i o n s  of  i n c u b a t i o n  w e r e  t h o s e  of  T a b l e  [ I .  W h e r e  a d d e d ,  N A D P H  = 8oo  / , g  a n d  Ca  2+ 
c o n c e n t r a t i o n  = i i  m M .  ( I ) V a l u e s  o b t a i n e d  w i t h  t i le  b l u e  t e t r a z o l i u n l  m e t h o d 2 ~ ;  (2) u s i n g  t h e  
f l u o r e s c e n t  m e t h o d  o u t l i n e d  in  t h i s  p a p e r  ( w i t h  CC14 e x t r a c t i o n )  ; (2a) s a m e  as  2 b u t  n o  i n i t i a l  CC14 
e x t r a c t i o n ;  (3) r a d i o i s o t o p e  t r a c e r  m e t h o d  fo r  I I ~ - h y d r o x y p r o g e s t e r o n e  17. S t e r o i d  p r o d u c t s  
f o r m e d  in  c o l u n l n s  I ,  I I  a n d  I I I  w e r e  co r t i so l ,  i i / 5 - h y d r o x y p r o g e s t e r o n e  ( d e s i g n a t e d  u n d e r  3 of  I I )  
a n d  c o r t i c o s t e r o n e ,  r e s p e c t i v e l y .  

A dditions fig steroid zrfl-hydroxylated per mg mitochondrial protein Additions 

(I)P2 + Sup. * + (II)P2 + progesterone (III)P2 + 
Compound S deo.rycortieo- 

Ste fo$~e  

2 • 2 3 2 a  

- -  16. 4 
A T P ,  I i n M  18. 3 - -  - -  - -  0 . 56  I I m M  C a  2+ 
2 , 4 - I ) i n i t r o p h e n o l ,  

500  t~M 1. 4 2. 7 0 .33  2o.1 17. 9 N A D P H  + i i  m M  C a  2+ 
K C N ,  3 m M  9.2 2. 3 o .o  28.2  21 .4  I s o c i t r a t e ,  i o  m M  
K 3 F e ( C N ) s ,  I m M  14.9 2. 3 o .o  23.1 22 .0  a - K e t o g l u t a r a t e ,  IO m M  
A n t i m y c i n  A 9.5  

* A n  e q u i v a l e n t  of  2 .6  3 m g  s u p e r n a t a n t  f r a c t i o n  p r o t e i n  w a s  a d d e d  in  t h e s e  i n c u b a t i o n s .  N o  
N A D P H  o r  C a  ~+ a d d e d  in  t h i s  e x p e r i m e n t .  

Biochim. Biophys. Acta, 143 (1967) 5 3 2 - 5 4 6  
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The data presented in Table IV show that the fraction labelled microsomes in 
our eentrifugation method was able, in the presence of NADPH to efficiently hydroxyl- 
ate progesterone at the C-I7~ and C-2I positions, and to also bring about the con- 
version of pregnenolone into Compound S via progesterone and I7~-hydroxyprogester- 
one formation. Since the blue tetrazolium-reducing method used%, 27 for analysis 
would not differentiate between Compound S, corticosterone or cortisol had they 
been produced, and the fluorometric procedure outlined in EXPERIMENTAL PROCEDURE 
would serve to indicate that only cortisol had not been formed, representative extracts 
of aliquots of the incubation media from each experiment carried out were subjected 
to paper chromatography. Only when the combination P2 -~ P4 + Sup. was used 
(bottom line, Table IV) was there any evidence that II/~-hydroxylation of the steroids 
added or formed occurred. Thus, no corticosterone nor cortisol were formed except in 
the aforementioned case. The fact that neither Compound S nor deoxycorticosterone 
were II/3-hydroxylated into cortisol or corticosterone also supported the above 
finding that P4 and supernatant fractions were uncontaminated with mitochondria 
(P2) which contains the iIfl-hydroxylase enzyme. 

A point of similarity between this micros.real preparation and those obtained 
previously with the rat la is the lack of any Ca 2+ effect when incubated in the presence 
of NADPH. 

While the addition of ~-ketoglutarate or is,citrate to the supernatant or micro- 
somal fractions alone had little effect on the steroid substrate transformation, it can 
be seen that the combination supernatant fraction L microsomes, is effective in 
bringing about the formation of Conlpound S from either pregnenolone or progesterone. 
Only is.citrate enhanced the supernatant effect and increased the amount of Com- 
pound S produced to about 8-fold over the control values (P4 + is.citrate). 

Since the amount of cortisol and corticosterone converted from Colnpound S 
and deoxycorticosterone, respectively (Tables II  and III) reflect the generation and 
utilization of reducing power provided by oxidation of is.citrate and ~-ketoglutarate 
by the guinea-pig adrenal mitochondria, attempts were made to measure the genera- 

TAI3LE V 

E F F E C T  OF ~ - K E T O G L U T A R A T E ,  I S O C I T R A T E  A N D  C O M P O U N D  S ON S T A T E  OF P Y R I I ) I N E  N U C L E O T I I ) E S  

IN G U I N E A - P I G  A D R E N A L  M I T O C H O N D R I A  

Guinea-p ig  adrena l  mi tochondr i a  were i ncuba t ed  a t  37 ° for 15 rain in the presence and absence 
of IO mM a - k e t o g l u t a r a t e  or i s . c i t r a t e ,  respect ively ,  in the  buffer used for the usual  incuba t ions  
with steroids. Where  ind ica ted  33 ° /xM of Compound S was present .  The react ion was s topped  by 
acid or boi l ing Na,2CO a and the  pyr id ine  nucleot ides  de te rmined  by specific enzymic  f luorometr ic  
methods  as descr ibed by PURVIS 24. Values are in m/mlo les /mg  mi tochondr i a l  protein.  

.4 ddilio~ No4 D ~ N,4 D H  A'.4 D + + NA D P  + 
AL4 D H  

None 5.9 o.15 6.05 1.95 
Compound  S 5.2 o.o 5.2 t .88 
~ - K e t o g l u t a r a t e  2.2 4.3 6.5 o. 16 
I s . c i t r a t e  2.8 3-5 6.3 0.25 
~ -Ke tog lu t a r a t e  + 

Compound S 1. 7 4.1 5.8 o.41 
I s . c i t r a t e  + Compound  S 2.1 4-3 6.4 0.25 

.\L4 D P H  N A  D P  ~ + 
AL4 D P H  

o.o i ,95 
0.26 2.14 
1.69 1.85 
2.2o 2.45 

1.87 2.28 
2 . i2  2.37 

Bioch im.  B iophys .  Acta ,  143 (1967) 532 546 



STUDIES ON CORTICOSTEROIDOGENESIS 54 1 

tion and utilization of reducing power separately. Therefore, the levels of NADH and 
NADPH produced as a result of ~-ketoglutarate and isocitrate oxidation before and 
after the addition of Compound S were determined. The results of one representative 
experiment are illustrated in Table V and clearly indicate that the addition of either 
~-ketoglutarate or isocitrate causes a reduction of both NAD+ and NADP + to almost 
the same extent. The expected utilization of reducing power (which would be mani- 
fested by oxidation of the pyridine nucleotides) in the presence of Compound S was 
not seen and the direct involvement of either NADH or NADPH in the II/3-hydroxyla- 
tion of Compound S could not be demonstrated. This was not due to the fact that 
ii/3-hydroxylation of Compound S did not occur because both incubations with c~- 
ketoglutarate and isocitrate in the presence of Compound S led to the formation of 
14. 7 and 15.1 ~g cortisol per mg mitochondrial protein per 15 min, respectively 
(2.71 and 2.78 in/~M cortisol per mg mitochondrial protein per min, respectively). 
Little cortisol was formed in the absence of ~-ketoglutarate or isocitrate (o.oi m~M 
cortisol per mg mitochondrial protein per min). 

It  is also interesting to note in passing that, similar to the rat 13, the guinea-pig 
adrenal mitochondria isolated under our procedure evidently contain insufficient 
endogenous substrate to keep the pyridine nueleotides in the reduced state. As a 
result, the mitochondria contain almost exclusively the oxidized forms of NAD + and 
NADP +. The NAD + + NADH/NADP + + NADPH ratio was found to be 3.15. 

The results obtained above indicated, therefore, that reduction of pyridine 
nucleotides occurred at a faster rate than did their oxidation as a result of their 
utilization in the II~-hydroxylation reaction(s). Another series of experiments 
carried out with the Eppendorf fluorometer served to confirm this. This method, 
pioneered by ESTABROOK AND MAITRA 28, records in a continuous fashion the changes 
in levels of reduced pyridine nucleotides (intramitochondrial, in these two instances). 
by fluorometry. Direct recording of the reduced pyridine nucleotide fluorescence of 
the mitochondrial suspensions showed that both c~-ketoglutarate and isocitrate 
reduced the pyridine nucleotides to approximately the same extent as recorded by 
the number of divisions traveled by the pen of the recorder (~-ketoglutarate 168 
divisions, isocitrate 175 divisions). The rate of reduction with ~-ketoglutarate was 
faster than with isocitrate (270 sec vs .  15o sec). Addition of 330 t*M of Compound S 
altered the pyridine nucleotide steady state very little with both substrates as shown 
by the deflection (approximately 30 divisions in each case). Tb_ese results, therefore 
indicated as in the previous experiments that ~-ketoglutarate and isocitrate provide 
a reducing pressure (leading to reduced pyridine nucleotide accumulation) which is 
greater than the opposite mechanism directed at releasing this pressure (i .e.  11/3- 
hydroxylation leading to oxidized pyridine accumulation). 

Figs. 2A and 2B reveal that oxygen uptake was not directly related to eortisoI 
production when ~-ketoglutarate and isocitrate were used as oxidizable substrates. 
These results are not surprising since in the oxidation of isocitrate or e-ketoglutarate 
0 2 might be expected to be utilized by the respiratory chain as well as the cytochrome 
P-45o pathway. The reversal of inhibition brought about by addition of isocitrate to 
the antimycin A blocked ~-ketoglutarate system is clearly shown (Fig. 2A). In- 
hibition of 0 2 utilization as well as eortisol production with ~-ketoglutarate occurred 
after addition of 0.50 tzg of antimyein A followed by a partial reversal of both these 
parameters of activity after addition of isocitrate. Isocitrate in these cases could 

Biochim. Biophys. Acta, 143 (1967) 532-546 
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~2 a-KG Pz 
" ~ Isocitrate 

s 
\ k -  

" l  V °m°'° S 
, ?602  \ 
5 3 co,i ,o, \  
~ , , ,  233 02 / 
~ A n t i m y c i n  A 7 0 Cortisol / 

Isocitrate ~ (I) 
i 8 02 ~ - . . ~  ~ / n t i m y c i n  A 
26 Cortisol ~ (H I )  

4 6 C0[liS01 ~ 614 O~ 
6 3  Corfisol 

3.1 0 2 ~ ~v~ ~ I,,~ 
,~r Cortiso, "'N ~ ,  

( A )  i-- :4 ( a )  
5 min 

Fig. 2. Guinea-pig adrenal mitochondria  P2 (1.5 mg protein) in o.2o ml of mixture  B, were added 
to the Gilson oxygraph  cell with o.9 ml usual incubation medium. Fur the r  additions were made  
as shown at arrows (top of curves). Oxygen uptake  was measured polarographically using an 
oscillating p la t inum electrode at 37 °. Suitable aliquots for cortisol determinat ions were with- 
drawn from the cell (A) before the addition of (I) ant imycin A, (II) isocitrate, ( III)  A T P ,  and 
(IV) about  io min after ATP; and (B) before the addition of (I) ant imycin A and (H) about  
io min after ant imycin A. Oxygen uptake and rate of cortisol formation are given below the 
curves in m/,moles O 2 or cortisol per min per mg mitochondrial  protein, c¢-KG, c~-ketoglutarate. 

TABLE VI 

I N H I B I T I O N  O F  ~ - K E T O G L U T A R A T E  U T I L I Z A T I O N  B Y  E L E C T R O N  C H A I N  I N H I B I T O R S  A N D  B Y  2 , 4 -  

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

All figures except those designated with asterisks are derived from the same experiment.  

Substrate  or 
substance added 

i*g cortisol per  mg mi tochondr ia l  prote in  

zo  m M  o:-keloglutarate zo  toNI  o~-ketoglutarate + z o mini  
IO m ~ I  isocitrate isocitrate 

12o/tg Compound S 46.6 31.O* 35-5* 
12o/~g Compound S + 

I t~g ant imycin A 7.7 21.3 33.3 
12o #g Compound S + 

IO pg  oligomycin 34.6 32.o 45.3 
12o #g Compound S + 

amytal ,  3 mM 1. 3 32.3 41.3 
12o/~g Compound S + 

2,4-dinitrophenol, ioo M 4.7 22.7 38.7 
12o Fg Compound S + 

KCN, 3 mM 45-9 43.9 31.° 
12o/*g Compound S + 

malonate,  2 mM 30. 7 40.o 54.0 
12o #g Compound S + 

Ca 2+, i i  mM 6.6 9.3 8-7 

* Separate experiment.  

B i o c h i m .  B i o p h y s .  Acta ,  143 (1967) 532-546 
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maintain a reducing pressure sufficient to account for the conversion of Compound S 
to cortisol. Thus, the almost stoichiometric relationship of 02 utilized and cortisol 
produced, indicated that  in the antimycin A blocked system, isocitrate was used 
for the Ilfi-hydroxylation of Compound S by making NADPH available, and did 
not appear to require activity of the respiratory chain. The data of Table VI serve to 
confirm those presented in Table II,  as well as supporting the aforementioned oxy- 
graph findings. In all cases, ~-ketoglutarate utilization was inhibited by the in- 
hibitors of the electron-chain (except KCN) as well as the uncoupler 2,4-dinitrophenol. 
Oligomycin addition, even at the high level of io /~g/ml of incubation medium 
(io/zg/i .  5 mg mitochondrial protein), had only a small inhibitory effect. The addition 
of isocitrate in these incubations, as in the oxygraph studies, reversed to a large extent 
the c~-ketoglutarate blocked system. As was found with rat adrenal mitochondria 
incubated in the presence of several Krebs-cycle intermediates, the addition of 
I I  mM Ca 2+ to guinea-pig adrenal mitochondria inhibited the Compound S to 
cortisol reaction when isocitrate and c~-ketoglutarate were used as the source of 
oxidizable substrates. On the other hand, malonate had little effect on =-keto- 
glutarate utilization when added in a concentration of inhibitor to substrate ratio 
of 1:5 . 

DISCUSSION 

In this s tudy there is little doubt that  exogenously added NADPH was utilized 
for i lf l-hydroxylation of Compound S and deoxycorticosterone in guinea-pig adrenal 
mitochondria when fairly high levels of Ca 2+ were present in the incubation medium. 
This finding confirms well-tabulated data published in the last few years and obtained 
with rat  adrenal mitochondria, which showed that  Ca 2+ (refs. 12, I4-I6)  as well as other 
agentslS, 29 which bring about swelling of the mitochondria probably act by making 
NADPH available to the factors involved in the Ilfi-hydroxylation reaction. By 
analogy with the findings in rat  adrenal mitochondria and because swelling was also 
observed with the guinea-pig mitochondria (Fig. I) it can be concluded that  NADPH 
is oxidized via a NADPH dehydrogenase (flavoprotein-non-heme iron component) 
and there results a sequence of reactions leading to electron transport which is 
associated with the transfer of reducing equivalents (from NADPH) to cytochrome 
P-45o. Another point of similarity between the behavior of rat adrenal mitochondria 
and the guinea-pig mitochondria toward exogenous NADPH and Ca 2+ also lies in 
their being inhibited by  ferricyanide. 

The finding of isocitrate action being unaffected by  the classical electron chain 
inhibitors, antimycin A and cyanide, presents evidence to support the conclusion 
that  oxidation of isocitrate for steroid Ilfl-hydroxylation occurs independently of its 
oxidation by  the classical electron chain. The incubations with isocitrate which led 
to the formation of endogenous NADH (see Table V) demonstrate that  guinea-pig 
adrenal mitochondria like rat adrenal mitochondria have either two isocitric acid 
dehydrogenase enzymes (one being NAD +- and the other NADP+-linked) or one iso- 
citrate dehydrogenase enzyme with dual pyridine nucleotide specificity. In any case, 
because of the lack of inhibition observed with antimycin A, cyanide and the small 
inhibition in i lf l-hydroxylation brought about by  the uncoupler 2,4-dinitrophenol it 
would appear that  the endogenous NADPH is the co-factor used for steroid hydroxyla- 

Biochim. Biophys. Acta, i43 (1967) 532-546 
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tion in these cases. Production of NADPH as a result of oxidation of the NADH 
produced by isocitrate oxidation would appear unlikely in an antimycin A-blocked 
preparation because of the energy requirements of the energy-linked transhydrogen- 
ase31-32. 

Although oxidation of c~-ketoglutarate gave rise to reducing equivalents in the 
form NADPH and NADH (Table IV), it would appear that utilization of this sub- 
strate is much more dependent on activity of the classical electron chain because both 
antinlycin A and 2,4-dinitrophenol had pronounced inhibitory effects. Thus, it is 
quite plausible that ~-ketoglutarate gave rise to NADPH as a result of oxidation of 
reduced NADH via the energy-requiring transhydrogenase enzyme. Perplexing, how- 
ever, was the finding that cyanide, known to block succinate and malate utilization 
in the rat adrenal 1nitoehondria12,14, did not block the Ilfl-hydroxylation of Com- 
pound S. At the moment, we have no explanation for this finding except to suggest 
the remote possibility that the mitochondria were not permeable to cyanide and thus 
did not inhibit cytochrome oxidase. 

The results of the oxygraph studies serve to reinforce the above findings and 
conclusions. A clear delineation of c~-ketoglutarate and isocitrate action was re- 
corded both with respect to 0 2 uptake and Compound S converted into cortisol in the 
antimycin A inhibited system. The stoichiometry achieved in 0 2 uptake and cortisol 
biosynthesis in the aforementioned system, indicates that little production of other 
oxygenated steroids occurred. This agrees with our paper chromatographic findings 
which revealed that little or no I8-hydroxylated or more highly oxygenated steroids 
than cortisol were synthesized from Compound S. 

The above findings with NADPH ~ Ca 2+ and isocitrate have bearing on the 
conclusions reached by SPATZ AND HOFMAXN 19. It can now be said unequivocally that 
guinea-pig adrenal mitochondria utilize exogenous NADPH efficiently. Our finding 
with isocitrate makes it likely that oxidation of this substrate also brings about intra- 
mitoehondrial reduction of NADPH which then becomes available to the members 
of the P-45o chain for ilfl-hydroxylation. Although more work needs to be done in 
delineating the possible pathways of a-ketoglutarate oxidation and the function of 
the electron chain in this respect, it is indeed possible that NADPH is made available 
as a result of NADH oxidation. As mentioned above, at the moment we have no ex- 
planation why succinate and malate are not used as substrates whereas in SPATZ AND 
HOFMANN'S 19 studies it was found that suecinate, fumarate and e-ketoglutarate were 
capable of supporting Ilfl-hydroxylation of Compound S equally well. It is to be 
noted that in our experiments, utilization of succinate and malate was made possible 
by additions of ATP and led to a small but significant amount of cortisol biosynthesis 
('fable II). 

Another finding which stands out and is different from that reported by SPATZ 
AN1) HO~IAXN, is that our mitochondrial preparations (P2) had little or no 21- 
hydroxylating capacity when incubated with progesterone. The only product formed 
was iifl-hydroxyprogesterone. The similarity of these results with those obtained in 
the rat ~2 16 led us to conclude that our fractionation procedure did indeed yield a 
mitochondrial preparation uncontaminated with the microsomal fraction. In the rat 
preparations, electron microscopic evidence indicated a good mitochondrial prepara- 
tion~, aa when our fractionation procedure was used. It might be of value to mention 
also, that on several occasions, upon checking for respiratory control in guinea-pig 
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adrenal mitochondria, a P/O ratio of 2.8 was obtained when a-ketoglutarate was used 
as oxidizable substrate. The ratio of 2.8 (theoretically possible 4) can be considered 
sufficiently high to indicate biochemical integrity of a tissue fraction considered for 
the most part  mitochondrial in nature. 

That  the distribution of steroid hydroxylases and their association with different 
particulate fractions do not appear to be different in the guinea-pig or rat adrenal 
also is evident from data shown in Table I I I .  The incubation of P4 (microsomes) with 
pregnenolone and progesterone led to their conversion into Compound S. Little or 
no steroid substrate conversion occurred in the absence of NADPH and the addition 
of I I  mM Ca 2+ had no effect at this level. Also little Ilfi-hydroxylation of deoxy- 
corticosterone and Compound S into corticosterone and cortisol, respectively, was 
found. 

The addition of the lO3OOO x g supernatant fraction to the microsomes led to 
the production of Compound S from pregnenolone and progesterone whereas deoxy- 
corticosterone and Compound S were not i lf l-hydroxylated in significant amounts. 
This occurred in the absence of NADPH additions. Presumably, the high-speed 
supernatant contains sufficient NADPH to supply the microsomal system involved 
in the steroid hydroxylations. In this instance, this finding is somewhat different 
from that  in the rat where it was found that  pregnenolone or progesterone was not 
transformed in the P4 + high-speed supernatant fraction combinations unless iso- 
citrate or succinate were also added to the system. 

The addition of isocitrate to P4 + high-speed supernatant fractions did lead 
to substantial increases in transformation of pregnenolone and progesterone into 
Compound S showing that  isocitrate can be utilized to support NADPH-dependent 
steroid hydroxylations occurring in the microsomes. Presumably the high-speed 
supernatant fraction or the microsomes contain NADP+-linked dehydrogenases re- 
quired for oxidation of isocitrate and thus NADPH is formed. 

The salient point derived from these latter studies was that  we could obtain 
guinea-pig microsomes which were presumably uncontaminated from mitochondria. 
This was assessed by their capacity to 2I-hydroxylate progesterone without con- 
verting deoxycorticosterone or Compound S into corticosterone or cortisol. 
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