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SUMMARY 

The effect of succinate-supported calcium uptake on pregnenolone formation by rat decapsulated and 
capsular adrenal mitochondria, and on ll/_?-hydroxylation of added DOC in decapsulated adrenal 
mitochondria, has been studied. In the absence of additional sources of reducing equivalents, calcium 
uptake inhibited both these reactions, due to competition with transhydrogenase for high-energy inter- 
mediates. 

In the presence of succinate, isocitrate and NADP+, calcium stimulated pregnenolone formation 
but did not affect 1 lb-hydroxylation of added DOC. Addition of valinomycin also produced a stimu- 
lation of pregnenolone formation, although to a lesser extent than calcium. 

Both calcium and valinomycin when added after succinate produced a difference spectrum resembling 
a type I spectral change with cytochrome P-450. 

These results have been interpreted to suggest that respiration-driven uptake of cations by adrenal 
mitochondria results in an increase in the proportion of cytochrome P-450 bound to endogenous 
substrate, which is consequently available for pregnenolone formation. 

INTRODUCTION 

The conversion of cholesterol to pregnenolone 
appears to be the rate-limiting step in adrenal steroi- 
dogenesis [l]. Several reports [2-51 have indicated 
that adrenal mitochondria from rats injected with 
ACTH or subjected to ether anaesthesia stress have 
an increased capacity to synthesize pregnenolone 
from endogenous mitochondrial cholesterol, when 
compared to controls. 

In an attempt to understand the mechanism of this 
activation, the optical and electron paramagnetic 
resonance (E.P.R.) spectra of adrenal mitochondrial 
cytochrome P-450 have been examined. The study of 
steroid-induced difference spectra [6] and E.P.R. 
spectra [7] has suggested that adrenal mitochondria 
contain at least two distinct species of cytochrome 
P-450, one involved in cholesterol side-chain cleavage 
(P-450,,,) and one involved in 1 l/l hydroxylation (P- 
450, 1,,) [S]. Proof of this concept has been obtained 
by separation and partial purification of these forms 
of cytochrome P-450 [!9-1 1). As yet a distinct species 
of cytochrome P-450 responsible for 18-hydroxylation 
remains to be identified. Spectral titrations of adrenal 
mitochondria prepared from rats subjected to ether 
anaesthesia stress [3] or ACTH injection [4] indicate 
an increase in the inverted type I difference spectrum 
produced by pregnenolone, when comparison is made 
with controls. Since this spectrum is believed to arise 
from displacement of endogenous cholesterol [ 123, 
these results have been interpreted to mean that the 

action of ACTH has resulted in an increase in the 
proportion of mitochondrial cytochrome P-450 
bound to cholesterol. On the other hand, there is little 
change in the type I difference spectrum produced 
by adding deoxycorticosterone (DOC), which is 
believed to be the substrate-binding spectrum of 
cytochrome P-450, ,p. Consistent with this, E.P.R. 
studies have shown an increase in the amount of high- 
spin ferric cytochrome P-450 in adrenal mitochondria 
from ACTH treated or ether stressed rats [4,13]. 

Since ferric cytochrome P-450 undergoes a low- to 
high-spin state transition on binding substrate [14], 
these results, together with the observations on ster- 
oid binding spectra, have been taken to indicate that 
the acute action of ACTH results in an increased as- 
sociation of adrenal mitochondrial cytochrome P- 
450,,, with cholesterol. 

It has been previously suggested that the ability 
of adrenal mitochondrial cytochrome P-450,,, to form 
an active enzyme-substrate complex with cholesterol 
is rate-limiting for pregnenolone formation [ 15,3]. 
Consequently, these results provide an explanation 
for the enhanced ability to synthesize pregnenolone 
in adrenal mitochondria from ACTH treated rats. 

Steroid biosynthesis in the zona glomerulosa is 
stimulated by a number of factors such as ACTH, 
angiotensin, high potassium concentration, and sero- 
tonin. In addition to activation of an early pathway, 
presumably pregnenolone formation, there appears to 
be in addition, a further activation at a late stage, 
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namely the last step in aldosterone biosynthesis [ 161. 
As yet, it remains to be established whether the 
mechanism of activation of pregnenolone formation 

in this tissue is similar to that discussed above. 
In an attempt to explore further the changes de- 

scribed above, the effect of calcium ions added in 

vitro to adrenal mitochondria was examined. Calcium 
can stimulate steroid hydroxylation reactions of 

adrenal cortex mitochondria irl vitro [17,2]. This 

stimulation when NADPH was used as source of 
reducing equivalents could be partially attributable 
to calcium-induced permeability of the mitochondria 
to pyridine nucleotides [18]. However, in a previous 

communication [ 191 we reported that millimolar con- 
centrations of calcium could bring about an increase 

in the inverted type I difference spectrum induced by 

pregnenolone in rat adrenal mitochondria. More 
recently [ZO], E.P.R. studies have shown that these 

concentrations of calcium bring about an increase 
specifically in the amount of high-spin ferric cyto- 

chrome P-450,,, bound to cholesterol within the 

mitochondria and thus mimic to some extent the 
in oiuo effect of ACTH. 

The object of this present investigation was to 
extend these studies to much lower concentrations of 
calcium, in the micromolar range, and in particular 
to see if respiration-supported uptake of low con- 

centrations of calcium could activate cholesterol side 
chain cleavage in mitochondria of rat decapsulated 

and capsular adrenals. 

EXPERIMENTAL 

Mitochondria were prepared from decapsulated 

adrenals and capsular strippings from 15G200 g 
female rats of the Sprague-Dawley strain. The conta- 
mination of the capsules with fasciculata cells was 
assessed to be routinely between 3-5x in terms of 
cell number (21). The tissues were homogenized with 
a Teflon-glass homogenizer in ice-cold 0.25 M suc- 
rose containing 10 mM triethanolamine hydrochlo- 
ride, 100 PM EDTA and 1% w/v BSA, pH 7.2. The 

ratio of homogenizing medium to tissue was 1 ml 
per rat equivalent in the case of decapsulated adrenals 

and 0.2 ml per rat equivalent in the case of capsular 

mitochondria. 
The homogenates were centrifuged for 10 min at 

600 g in an M.S.E. High speed 18 centrifuge at 4°C. 
The resulting supernatant was pipetted off and recen- 
trifuged at 10,000 g for 10 min. After discarding the 
supernatant, the centrifuge tubes were wiped free of 
adhering fat and the pellet re-suspended in 025 M 
sucrose and re-centrifuged at 10,000 g for 10 min. 
The resulting washed mitochondrial pellet was re-sus- 
pended in 0.25 M sucrose to give a protein con- 
centration of 5-8 mg/ml. 

Mitochondrial aliquots were incubated in 0.25 M 
sucrose containing 20 mM KCl, 15 mM triethanola- 
mine hydrochloride and 5 mM MgCl,, pH 7.1 at 
27°C in air. The volume of incubations was I ml in 

the case of decapsulate adrenal mitochondria, and 200 
~1 in the case of capsular mitochondria. The final 
mitochondrial concentration was around I mg/ml. 

After a 5 min pre-incubation in the presence of 3 @I 

2cc-cyano-4,4,17cc-trimethyl-l7P-hydroxy-5-androsten- 
3-one (cyanoketone), calcium chloride or valino- 

mycin where indicated, pregnenolone formation was 
initiated by the addition of the source of reducing 
equivalents. Where added sodium succinate was 2.5 
mM, D,L-sodium isocitrate was 5 mM. and NADP’ 
was 125 pg/ml. After incubating for a further 10 min, 

200 ~1 aliquots were removed for pregnenolone assay 

into 10 ml ice-cold water. 
After addition of an aliquot of [7-H3]-pregneno- 

lone (18 mC/mmol; the Radiochemical Centre, Amer- 

sham) as recovery indicator, steroids were extracted 
with 2 x 30 ml. dichloromethane. This extract was 

washed twice with 3 ml water and evaporated to dry- 

ness. The residue was taken up in ethanol-water 1:4 
(1 x 5 ml; 2 x 0.5 ml) and partitioned against 20 ml 
cyclohexane. Pregnenolone was found essentially en- 

tirely in the cyclohexane layer. This was taken to dry- 
ness and the residue taken up in a suitable volume 
of ethanol for radioimmune assay. The recovery of 

pregnenolone throughout this procedure was 85-90x. 
Radioimmunoassay was performed using antisera 

raised to a BSA conjugate of pregnenolone prepared 
as follows: (7-H3)-pregnenolone-20-(O-carboxymethyl) 
oxime was prepared according to the method of 

Erlanger, Borek, Beiser and Lieberman [22]. This was 
conjugated to BSA using isobutyl chlorocarbonate in 
tri-n-butylamine. The conjugate was purified by ace- 

tone and acid precipitation and lyophilised. On the 
basis of tritium incorporation, it was estimated that 

the conjugate contained 14 mole pregnenolone per 

mole. 
Antisera to this conjugate were raised in sheep 

(kindly provided by the Central Veterinary Labora- 
tory, Newhall, Weybridge, Surrey) by injection of a 
suspension in Freunds Incomplete Adjuvant at fort- 
nightly intervals. The animals were bled prior to in- 
jection and aliquots of the serum were tested for preg- 
nenolone binding. The method used for assay of preg- 
nenolone was based on a published method for assay 
of corticosterone [23]. 

Samples were incubated at 30°C for 4 h with a 
1: 1000 dilution of antiserum in 0.1 M sodium phos- 
phate buffer. Free and bound steroid were separated 
by adding 0.5 ml 0.0625% w/v charcoal mixture. After 
standing at - 15°C for 10 min the samples were cen- 
trifuged and aliquots of the supernatant counted by 
liquid scintillation spectrometry. A standard curve 
was run with each experiment within the range 0.3 125 
to 2.5 ng pregnenolone and quantification of results 
was achieved using a computer program executed in 
BASIC [23]. 

Figure 1 shows a typical standard curve in which 
the ratio of free/bound steroid is plotted against 
amount of steroid added. The value of the y-axis in- 
tercept in this case was 1.2789, the gradient was 
5.4353, and the R squared value 0.9903. 
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Fig. 1. Typical standard curve for the estimation of preg- 
nenolone. 

The cross-reactivity of the antiserum with other 
steroids is shown in Table 1. Of the steroids tested, 
only progesterone gave a significant cross reaction. 

However, this was not a problem in the studies de- 
scribed here, since cyanoketone, a potent inhibitor of 
38-01 dehydrogenase, was added to all the incubations 
to prevent conversion of pregnenolone to progester- 
one. 

Assay of extracts of incubation buffer in the 
absence of mitochondria gave a blank value of less 
than 2% of the amount of pregnenolone detected in 
a standard assay. The response of the assay was linear 
over a wide range of concentration of the sample 
extracted from an incubation. Further purification of 

incubation extracts on a Sephadex LH20 column 

developed with chloroform:petroleum ether (6C-80” 
boiling fraction):ethanol 200:200: 1 (water saturated) 
gave values for the pregnenolone concentration which 
were not significantly different from the unchromato- 

graphed extracts. 

Samples for determination of the reduced level of 
adrenodoxin were removed from the same incuba- 
tions in which pregnenolone was determined three 
minutes after initiation of side-chain cleavage by 
means of a syringe and immediately placed into 
quartz E.P.R. tubes and frozen in liquid nitrogen. 
E.P.R. spectrometry was performed using a Varian 

Table I. Cross-reactivity of pregnenolone antiserum with 
other steroids 

EY spectrometer equipped with a liquid nitrogen 

cryostat. 
Optical studies were performed using an Aminco 

DW-2 spectrophotometer operating either in scan- 
ning or dual-beam mode. 

RESULTS 

Figure 2 shows succinate-supported pregnenolone 

formation in the presence of different concentrations 
of calcium chloride in decapsulated and capsular 
mitochondria, and also 1 l/?-hydroxylation of added 

deoxycorticosterone (DOC) by decapsulated adrenal 

and 
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2a. Succinate-supported pregnenolone formation (0) 
ll/Ghydroxylation of added DOC (A) in rat decap- 

sulated adrenal mitochondria in the presence of different 
concentrations of calcium. The results are expressed as 
mean $- S.E.M. for four determinations on two separate 

preparations of mitochondria. 
Fig. 2b. Succinate-supported pregnenolone formation in rat 
decapsulated (0) and capsular (0) adrenal mitochondria 
in the presence of different concentrations of calcium. The 
results are expressed as mean f S.E.M. for four deter- 
minations on two separate preparations of mitochondria. 
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Table 2. Steroid production and level of reduced adreno- 
doxin in decapsulated adrenal mitochondria 

Conditions: succinate-2.5 mM: isocitrate-5 mM: 
NADP+--125 pg/ml; Ca*+ 
PM; FCCP-4 PM. 

350 PM; valinomycin-0.25 

mitochondria. Under these conditions, calcium inhi- 

bited both these reactions. This is to be expected 
because the supply of reducing equivalents for hy- 
droxylation reactions by succinate in rat adrenal 

mitochondria is believed to be to a large extent 
mediated via energy-linked transhydrogenase and cal- 
cium uptake competes with this reaction for high 

energy intermediates. The validity of this interpre- 
tation was indicated by experiments in which the level 

of reduced adrenodoxin, a component of the electron 
transport system for mitochondrial hydroxylation 
reactions, was measured by E.P.R. spectrometry 
(Table 2). These experiments showed that the presence 
of calcium severely inhibited the reduction of adreno- 

doxin by succinate. Similar results were obtained with 
valinomycin and FCCP. 

not dependent on energy supply. Under these condi- 

tions addition of calcium resulted in a stimulation 
of pregnenolone formation. 

Figure 3 shows pregnenolone formation in the pres- 
ence of succinate, isocitrate and NADP+ (added to 

counter possible leakage of pyridine nucleotides from 
the mitochondria at higher calcium concentrations) 

as a function of calcium concentration in the range 
120-880 PM for mitochondria from capsular and 

Decapsulated 

pregnenolone formatmn cort,ccsterone productlo” 

from added DOC 
+ 20r I 

In order to prevent this occurring, incubations were 
conducted in the presence of isocitrate in addition 

to succinate. Isocitrate provides reducing equivalents 
for hydroxylation reactions uia NADP+-linked isoci- 

trate dehydrogenase, and consequently reduction is 
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Fig. 3. Pregnenolone formation supported by succinate + 
&citrate + NADP+ in the presence of different concentra- 
tions of calcium in rat decapsulated (0) and capsular (0) 

adrenal mitochondria. 
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Fig. 4. Effect of calcium and valinomycin on pregnenolone 
formation and ll/&hydroxylation of DOC in rat decap- 
sulated adrenal mitochondria, and pregnenolone formation 
in capsular mitochondria. The source of reducing equiva- 
lents was succinate + isocitrate + NADP+. Results are 
expressed as mean + S.E.M. for the ratio stimulated/ 
control. The numbers in parenthesis are the numbers of 

observations. 
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Fig. 5. Difference spectrum induced by calcium in the 
presence of succinate in rat decapsulated adrenal mito- 
chondria. Succinate was added to both cuvettes to establish 
a baseline, and then 130 fl calcium chloride added to 

the sample cuvette to obtain the difference spectrum. 

decapsulate adrenals. As can be seen, calcium was 
capable of stimulating pregnenolone formation 2-4 
fold over this concentration range under these condi- 
tions. 

Data for a number of experiments at a fixed con- 
centration of calcium, namely 350 PM are shown in 
Fig. 4. The source of reducing equivalents was suc- 
cinate and isocitrate and NADP+. Also shown in Fig. 
4 are experiments in which valinomycin was added. 
Mitochondria can exhibit energy-linked uptake of 
potassium ions in the presence of valinomycin, which 
functions as a potassium-specific channel through the 
inner mitochondrial membrane. As can be seen from 
the figure, valinomycin in the presence of 20 mM KC1 
was capable of eliciting a stimulation of pregnenolone 
formation, although to a lesser extent than calcium. 
In addition, the effect of calcium and valinomycin on 
lib-hydroxylation of added DOC was also studied 
in decapsulate adrenal mitochondria. Under these 
conditions, neither calcium or valinomycin had any 
effect on 1 l/Lhydroxylation indicating their stimula- 
tory effect was specific for pregnenolone formation 
from endogenous mitochondrial cholesterol. 

Figure 5 shows the difference spectrum induced by 
calcium in rat decapsulate adrenal mitochondria. Suc- 
cinate was present in both cuvettes. Although some- 
what distorted by the calcium-induced baseline shifts, 
the resulting spectrum closely resembles a type I dif- 
ference spectrum, i.e., a substrate-binding spectrum of 
cytochrome P-450, with a peak at 390 nm, a trough 
at 420 nm, and a second trough at 570 nm. 

min 

Fig. 6. Kinetics of the spectral change induced by suc- 
cinate and calcium in rat decapsulated adrenal -mite- 

chondria, using the wavelength pair 572-585 nm. 
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Fig. 7. Kinetics of the spectral change induced by suc- 
cinate, calcium and valinomycin in rat capsular adrenal 

mitochondria, using the wavelength pair 572-585 nm. 

The kinetics of this spectral change are shown in 
Figure 6 using the wavelength pair 572-585 nm. Addi- 
tion of succinate resulted in an inverted type I differ- 
ence spectrum due to the conversion of cholesterol 
to pregnenolone. Subsequent addition of calcium 
resulted in the formation of a type I difference spec- 
trum which was frequently as in this case, greater 
than the succinate induced spectral change. Similar 
spectral changes have been observed with valinomy- 
tin. Figure 7 shows the spectral changes induced by 
succinate, calcium and valinomycin in capsular 
adrenal mitochondria, which respond in a similar 
fashion to decapsulated adrenal mitochondria. 

Addition of succinate and valinomycin to rat liver 
mitochondria failed to produce any spectral change 
whatsoever between the wavelengths 572-585 nm, 
although characteristic spectral changes were 
observed between the wavelengths 562-585 nm, indi- 
cating reduction and oxidation of cytochrome b, as 
were similar spectral changes in adrenal mitochon- 
dria. Since rat liver mitochondria contain no detect- 
able cytochrome P-450, this provides further evidence 
that the spectral changes observed in adrenal mito- 
chondria do represent a type I difference spectrum 
of cytochrome P-450. 

DISCUSSION 

The results presented here indicate that the energy- 
linked uptake of calcium and potassium ions (in the 
presence of valinomycin) by decapsulated and capsu- 
lar adrenal mitochondria results in an increased syn- 
thesis of pregnenolone from endogenous precursor. 
The spectral changes produced by these ions in the 
presence of succinate suggest an increase in the pro- 
portion of cytochrome P-450 bound to substrate 
within the mitochondria. Since the only endogenous 
substrate present in the mitochondria in significant 
amounts is cholesterol, then it is highly likely that 
these ions are causing an increased association of 
cytochrome P-450 with endogenous mitochondrial 
cholesterol. Such increased interaction is likely to be 
the basis of the enhanced pregnenolone formation 
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seen under these conditions, whereas 1 l/3-hydroxyl- 
ation is unaffected. 

Final proof of this assertion awaits E.P.R. measure- 
ments of adrenal mitochondria incubated with cal- 
cium and valinomycin under the conditions used here. 
However, it has already been established [20] that 
high con~ntrations of calcium, namely 5 mM, bring 
about a large increase in the g = 8.1 signal in decap- 
suIated adrenal mitochondria, indicating that high 
concentrations of calcium do cause an increase in the 
binding of cytochrome P-450?,, to endogenous sub- 
strate. 

Thus, uptake of calcium by these mitochondria 
mimics rather closely the effects on mitochondria of 
ACI’H administered in vivo, in terms of pregnenolone 
formation and spectral changes in cytochrome P-450. 
The fact that valinomycin-jnduced potassium uptake 
produces similar effects suggests the phenomenon is 
not specific for calcium. Energy-linked uptake of cal- 
cium and potassium have similar effects on mitochon- 

dria in two ways-both alter the electrochemical 
potential of the mitochondrial inner membrane, and 
both produce conformational changes in the mito- 
chondria. Either of these processes could be the un- 

derlying mechanism of the stimulation of cholesterol 
side-chain cleavage since either might reasonably be 

expected to affect the interaction of a membrane 
bound enzyme with a membrane bound substrate. 
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