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SUMMARY

A brief summary of the work described in this thesis is given I
below:-

(a) A rapid and sensitive assay of cholesterol side chain

cleavage is described. j

(b) Using this technique the enzyme system was investigated
in immature rat ovarian tissue pretreated with gonadotrophin.

(c) The enzyme complex was found to be located in the j

| mitochondrial fraction and to have the characteristics of a "mixed

j function oxidase", i.e. required NADPH and molecular oxygen j
for activity.

(d) Using an intact mitochondrial preparation the effect of
different cofactors, reducing agents and nucleotides on the
cholesterol side chain cleavage system was tested.

| (e) The mitochondrial cholesterol side chain cleavage system
i
I

was extracted in a soluble fraction following ultrasonic vibration
and freeze-drying.

(f) The soluble enzyme system was resolved into three protein
fractions - a fraction containing cytochrome P450, a non-haem iron

protein and an NADPH diaphorase. The enzymic activity was

restored after recombination of these three protein fractions.
5 5

(g) The A -3p-hydroxysteroid dehydrogenase and the A -3-
ketosteroid isomerase enzymes necessary for the conversion of

pregnenolone to progesterone were studied in soluble mitochondrial
and microsomal preparations from immature rat ovarian tissue.

(h) The influence of ascorbic acid on the cholesterol side chain

cleavage enzyme system was investigated. A possible role for
this reducing agent in controlling the cleavage reaction is discussed.



ABBREVIATIONS USED IN THE TEXT

The following standard abbreviations will be used throughout
the text:*

; NADP
■

NADPH reduced

i +
! NAD

i

j NADH reduced

| G6P
G6PD

j
j PMSG

HCG
I

I FSH

| LH

| ACTH
I

| AA
DHAA

OAAD

GSH

GSSG

3'5« AMP

2»3' AMP

ADPR

- nicotinamide adenine dinucleotide phosphate

^ M f! tf ft

- nicotinamide adenine dinucleotide

m It II II

- D-glucose-6*phosphate disodium salt

» D-glucose*6 -phosphate dehydrogenase

- pregnant mare's serum gonadotrophin

- human chorionic gonadotrophin

- follicle stimulating hormone

* luteinising hormone

- adrenocorticotropic hormone

* ascorbic acid

- dehydroascorbic acid

- ovarian ascorbic acid depletion test

- reduc ed glutathione

* oxidised glutathione

- 3*5* adenosine cyclic monophosphate

- 2'3' adenosine cyclic monophosphate

* adenosine-5*diphosphoribose



AMP

ADP

ATP

DHA

DHAS

EDTA

PPO

POPOP

T.L.C.

G, L. C.

Esa

3.

- 5* adenosine monophosphate

• 5* adenosine diphosphate

. 5' adenosine triphosphate

• dehydroepiandrosterone

- dehydroepiandrosterone sulphate

- diamino-ethane-tetra-acetic acid disodium salt

• 2,5 diphenyloxazole

- 1,4-bis (2-(5 phenyloxazolyl) ) - benzene

- thin-layer chromatography

- gas-liquid chromatography

- electron spin resonance
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CHAPTER I

INTRODUCTION

Cholesterol is the major sterol distributed in all living
mammalian cells. It is found free (non-esterified) and esterified
with various fatty acids. The classical work of Windaus (1932),
Wieland and Dane (1932) and Rosenheim and King (1932a, 1932b)
led to the elucidation of the chemical structure of cholesterol.

From the wide variety of sterols which occurs in nature and

may be ingested by higher animals, only cholesterol is readily
absorbed and transferred to the circulation. The absorption

proceeds via the lymph and about 50 per cent of the absorbed
cholesterol is esterified. Within the cell, cholesterol is found

in all the membrane structures: the cytoplasmic membrane,

mitochondria, endoplasmic reticulum and nuclear membranes.

(l) Biosynthesis of cholesterol
Even before the introduction of isotopic tracer techniques,

it had been established by metabolic balance studies that animals
could synthesise cholesterol.

The early observations of Bloch and Rittenberg (1942) and
Bloch, Borek and Rittenberg (1946) that rat liver slices were

capable of incorporating isotopically labelled acetate into cholesterol
had shown that acetate was the principal and probably the only
common metabolite from which cholesterol was synthesised. It

was demonstrated by the same investigators that both the side
chain and the nucleus of the sterol were derived from isotopic
acetate and that both carbon atoms of the acetic acid were used in

cholesterol synthesis. Studies of Bloch (1954), Cornforth, Hunter
and Popjak (1953), Cornforth and Popjak (1954) and Cornforth,
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Gore and Popjak (1957) contributed to the elucidation of the

pathway of cholesterol biosynthesis. An early stage in the

synthesis of cholesterol is the formation of an isoprenoid unit,

isopentenyl pyrophosphate, which is further polymerised to

squalene. In the conversion of acetate to isopentenyl
I

i pyrophosphate, an important intermediate is mevalonic acid.

j The formation of mevalonate from acetate has been demonstrated

by Witting et al. (1959), while Cornforth et al. (1958) have shown
that squalene is formed in high yield following incubation of liver

homogenates with labelled mevalonate under anaerobic conditions.
The work of Tchen and Bloch (1957) demonstrated the enzymic

cyclisation of squalene with the formation of lanosterol (C^Q
sterol). The cyclisation of squalene and some succeeding

reactions require aerobic conditions. The enzymes involved in
these reactions are mixed function oxidases requiring molecular

oxygen and NADPH (Mason, 1957). Lanosterol then undergoes

rearrangement and loss of three carbon atoms to form cholesterol

(C2? sterol).
Cholesterol is known to be synthesised by all tissues and it is

interesting that the microsomes are the locus of cellular
cholesterol biosynthesis, as well as the site of protein and
ribonucleic acid formation. The incorporation of labelled acetate

into cholesterol and steroid products has been demonstrated in
endocrine tissues: Srere et al. 1948, Zaffaront-et al. 1951,

Hechter et al. 1953 for the adrenal: Brady, 1951 for the testis
and Popjak, 1954 and Rabinowitz et al. 1955 for the ovary.

(2) Degradation of cholesterol
Certain tissues, such as liver, adrenal cortex, placenta and

gonads, are capable of cholesterol degradation. An important
catabolic pathway of cholesterol in higher animals is the degradation

i



6.

to bile acids and neutral sterols which occurs in liver.

Approximately 80 per cent of the cholesterol metabolised by the
liver is transformed into various bile acids. This degradation
involves hydroxylation of the cholesterol molecule at C^, and

The 7a-hydroxylation appears to be the first step in the
catabolism of cholesterol to bile acids and the enzyme system

responsible for this reaction occurs in the endoplasmic reticulum
and seems to have the characteristics of a mixed function oxidase

(Mitton and Boyd, 1967).

Cholesterol degradation in endocrine tissues

The adrenal cortex, placenta and the gonads have the capacity
to catabolise cholesterol to steroid hormones. The early steps

common to all steroidogenic tissue are the hydroxylations of the
side chain of cholesterol at C^q and C^, followed by the removal
of a six carbon fragment from the side chain to form pregnenolone,
the first C^ steroid. Pregnenolone occupies a central position
in the formation of steroid hormones which are classified into

several groups, e.g. adrenocortical hormones, androgens and

oestrogens on the basis of their chemical structure and

physiological effects. The first route from pregnenolone to

corticosteroids to be established was that via progesterone. The

key role of pregnenolone and progesterone in the formation of
adrenal steroids was reported by Levy et al. (1950) and by
Hechter et al. (1951). When progesterone was perfused through
the adrenal, excellent yields of eorticosterone and Cortisol were
obtained (Levy and Kushinsky, 1955). In this pathway, progesterone

undergoes three successive hydroxylations at ^21 anc*
to form Cortisol. Pregnenolone can also serve as a basic

precursor being transformed to 17ar-hydroxy pregnenolone and then
to Cortisol (Weliky and Engel, 1961). Figure 1 outlines the
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Figure 1, Biosynthesis of corticosteroids in adrenal
cortex.



biosynthetic routes to the most important corticosteroids. This

group of adrenocortical steroids affects carbohydrate metabolism,
and their biosynthesis occurs in the zonae fasciculate, and
reticularis of the adrenal cortex. The zona glomerulosa of the
cortex has the capacity to synthesise aldosterone (Simpson and

Tait, 1955). Aldosterone is unique among the adrenal steroids
in showing the presence of aldehyde group; in addition
aldosterone secretion is not markedly stimulated by ACTH.

The androgens are C Q compounds formed from the C_i 7 "1

steroids by removal of the two-carbon side chain. At least six

routes for androgen biosynthesis have been described or indicated

(Dorfman, 1963). One of these involves conversion of 17a-hydroxy

progesterone to androst-4-ene, 3,17-dione, by a desmolase
reaction and reduction of the 17-keto group to form testosterone,

the most potent naturally occurring androgen (Figure 2). This

path has been suggested for the testis (Slaunwhite and Samuels,

1956; Savard et al. 1956); for the ovary (Solomon et al. 1956;
Kase et al. 1961) and for the adrenal (Bao and Heard, 1957).
Another important pathway involves the formation of dehydro-

epiandrosterone (DHA) from 17e-hydroxy pregnenolone (Figure 2).
DHA and androstenedione also possess some androgenic activity
and much DHA is secreted by the adrenal conjugated as sulphate.

DHA has also been isolated from testes (Neher and Wettstein,

I960) showing that this compound is not exclusively of adrenal

origin. Additional pathways of androgen biosynthesis involve
conversion of 17a-hydroxy progesterone to testosterone acetate

(Dorfman, 1962) and the direct formation of dehydroepiandrosterone
from cholesterol without the necessity of a intermediate

(Burstein and Dorfman, 1962).



Acetate

Androst-4 -ene-3,l7-dione

I

Testosterone

Figure 2. Biosynthesis of androgens.
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I
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Figure 3. Biosynthesis of oestrogens from C _ steroids
(androgens).
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The oestrogens are C steroids as compared with the C _lb i 7

androgens. In the naturally occurring oestrogens there is no

angular methyl group at position 10, and ring A is aromatic |
(Figure 3). The most potent oestrogen is oestradiol 170. The
ovaries and the placenta are the main sources of oestrogen

production, and to a lesser degree the adrenals and the testes.
The immediate precursor of oestrogens is testosterone and the
studies of Heard et al. (1955), Bagget et al. (1956) and Wotiz et al.

14
(1956) demonstrated the conversion of testosterone- C to

14 14
oestrone C and oestradiol 170- C. Ryan (1959) studied the

|
aromatizing enzyme prepared from human placental microsomes
and obtained a highly effective oestrogen forming enzyme preparation.
The aromatizing enzyme also has the characteristics of a mixed
function oxidase, requiring NADPH and molecular oxygen for
its activity.

Further work with placental microsomes showed that, in
4

addition to testosterone, A -androstenedione, DHA and

dehydroepiandrosterone sulphate (DHAS) are effective substrates
for the aromatizing enzyme.

(3) Some enzymes in endocrine tissue

Enzymes involved in steroid hormone biosynthesis in endocrine
tissue belong to several groups:

(1) Hydroxylase systems or mixed function oxidases requiring
molecular oxygen and NADPH as an electron donor, and which
substitute a carbon-oxygen bond for a carbon-hydrogen.

(2) Dehydrogenases, some of which are reversible, using
either NAD or NADP as cofactor for the transfer of hydrogen.

(3) Isomerases, which catalyse the migration of a doubleT"

i
bond for which at present no co-enzyme requirement has been
demonstrated.
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(4) Desmolases. This category includes enzymes responsible
for the splitting of the side chain of cholesterol to form pregnenolone

(20a-22t~C desmolase) and the 17a,20, C, desmola.se, which27
^ 21

converts 17a-hydroxy progesterone to £\ androstenedione. The
latter reaction requires NADPH and molecular oxygen (Lynn and

Brown, 1958).

Intracellular location

Enzymes involved in the hydroxylation reaction are irreversible
since they involve free energy changes of over 90 kcal. per mole.
The cholesterol side chain cleavage system is located in the
mitochondria of all steroid producing tissue (Halkerston et al.

1961; Morrison et al. 1965; Simpson and Boyd, 1967;
Drosdowsky et al. 1965). The lip-hydroxylase and the 18-

hydroxylase of the adrenal cortex are also of mitochondrial origin

(Sweat and Bryson, 1962). The 17a-hydroxylating system has
been studied in testes (Hofman, I960), adrenal and ovary (Sweat
et al. I960); the activity was found to be associated with the

microsomal fraction. The adrenal 21-hydroxylase was also

described as having a microsomal location (Ryan and Engel, 1957).
In so far as information is available, all of the hydroxylases appear

to be multiple enzyme systems. The - 3(3 -hydroxysteroid
5

dehydrogenase and A. -3-ketosteroid isomerase enzymes are

believed to be located in the endoplasmic reticulum (Beyer and
Samuels, 1956), but similar activity frequently occurs in
mitochondrial preparation (Morrison et al. 1965). It has been

suggested that the & -3(3-hydroxysteroid dehydrogenase in some

species and tissues has a double origin, mitochondrial and
microsomal (Koide and Torres, 1965). The aromatizing system

for the conversion of steroids to oestrogens in human placenta
was demonstrated to be microsomal in origin (Ryan et al. 1959).



10.

Thus, there does not appear to be any common intracellular
location of steroid metabolising enzymes and it must therefore
be assumed that a cholesterol molecule in the course of its

catabolism to C steroids circulates between mitochondria,
i O

endoplasmic reticulum and the cytoplasm. The reason for this

compartmentalisation is not known, and its relation to steroid
metabolism in the whole cell is not well understood.

(4) Cholesterol in steroidogenic tissue
Cholesterol is widely distributed in all steroid-forming tissue.

In recent years, extensive work has been carried out on the
conversion of cholesterol to steroid hormones in endocrine tissue.

The role of cholesterol as an obligatory intermediate in the

formation of steroids in these organs has been widely studied.
Krum et al. (1964) in their studies with dogs fed on a synthetic

14
low cholesterol diet containing 4- C cholesterol demonstrated
that adrenal steroids isolated from these animals had identical

specific activities.
14

Menon et al. (1965b) showed that inhibition of acetate-1 - C

j incorporation into cholesterol by the substance .AY-9944t which
inhibits the hepatic conversion of 7-dehydro-cholesterol to
cholesterol is paralleled by a concomitant inhibitionof formation

14
of C testosterone in rabbit testis slices. Both these studies

emphasize the obligatory role of cholesterol as a precursor of
steroid hormones in endocrine tissues.

Ovarian cholesterol

Histochemical methods have been extensively used to explore
the location and turnover of lipids and fatty substances in the

ovary. The presence in certain cells of these organs of

sudanophil, birefringent, acetone-soluble lipids with properties
different from those of ordinary fat has long been known to the
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histologist. Extraction methods showed these droplets to

consist of cholesterol esters, phospholipids, triglycerides and

fatty acids. The ovarian interstitial tissue of rodents and

corpora lutea which are filled with such droplets, have long been
linked with hormone formation and secretion.

Everett (1945) studying the corpora lutea of the oestrus cycle
in rats, noticed a large accumulation of cholesterol in the corpora

lutea. He suggested that cholesterol serves as a precursor for

progesterone. The concept of cholesterol formation as a

precursor for oestrogenic hormones was developed in a series of
histochemical studies by Claesson et al. (1947a). They

demonstrated the presence of a sterol of the cholesterol type in
the interstitial glands of the theca interna of the rabbit ovary.
The amount of this sterol in the ovary was related to the phase of
the oestrus cycle. During oestrus, pregnancy and pseudo-

pregnancy large amounts were present, while in immature ovaries
and in anoestrus the quantities were low. After coitus or

injection with gonadotrophins, the sterol was mobilised from the
cells in the ovary concomitant with the production and secretion
of oestrogenic hormones. Similar methods when applied to the
rat and guinea pig yielded comparable results (Claesson and

Hillarp, 1947b).

Turnover of cholesterol

The term 'turnover' may be defined as the rate of replacement
of the molecules of a body constituent due to elimination as a

result of excretion or metabolic breakdown by conversion into

other substances. Many factors are known to influence the
turnover and distribution of cholesterol in tissues. Most studies

have been made in connection with the turnover rates of the

plasma-liver cholesterol pool. Amongst the extra-hepatic tissues
rich in cholesterol, the adrenal glands have been studied in some
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detail. Various types of experimentally induced stress, shock
and fasting cause a rapid and marked decrease in adrenal
cholesterol concentration, due presumably to accelerated conversior,
into adrenocortical steroids. Disappearance of half of the
adrenal cholesterol in three hours has resulted from non-fatal

haemorrhage or injection of ACTH into rats (Sayers, 1950). It
was observed that the esterified cholesterol decreased more

than the free cholesterol fraction. Another important problem
less investigated is the turnover of cholesterol within the cell,
and the rate of replacement of cholesterol in cell membranes.

Precursor pool of cholesterol

Armstrong et al. (1964) using rat ovarian slices, observed
14

that the specific activity of C-progesterone biosynthesised from
14

acetate 1 - C was higher than that of the specific activity of
14
C-cholesterol in the same incubation. The above authors

concluded that there was a lack of homogenity of the ovarian
cholesterol pool, with only a part of the sterol being drawn upon

for steroid synthesis; this they termed 'active cholesterol*. The
same concept that the precursor cholesterol might be a small

portion of the 'total cholesterol' in adrenal had been previously

proposed by Hayano et al. (1956a). The studies of Koritz and
Peron (1958) have also suggested that ACTH makes a steroid

precursor 'available' in the rat adrenal gland. Solod et ai. (1966),
proposed that in rabbit ovary the cholesterol laid down most

recently, whether derived from plasma cholesterol or synthesised
in situ from acetate, was the first to be used for pregnenolone

formation. When the rate of steroid secretion is increased by

luteinising hormone (LH) cholesterol deposited at an earlier time
in the tissue is available for pregnenolone synthesis. Thus, this

precursor pool of cholesterol might be only a small fraction of
the total cholesterol within the tissue.
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(5) Steroidogenesis in ovarian tissue
The ovary is a heterogenous» cyclically changing tissue

containing at various times different structural sub-units which
are endocrinologically active. These include the follicles,

corpora lutea and the interstitial cells of the cortical and

medullary regions. Ryan and Smith (l961 a, b, c) and Smith and

Ryan (1961) have described the nature of the steroids of the human
follicle. They have shown that the major products formed in vitro

14
from acetate 1- C are oestradiol 17(5 and oestrone. Short (1964)
studied the steroids present in the follicular fluid in the ovary

of the mare and noted that oestradiol 17j3 was formed in the largest
amount. The formation of the corpus luteum is a direct

consequence of proliferation and vascularisation of an ovulated

follicle. While the follicles are forming oestrogen the corpus

luteum produces mainly progesterone. As in the case of the
follicle the corpus luteum has a limited functional life span.

Studies of steroidogenesis in various species suggest that two

types of corpora lutea may exist: those like the bovine corpora

lutea which produce only C steroids mainly progesterone and
u 1

20or-hydroxypregn-4-en-3-one (Savard and Casey, 1964), and those

which produce both progesterone and oestrogens, as well as the
steroid precursors of oestrogens. Human corpus luteum

is a representative example of the latter category (Huang and

Pearlman, 1963; Hammerstein et al. 1964). The capability of the

non-germinal ovarian elements to produce steroid hormones has
been less investigated. Rice et al. (1964 a,b) reported the
conversion of radioactive acetate to pregnenolone, 17or-hydroxy

progesterone, DHA, ^-androstenedione and testosterone by
stromal cells.
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(6) Steroid hormones in rat ovary

Little is known regarding the nature of the steroid hormones
formed by rat ovarian tissue. Wiest (1959) identified progesterone

and 20ar-hydroxypregn-4~en-3-one in the ovaries of the pregnant
rat. Eto et al, (1962) and Telegdy et_al. (1963) isolated the same

compounds from the ovarian vein blood of rats during the oestrus

cycle. The same steroids have been shown to be formed in vitro
from radioactive acetate by luteinised ovaries obtained from rats

superovulated with exogenous gonadotrophin (Huang and Pearlman,

1962). Bice et al. (1966 a,b) studied steroid hormone formation

by the rat ovary, using tissue transplanted to the spleens of
castrated male animals. After 30 and 120 days respectively,
the transplanted ovaries had the ability to form in vitro radioactive

progesterone and 2 0a -hyd.roxypregn -4 «en - 3 -one from radioactive
acetate. Addition of LH in vitro did not augment the formation of
radioactive steroids. However, Bice and Segaloff (1966c)
succeeded in obtaining synthesis of oestrogens in vitro after long-
term incubations of rat ovarian slices with radioactive acetate.

In this experiment, the ovarian tissue was obtained from adult
female rats,previously joined in parabiosis with castrated male

rats^to produce ovarian tissue highly stimulated by endogenous

gonadotrophins. Weiss et al. (1965) and Stitch et al. (1963) have
reported oestrogen formation by rat ovarian tissue after incubation
with radioactive progesterone and testosterone respectively.

There is considerable interest in the physiology of heavily
Luteinised ovaries of immature rats, particularly those prepared
for use in the ovarian ascorbic acid depletion (OAAD) assay for LH.
This assay, as described by Parlow (1958), makes use of immature
rats in which a massive ovulation and luteinisation are produced

prior to an age of 30 days by means of pretreatment with PMSG and
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HCG. Such material is suitable for biochemical and enzymatic

studies. From the study of Armstrong et al. (1964), it seems clear
that the luteal cells of the immature PMSG-HCG treated rat are

capable of producing progesterone both in vitro and in vivo.

(7) Pituitary*ovarian axis
Of the various endocrine organs, the pituitary is perhaps the

most important, because it elaborates hormones which regulate
the secretory activity of other endocrine tissues such as the
adrenal cortex, the gonads and the thyroid gland. As early as

1912, Aschner was able to demonstrate changes in the genital

organs of dogs following hypophysectomy. Later, Smith (1926)
and Zondek and Ascheim (1927) demonstrated that pituitary extracts

were capable of influencing the gonads. Subsequently, it was found
that the administration of a pituitary gonad-stimulating extract

produced two distinct types of effects. One was the stimulation
of follicular growth in the ovaries and spermatogenesis in the
testes. The other consisted of maturation of the ovarian follicle

with subsequent ovulation and formation of corpora lutea in the

ovary, and secretion of androgenic hormones by the interstitial
tissue of the testes. The gonad-stimulating principle was termed

'gonadotrophin*. At least four gonadotroph!c hormones are known.
Two are secreted by the adeno-hypophysis: the follicle stimulating
hormone (FSH) and luteinising or interstitial cell-stimulating
hormone (LH or 1GSH). In addition, a gonadotrophin is produced

by the placenta and designated human chorionic gonadotrophin (HCG)
while another is present in pregnant mare's serum (PMSG).
Numerous experiments involving hypophysectomy, parabiosis,
ovarian grafts and gonadectomy have established the existence of
a feedback relationship between the ovaries and the hypophysis of
immature rats (Donovan, 1963 and Donovan et al. 1966). It is
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assumed that the central nervous system, specifically

hypothalamus, regulates the feedback mechanism between the
brain, pituitary and the gonads. In a series of in vivo and in vitro

experiments, it was shown that both FSH and LH stimulate

steroidogenesis. This topic has been extensively reviewed by
Eik-Nes (1964) and Savard et al. (1965).

(8) Steroid mixed function oxidases

Many of the reactions in steroid metabolism, such as

cholesterol side chain cleavage, aromatisation of androgens and

hydroxylation reactions, involve insertion of molecular oxygen
into the steroid molecule and require an electron donor. Such
reactions are catalysed by enzymes designated as mixed function
oxidases (Mason, 1957), which activate molecular oxygen and

cause the incorporation of one atom of oxygen into the substrate,
while the other oxygen atom is presumably reduced to water in
the presence of NADPH. The stoichiometry of mixed function
oxidase reactions of the hydroxylase type may be presented as:

R-H + 02 + XH2 > R-OH + H20 + X
where R-H is the substrate into which the molecular oxygen is

being inserted and XH2 is the electron donor. All mixed function
oxidases utilise one of the common cellular electron donors, the

pyridine nucleotides NADPH or NADH. The origin of the term
mixed function oxidase is that both the substrate and the pyridine
nucleotide are oxidised. The steroid mixed function oxidases

utilise NADPH, as electron donor, while in certain microbial

systems NADH appears to be a specific electron donor.
18

Experiments with 0^ show that molecular oxygen is directly
incorporated as the oxygen of the hydroxyl group in the course of
adrenal hydroxylation involving position 11a, lip, 17or and 21
of the steroid nucleus (Hayano et al. 1955j Hayano et al. 1956b).
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The nature of the activated form of oxygen which serves as the
attacking agent is not well established. It is possible that the

oxygen is activated by participation of a metal followed by NADPH
reduction. Corey and Gregoriu (1959) suggested that the species
of active oxygen in the hydroxylating intermediate is in a

positively charged electrophilic form such as HO . The existence
of HO+ now appears unlikely.

Staudinger (1966) presented evidence of the attacking oxygen

species and showed that hydroxylation may be mediated by the

generation of an oxygen atom rather than free hydroxyl radicals.
The oxygen atom ( •§• ) is regarded as a very powerful oxidant,

capable of cleaving C-H bonds directly.
Bloom and Schull (1955) suggested that the mechanism of

steroid hydroxylation was closely related to that of epoxidation of
olefinic steroids. Kurosava et al. (1961) demonstrated that in the

lip hydroxylating system of bovine adrenal cortex small amounts
of the 9P, lip epoxide are formed from deoxycortisol.

Recently, the possibility that epoxides may be involved as

intermediates in some mixed function oxidase reactions has been

indicated by Willett et al. (1967) with the demonstration that 2, 3

oxidosqualene is a better precursor of lanosterol than squalene,

and also it is formed from squalene in a rat liver system. However
due to the fact that some epoxides do not seem to be further

metabolised, their actual role as intermediates in hydroxylation

reactions has yet to be established.

[9) Purification of steroid mixed function oxidases
Omura et al. (1966) solubilised and purified the 1 ip-hydroxylase

system of adrenocortical mitochondria. The enzyme complex
was found to contain three protein components, a flavoprotein with
tfADPH diaphorase activity, a brown-coloured non-haem iron
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protein and a fraction containing cytochrome P450. The enzymic

activity has been successfully reconstituted by recombination of
the above three fractions. These studies provided evidence for
the identity and participation of these components in hydroxylation

reactions, and emphasised the importance of cytochrome P450 in
this mixed function oxidase reaction.

Cytochrome P450

In 1958, Klingenberg and Garfinkel separately described a

microsomal CO-binding pigment with an intense absorption band
at 450 mp. Later Omura and Sato (1964 a, b) established that
this pigment was a haemoprotein possessing protohaem as a

prosthetic group and they termed it cytochrome P450. The studies
of Estabrook et al. (1963) and Omura et al. (1965) demonstrated
that P450 was a key component of the NADPH requiring hydroxylase

system in liver microsomes as well as in adrenocortical

microsomes and mitochondria. It was suggested that the haemo¬

protein acted as the oxygen activating enzyme as well as the
substrate binding site. By anaerobic treatment of microsomes
with snake venom or deoxycholate, Omura and Sato (1964) were
the first to report the conversion of P450 into another form which

upon reduction gave a CO-absOrption peak at 420 rnp. This
modified form of cytochrome P450 was named cytochrome P420.
This cytochrome in to cytochrome P450 has been shown
to possess a typical haemoprotein spectra characteristic of a b

type cytochrome. The conversion of P450 to P420 was accompanied

by inactivation of the hydroxylase system suggesting that the

integrity of P450 is essential for the hydroxylase reaction. The

presence of P450 in adrenal cortex mitochondria was demonstrated

by Harding et al. (1964) and by Kinoshita et al. (1966). The

spectral properties of P450 in adrenal cortex mitochondria were
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found to be very similar to those of microsomal P450. More

recently Yohro and Horie (1967) presented evidence for the
existence of P450 in mitochondria obtained from bovine corpora

lutea.

Non-haem iron protein

Studies on pig adrenal mitochondrial steroid hydroxylase
showed that a non-haem iron protein is one of the components of
the electron transfer system of the steroid 11|3-hydroxylase

system. In this protein, ionic iron is bound directly to the

protein. Suzuki and Kimura (1965) and Kimura and Suzuki

(1965) isolated from pig adrenal a non-haem iron protein (termed
adrenodoxin) which resembled ferredoxin from Clostridium

pasteurianum (Tagawa and Arnon, 1962). Also a protein similar
to adrenodoxin was isolated from bovine adrenal mitochondria by
Omura et al. (1965). Adrenodoxin was shown to be one of the
essential components of the adrenal steroid hydroxylase system.

It has a molecular weight of 22, 000 and contains two atoms of iron
and two moles of labile sulphide per mole of protein. The iron
atoms appeared to play an important role in the catalytic function
of this protein. Studies using electron spin resonance to

determine the state of iron (Omura et al. 1965 and Watari et al.

1966) demonstrated that upon reduction in the presence of NADPH
and adrenodoxin reductase, a signal appeared with a g. value of
1. 94. When adrenodoxin was reoxidised by aeration this signal

disappeared. Ohno et al. (1967) showed the existence of a non-

haem iron protein obtained from pig testes similar to adrenodoxin.
This component was termed 'testodoxin' and could serve as an

oxidation reduction component in the ele ctron transfer system of
adrenal steroid hydroxylase when substituted for adrenodoxin. The
isolation of testodoxin led to the assumption that steroidogenic



Figure 4. The sequence of electron transport associated
with the transfer of reducing equivalents from
TPNH to cytochrome P450 (after Omura et al.
1966).
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endocrine organs may have non-haem iron proteins very similar
to adrenodoxin and that the electron transfer system in their

steroid hydroxylases resemble one another.

Flavoprotein

Omura et al. (1966) isolated a flavoprotein with NADPH

diaphorase activity following ammonium sulphate precipitation
and chromatography on DEAE cellulose of the 150, 000 g. 100
minutes supernatant from a mitochondrial preparation of adrenal
cortex. The role of the flavoprotein in the elctron transport

chain was to catalyse the reduction of the non-haem iron protein

by NADPH. Omura et al. (1966) have proposed the sequence of
events in electron transfer reactions from NADPH to cytochrome

P450 as shown in Figure 4.

(10)The cholesterol side chain cleavage system

The cleavage of the cholesterol side chain is the first reaction
in the degradation of cholesterol to steroid hormones. Special
interest arises from the suggestion that this series of reactions
includes the rate limiting step in steroid biosynthesis and that
these reactions may include a step specifically stimulated by

trophic hormones (Stone and Hechter, 1954). This enzyme system

occurs in the mitochondria of adrenal cortex, placenta, ovaries
and testes. It is known that the reaction requires molecular

oxygen and NADPH (Halkerston et al. 196l) and thus partially
fulfils the requirement for a mixed function oxidase. Early work
of Lynn et al. (1954) and Staple et al. (1956) showed the conversion
of cholesterol to pregnenolone by particle free extracts of beef
adrenal, ovary and testes. Solomon et al. (1956), incubated an

14
adrenal homogenate with cholesterol 4- C as substrate and added
various derivatives containing hydroxyl or ketone groups at C^q,
C__ or C_ . as trapping agents. The only compound containing
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radioactivity after purification was 20-hydroxy cholesterol. This

prompted the suggestion that this hydroxylated compound may be
an intermediate between cholesterol and pregnenolone. It is at

present believed (see Shimizu et al. I960, 1961; Constantopoulos
et al. 1962; Hall and Koritz, 1964a) that the conversion of
cholesterol to pregnenolone takes place in endocrine tissue by the

following sequence of reactions.

Cholesterol > 2Oar-hydroxy cholesterol * 20ar-22£-
dihydroxycholesterol > pregnenolone + isocaproic

aldehyde

Although the six carbon fragment of the side chain was isolated
in the form of isocaproic acid, Constantopoulos and Tchen (1961)
using trapping and isotope dilution experiments have shown that
the primary product is isocaproic aldehyde which undergoes

secondary oxidation to the acid. Evidence for the existence of
the intermediates is based on incubation studies in which these

compounds have been shown to be metabolised to pregnenolone
more rapidly than cholesterol. The hydroxylation of cholesterol
at C^q seems to be the controlling step in the biosynthesis of
steroid hormones by endocrine organs since it has been reported
that the regulatory mechanisms involving ACTH and gonadotrophins
is related to this step (Koritz* 1962; Ichii et al. 1963 and Menon
et al. 1965a). Many investigators have performed experiments to

evaluate the nature of the side chain cleavage reaction in

homogenates and soluble preparations from adrenal glands

(Halkerston et al. 1961; Constantopoulos et al. 1961), corpus

luteum (Ichii et al, 1963; Tamoki and Pincus, 1961), testes (Menon
et al. 1965a; Drosdowsky et al. 1965b) and placenta (Morrison
et al. 1965). However, less work has been reported concerning
the purification and examination of properties of the individual

enzymes in this system.
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Aims of the present work

Little information was available about the cholesterol side

chain cleavage reaction in rat ovarian tissue. Investigation of
the corpus luteum function in the rat has been facilitated by the
administration to immature animals of exogenous gonadotrophins
with the subsequent production of larger amounts of luteal tissue than
are normally present. The placental gonadotrophins (PMSG and

HCG) have been extensively used in this connection. The

pretreatment of immature rats with PMSG and HCG makes it

possible to obtain a group of animals which, although immature,
have enlarged, heavily luteinised and metabolically active ovaries.
It seemed likely that these pretreated ovaries might be useful in
the investigation of biochemical processes. To this end it was
decided to use such ovaries from pretreated rats for studies of
the cholesterol side chain cleavage enzyme system. It was

necessary to apply a rapid and simple assay for the side chain

cleavage reaction in order to elucidate the exact location of the

enzymes within the cell and to try to extract the enzyme(s) in a

soluble form to allow further investigation of the enzymic protein

components, mechanism of action, etc.

Once this had been achieved it would be possible to investigate
the action of some physiologically active compounds such as the

reducing agents GSH and ascorbic acid, nucleotides such as 3*5'
AMP or trophic hormone such as LH which might influence and
control the overall mechanism of steroidogenesis.
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CHAPTER II.

EXPERIMENTAL PROCEDURE

Animals

Ovarian tissue was obtained from intact immature female

Wistar rats. The animals were purchased from two different
colonies - the Small Animal Breeding Station, University of

Edinburgh, and P. Fox, Scientific Animal Service, Elstree. The
animals from both colonies varied in age from 21 - 27 days and
in weight from 40 - 50 g. at the beginning of the experiment.

Pretreatment and preparation of ovarian tissue

Each rat received a subcutaneous injection of 50 i. u. PMSG

followed 72 hours later by 25 i. u. HCG or another 50 i. u. PMSG.

Both preparations were dissolved in distilled water and each

injection was given in a volume of 0. 5 ml. per animal. As a

result of this pretreatment the ovaries became heavily luteinised
within a few days and varied in weight from 70 - 100 mg. The
animals were killed on the seventh day after the second injection

by dislocation of the cervical spine, and the ovaries were removed

by a dorsal approach. Each ovary was rapidly cleaned free of

superficial fat and connective tissue and kept in ice until the start

of the homogenisation.

Homogenisation
All subsequent operations were performed at +4°C. Within

30 minutes of killing the animals the ovarian tissue was chopped

finely with scissors and homogenised in 5 ml. sucrose (0. 25 M)/g.
wet weight tissue with a loosely fitting all-glass homogeniser. The

pestle of the homogeniser had welded glass knobs at the bottom and



TABLE 1

CENTHIFUGAL FRACTIONATION OF HAT

OYAH IAN HOMOOENATE

Hat ovarian tissue

(homogenised in 0. 25 M Sucrose (5 vol. /wet weight tissue)

600 g, /15 minutes

Nuclei Cell Debris Supernatant (1)
(discarded)

10, 000 g. /20 minutes

Mitochondria Supernatant (2)
suspended in 0. 154M KC1 105, 000 g. /60 min.

resedimented

resuspended twice in
0. 154M KC1 and
resedimented

Washed Mitochondria Cell Fluid Microsomes

suspended in
0.154M KC1

H e s edimented

Washed Microsomes
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all the surfaces in contact with the tissue were ground. The

pestle was connected to the drive motor by a short length of
rubber pressure tubing. The homogenisation was carried out

very carefully and no more than five or six passes were made.
The homogenate was centrifuged at 600 g. for 15 minutes in an

M.S.E. 17,000 refrigerated centrifuge in order to sediment the
nuclei and the cell debris. The supernatant was decanted and

retained while the sediment was washed with 1 vol. sucrose

(0. 25 M)/wet weight tissue and again centrifuged at the same

speed for another 15 minutes. The combined supernatant was

centrifuged at 10, 000 g. for 20 minutes to sediment the

mitochondria. The mitochondrial pellets were resuspended in

0. 154 1.1. KC1 using homogenisation by hand and centrifuged at
10, 000 g. for 20 minutes. This procedure was repeated three
times. The supernatant obtained after initially sedimenting the
mitochondria was centrifuged at 105. 000 g. for 60 minutes in a

Spinco Model E ultracentrifuge to sediment the microsomes. The
microsomes were resuspended in 0. 154 M. KC1 and resedimented.
The fractionation procedure is summarised in Table 1.

Method of assay

An enzymic assay has to be simple, rapid and reproducible.
For the studies of enzymes involved in steroidogenesis in the

ovary and adrenal cortex, a series of spectrophotometric and
fluorometric methods are in use. In such cases the interpretation
of the results is complicated by the possibility that the steroids
determined colorimetrically arise from de novo synthesis or from
release of preformed stored steroids.

In the case of the side chain cleavage of cholesterol such
methods are not useful because pregnenolone, an early product of
the reaction, has no dominant chromophore either in the visible
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or the ultraviolet region of the spectrum.

The enzymic assay employed in this work was based on the
14

conversion of added (4- C) cholesterol to radioactively labelled

&2i ster°ids. This activity can be determined by following either
the formation of radioactive products or the disappearance of the
substrate. In the experiments described herein radioactive

product formation over a standard period of time was used as a

measure of the enzymic activity. The concentration of endogenous
cholesterol in intact mitochondria was found to be about 300 pg. per

i incubation. Each incubation represented mitochondria obtained
I
jfrom 1. 0 g. wet weight ovarian tissue. Similarly approximately
25 pg. cholesterol per incubation was found when a soluble

mitochondrial preparation was employed as the enzyme source

again derived from 1. 0 g. wet weight ovarian tissue. As it is

| difficult to obtain conclusive evidence concerning the equilibration of
14

the added (4- C) cholesterol with the endogenous cholesterol of the

mitochondria, it was decided to calculate the enzymic activity as the
14

rate of conversion of the exogenous 4- C cholesterol into C_
w X

radioactive metabolites. Throughout this work the cholesterol
side chain cleavage activity is expressed as the percentage conversiojn

14
of 4- C cholesterol to radioactively labelled C_ steroids.

14
Cholesterol- C labelled at either position 4 or 26 purchased

ifrom the Radiochemical Centre, Amersham, with high specific
I

activity (60 pc/mg.) was chosen as the radioactive substrate.
14

jAliquots of cholesterol 4- C were chromatographed by thin-layer

|chromatography (T. L. C.) on Silica-gel-G using benzene : ethyl
acetate :: (4:1 v/v) together with a standard reference sample
i |
(Organon). The area corresponding to cholesterol was eluted from j

14 I
the plate with ethanol. Each batch of cholesterol 4- C was "cleaned"
in such a way immediately before use.



TABLE 2

TYPICAL INCUBATION MIXTURE

Amount Volume

Mitochondria

Phosphate Buffer 0.1M, pH. 7. 3

Magnesium sulphate
NADP

D-Glucose-6 -phosphate

D-Glucose-6-phosphate
dehydrogenase

(4-^C) Cholesterol

15mg. protein/ml.

50 pinoles

25 pinoles
200 pmoles

1 I.U.

0.25 »xC

ml.

1.00

2.60

0.25

0.50

0. 50

0.10

0. 05
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Incubation procedure
|

The enzyme preparation was mixed with phosphate buffer j
pH. 7. 3,magnesium sulphate, the NAJDPH generating system and
radioactive cholesterol in the proportion shown in Table 2, to give

i
a final volume of 5 ml. Incubations were commenced by addition 1
of the substrate and carried out in a 25 ml. Erlenmeyer flask at
37°C for 1 hour in air using a Dubnoff incubator with constant

shaking.
Extraction procedure

i

The incubation period was terminated by the addition of 0. 2 ml.
acetic acid followed by freezing. Several solvents have been

tested for the extraction of the steroids. It was found that ethyl
acetate gave the best recovery (Table 3). The mixture was

I
transferred to a stoppered centrifuge tube and extracted three times |

i

with 10 ml. ethyl acetate followed by one extraction with 5 ml. ethyl

acetate. The combined extracts were washed with distilled water I
I

!

(5 ml.), dried by anhydrous sodium sulphate, filtered and evaporate^
to dryness under nitrogen or vacuum.

Separation on thin-layer chromatography

The residue was dissolved in 0. 4 ml. chloroform and applied to

a thin-layer glass plate coated as follows: 20 g. Silica-gel-G

(Merck) were shaken in a stoppered flask with 50 ml. distilled water J
for 60 seconds. By means of a Desaga (Heidelberg) applicator the
slurry was applied in a layer of 0. 25 mm. thick. After drying for
10 minutes at room temperature the plates were activated at 110°C
for 30 minutes. Standard non-radioactive steroids were spotted at

one side of the plate. The plates were run in di-isopropyl ether : j
o o ■

petroleum ether (60 -80 ) :: acetic acid ::: (7:3:0.2 v/v). Two ]
successive runs were made, the first until the solvent front reached I

three-quarters of the height of the plate, and the second run was '
allowed to continue until the solvent reached the top of the plate. !



TABLE3

RECOVERYOFRADIOACTIVITYPUKINGEXTRACTION WITHDIFFERENTSOLVENTS
Radioactivityadd|<|

ascholesterol4-C counts/min. 240,000c.p.m. 240,000c.p.m. 240,000c.p.m. 240,000c.p.m.

Solventused
forextraction

Chloroform(3x10ml.) EthylAcetate(3x10ml.) Di-ethyl-ether(3x10ml.) Methylenechloride(3x10ml.)
Radioactivity recovered counts/min. 215,475 232,787 180,648 208,458

Percentage 89.7% 96.9% 75.2% 86.8%



Figure 5. .Radioactive scan of a thin-layer plate after
chromatography in di-iso-propyl ether :
petroleum ether :: acetic acid ::: (7:3:0.2 v/v).



! This solvent system and technique separated 20or-hydroxypregn-
i

| 4-en-3-one, progesterone and pregnenolone from cholesterol.
| The plates were scanned in a gas flow thin-layer scanner (Figure
i

| 5); the areas containing the 20ar-hydroxypregn-4-en-3-one,
| pregnenolone and progesterone were then eluted with ethanol, taken
j to dryness and chromatographed again in chloroform : ethyl acetate
]

I :: (8:2 v/v) which gave a more satisfactory separation of the above
I
I compounds. Figure 6 shows a scanned thin-layer plate after the
|
; second chromatography.
J
! Measurement of the radioactivity

The separated radioactive steroids were first located on the
; scanned plates and the reference standards were visualised by

| spraying with 1:4 dilution of scintillation liquid with methanol and
viewing under an ultra-violet lamp. The compounds were eluted
from the plate either by extraction of the steroids from the silica

i

| gel with chloroform or scraped directly into scintillation vials.
The latter procedure was chosen because it did not produce any

loss in counting efficiency, e. g. binding of radioactive steroids to

silica gel G (Table 4). The scintillation fluid was prepared by

dissolving 4 g. 2, 5-diphenyloxazole (PPO) and 30 mg. 1,4-2-
-5 phenyloxazolylbenzene (POPOP) in 1 litre of dry toluene

containing 5% methanol. The -methanol was added to the

scintillation liquid to ensure that the steroids were extracted from
i

I the silica gel.

Radioactivity of the samples was counted in a Packard Tri-
carb Model 314-EX liquid scintillation spectrometer. Using such

an instrument and under the conditions of operation, carbon-14

was counted with an efficiency of 73%.
Table 5 shows the recovery of radioactivity throughout all the

procedures for a typical incubation.
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Figure 6. Radioactive scan of a thin-layer plate after
chromatography in chloroform : ethyl acetate
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TABLE4

COMPARISONOFMETHODSOFESTIMATINGRADIOACTIVE CHOLESTEROLBOUNDTOSILICAGELG
Estimationswereperformedonsetsoffourorfivesamples.Thecounts/min.ineachsample weredeterminedsixtimesbyliquidscintillationspectrometry.Resultsarepresentedas themeanandstandarddeviationofthesixdeterminations: 14

Cholesterol4-Csolutioninacetonepipetteddirectlyintoscintillationliquid(10ml.) 12345
Counts/min.42,090*10350,296*7547,292*8148,160*9349,701*83

SilicagelG(correspondingto8cm.^ ofT.L.C.plate)addedtoabovesamplewhichwere recounted

12345
Counts/min.41,998*2249,900*4546,253*8444,315*10949,571*63 14

0.1ml.Cholesterol4-CsolutionspottedonT.L.C.plate:silicagelscrapeddirectlyinto scintillationliquid
1234

Counts/min.48,331*10747,427*10347.872*15847,511*141 14

0.1ml.Cholesterol4-CsolutionshottedonT.L.C.plate:elutedwithchloroform,takento drynessandcounted
1234

Counts/min.42,233*9342,884*9945,645*11446,039*83



TABLE5

RECOVERYOFRADIOACTIVITYDURINGTHEPROCEDURE
RadioactivityaddedasRadioactivityrecoveredPercentage cholesterol4-Ccounts/min.Radioactivityrecovered 292,225c./min.InincubationflaskSO0.03 Afterextraction2,3460.8 Afterwashingthe extract2,5070.9 Afterspottingthe material7,1072.3±0.021

OnT.L.C.plate288,19095.9±0.37
Total99.93
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SUMMARY

(a) Immature female rats were pretreated with PMSG and HCG
and the animals were sacrificed ten days after the beginning of
the pretreatment.

(b) The ovarian tissue was homogenised using an all-glass

homogeniser and the preparation of the subcellular fractions,
i. e. mitochondria, microsomes and particle free supernatant

are described.

(c) The assay of the cholesterol side chain cleavage enzyme
14

system utilised cholesterol 4- C as substrate and involved

extraction of the steroid products, separation by thin-layer

chromatography and quantitative analysis by means of a gas -

flow radioactive scanner and liquid scintillation spectrometry.
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CHAPTER III

PRELIMINARY STUDIES ON THE CHOLESTEROL

SIDE CHAIN CLEAVAGE ENZYMES

Distribution of the enzyme

Experiments were carried out to establish in which cell

fraction the cholesterol side chain cleavage activity of rat ovarian
tissue resided. Incubations were set up, as listed in Table 2,

containing mitochondria, microsomes or 105,000 g. supernatant

equivalent to 1 g. /wet weight ovarian tissue. Incubations were

performed at 37°C for 1 hour. The results for triplicate

experiments are shown in Table 6. It was found that the activity
of the cholesterol side chain cleavage enzymes in immature rat

ovary was located only in the mitochondrial fraction. These

results are in agreement with the findings of Halkerston et al.

(1961) who used bovine adrenal and Hall et al. (1964) employing
bovine corpus luteum. However it does not agree with the

original observation of Ichii et al. (1963) who found the activity
of the enzymes in bovine corpus luteum in the supernatant fraction.
These latter investigators carried out homogenisation using a

Waring Blender instead of a glass homogeniser. In order to
ascertain whether this type of homogenisation would change the
distribution of the enzyme, an experiment was carried out using
a Waring Blender at maximum speed. It was found that such a

homogenisation did not change the distribution of the enzyme, but

slightly reduced the activity. Accordingly, it was concluded that
in rat ovarian tissue the cholesterol side chain cleavage enzyme

system was located in a cell fraction isolated under conditions

which would support the view that the subcellular fraction was



TABLE6

PERCENTAGECONVERSIONOFCHOLESTEROL4-14CTOPREGNENOLONE4-14C, PROGESTERONE4-14C,2Qg-HYDROXYFREGN-4-EN-3-ONE4-UCANDTOTALCONVERSION
INMITOCHONDRIA,MICROSOMESAND105,000g.SUPERNATANTFROMRATOVARIANTISSUE Subcellular fraction

20or-hydroxy- pregn-4-en-3- one

Pregnenolone
Progesterone

Total Conversion

Washedmitochondria1
0.3

1.6

13.9

15.8

2

0.9

1.1

14.1

16.1

3

0.8

1.7

14.8

17.3

Washedmicrosomes1
0.2

0.3

0.3

0.8

2

0.1

0.2

0.3

0,6

3

0.1

0.3

0.4

0.8

105,000g. supernatant1
0.1

0.1

0.4

0.6

2

0.1

0.1

0.5

0.7

3

0.3

0.3

0.3

0.9



Figure 7. Electron micrograph of rat ovarian mitochondria
(magnification x 40,000 x 16,000), reduced 19/20.



30.

mitochondrial. An electron microscopic examination of the
isolated fraction used in these experiments confirmed the view

that the preparation was of mitochondrial origin (Figure 7).
Recently, Yago et al. (1967) have shown that the cholesterol

side chain cleavage activity of bovine corpora lutea is located
in a heavy mitochondrial fraction and not in the supernatant as

had been previously reported (Ichii et al. 1963).

The products of the cleavage reaction

A radiochromatogram of a thin-layer plate run in solvent

system (ethyl acetate : chloroform :: (8:2 v/v) showed radio¬
chemical components which behaved as pregnenolone, progesterone
and 20a or 20p -hydroxypregn-4-en-3-one.

The following methods were used for the characterisation of
these compounds:

(a) Thin-layer chromatography (several solvent systems)
(b) Gas-liquid chromatography

(c) Re-crystallisation to constant specific activity

(a) Thin-layer chromatography
The area on the thin-layer plate corresponding to the standard

steroid was separately eluted with ethanol and taken to dryness.
The residue was dissolved in 0. 4 ml. chloroform and spotted on

thin-layer plates coated with Silica Gel G. The plates were run

in different solvent systems together with standard reference

preparation. The R^ values are illustrated in Table 7; each
value representing the mean of three determinations. The
results demonstrated that the products obtained after incubating

14
rat ovarian mitochondria with cholesterol 4- C behaved on thin-

layer chromatography like pregnenolone, progesterone and 20a or

20P-hydroxypregn-4-en-3-one. No single solvent system

separated the 20a from the 20(3 isomer, and using only thin-layer



TABLE7

R,VALUESFORPREGNENOLONE,PROGESTERONE,20or-HYDROXYPREGN-4-EN-3-ONE
■■■i■

AND20P-HYDROXYPREGN-4-EN-3-
ONEUSINGDIFFERENTSOLVENTSYSTEMS

Chloroform99
Benzene9

Benzene
19

Benzene
9

Benzene3

Methanol1
Ethanol1

Ethanol

1

Acetone
1

Ethylacetate2

(Hagermanetal.)
(Lisboaetal.)
(Lisboaet
al.)

(Hagerman
etal.)

(Futterweitetal.)

1964

1963

1963

1964

1963

Pregnenolone.36
.51

.40

.31

.45

Progesterone.50
.68

.55

.40

.54

20or-Hydroxypregn- 4-en-3-one.29-48.34.25.39
2Op-Hydroxypregn- 4-en-3-one.30.48.35.26.41
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chromatography it was difficult to predict which one of the
isomers was formed. This was established using gas-liquid

chromatography.

(b) Gas-liquid chromatography

Samples from thin-layer chromatography were analysed by

gas-liquid chromatography (G. L.. C. ) using the Pye Argon Model.
This instrument was equipped with an Argon ionisation detector,
and the columns were 4 ft. long by 1/4 ins. in diameter. The

stationary phase was 1% XE-60 on 80-100 mesh Gas Ghrom P.
The column temperature was kept at 225°C and the flash heater

temperature at 254°C with the detector voltage at 1,000 volts.

Samples were introduced on the column using a solid injector

system (Menini et al. 1965).
The retention times (t ) of the substances injected in relation

X\

to cholesterol (internal standard t_ = 12 minutes) were identical
X\

with the relative retention times of standard pregnenolone (0. 75),
progesterone (1.82) and 20a-hydroxypregn-4-en-3-one (2.0).
This column separated 2QP (l. 78) from 20a (2. 0), and it was
found that in such a column the product eluted from a thin-layer

plate with the of 2Op or 20a-hydroxypregn-4-en-3-one had the
retention time of 20a-hydroxypregn-4-en-3-one.

(c) Re-crystallisation to constant specific activity
The radiochemical purity of the products of the reaction such

14 14
as pregnenolone 4- C, progesterone 4- C was determined by

re-crystallisation to constant specific activity. The compounds

were eluted from thin-layer plates with ethanol and after addition
of authentic pregnenolone and progesterone respectively,

crystallisation was conducted in the usual way from various
solvents. After each re-crystallisation samples were taken for
measurement of specific activities (Table 8).



TABLE8

JRECRYSTALLISATIONOF(4-14C)PREGNENOLONEAND(4-14C)PROGESTERONE TOCONSTANTSPECIFICACTIVITY
Stageof{4-14c)PreSnenolone urificationSolventCrystalsMotherLiquor Total

Specific

Total

Specific

activity

activity

activity

activity

counts/min
counts/min/mg

counts/min
counts/min/mj

Afteraddition
ofpregnenolone

26,500

1,320

Afterrecrystallisation
1stAcetone/hexane

18,536

1,290

9,074

1,188

2ndAqueous/methanol
9,700

1,200

7,084

1,076

3rdChloroform/hexane
6,700

1,180

5,080

1,080

4thChloroform

4,800

1,179

3,474

1,082

?

14

(4-C)Progesterone

Afteraddition
ofprogesterone

54,500

2,180

Afterrecrystallisation
1stAcetone/hexane

33,600

2,000

14,307

1,037

2ndAqueous/ethanol
13,784

1,731

8,451

1,051

3rdEthylacetate/hexane
9,658

1,609

6,585

1,011

4thAqueous/methanol
5,475

1,600

5,328

1,015
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Intermediates between cholesterol arid pregnenolone

There is evidence that in endocrine tissue the conversion of

cholesterol to pregnenolone involves initial hydroxylation at

and °f the cholesterol molecule. The hydroxylation at is

likely to be the rate limiting step in steroidogenesis (Ichii et al.
1963; Menon et al. 1965a).

The evidence for the hydroxylated intermediates is based on

the incubation studies in which 2Oar-hydroxy-cholesterol and 20ar,
22 £ di-hydroxy-cholesterol have been shown to be metabolised
to pregnenolone more rapidly than cholesterol (Shimizu et al.

1961, 1962), A number of derivatives of cholesterol have been

tested as intermediates by Solomon et al. (1956). These authors
succeeded in isolating 20-hydroxy-cholesterol following incubation

14
of cow adrenal homogenate with cholesterol 4- C, in an

experiment where 20ar-hydroxy-cholesterol was used as an internal

trapping agent. The majority of investigators have failed to

isolate these compounds. Hall and Koritz (1964) suggested that
the intermediates do not occur free in the normal system, but
are enzyme bound, the first free compound being pregnenolone.

In the solvent system used for thin-layer chromatography (di-
iso-propyl ether : petroleum ether :: acetic acid ::: (7:3:0.2 v/v)
the two hydroxylated compounds were well separated. None of
the proposed intermediates were detected upon scanning the plates.

14
Incubations were also carried out using cholesterol-26- C as

substrate. The thin-layer plates were scanned, and no peaks were
obtained in the areas corresponding to the of 2Oar-hydroxy-
cholesterol or 20ar-22£— di-hydroxy-cholesterol.

The thin-layer plates were divided into 0. 5 cm. strips and

each was counted by liquid scintillation spectrometry. Again

there was no evidence for these intermediates because the
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appropriate thin-layer chromatography segments gave counts

similar to the "background" radioactivity in an average scintillation
vial. These results are in agreement with other reports in
which these alleged intermediates have not been detected in the
absence of a metabolic trap or an inhibitor.

Type of pretreatment

As was stated in the general introduction, placental

gonadotrophins have been used extensively to study the
functional activity of the ovaries. Administration of PMSG and
HCG to immature rats results in gross ovarian enlargement and
massive formation of corpora lutea. McKerns (1965) showed
that administration of PMSG to immature rats produced an increase
in glucose-6-phosphate dehydrogenase and hence an increased rate

of metabolism of glucose-6-phosphate by the pentose pathway.
This effect resulted in an increased rate of formation of NADPH

which is known to be necessary for steroid hydroxylation reactions.
It was necessary to investigate different types of pretreatment
of the immature rat on the ovarian cholesterol side chain cleavage

enzymes. Table 9 shows the types of pretreatment employed,
and Table 10 illustrates the results of different pretreatments

on the enzyme system which splits the side chain of cholesterol.
It can be seen that in animals pretreated with PMSG in a single

dose, the cholesterol side chain cleavage eusymes are much
less active than when PM.SG was administered in two doses three

days apart. This is connected with the fact that the first injection
of PMSG stimulates the maturation and enlargement of follicles
without causing ovulation. The second injection of PMS G or HCG
induced ovulation and corpora' lutea formation, and this increased
the activity of the enzymes involved in the side chain cleavage of
cholesterol. This is in agreement with the view that the



TABLE 9

TYPE OF PRETREATMENT WITH PMSG AND HCG

OF IMMATURE FEMALE RATS

Pretreatment Animals killed

1. 100 i. u. PMSG followed 72
hours later by 100 i.u. PMSG

2. 200 i.u. PMSG

3rd day after
1st PMSG

3rd day after
PMSG

3. 50 i. u. PMSG followed 72
hours later by 50 i. u. PMSG

4. 100 i.u. PMSG followed 65
hours later by 50 i. u. HCG
followed 48 hours later by
50 i.u. PMSG

7th day after
2nd PMSG

5th day after
1st HCG

5. 50 i.u. PMSG followed 72
hours later by 25 i. u. PMSG

10th day after
HCG

6. 50 i.u. PMSG followed 72
hours later by 25 i. u. PMSG

7th day after
HCG



TABLE10

PERCENTAGECONVERSIONOFCHOLESTEROL4-I4CTOPREGNENOLONE4-14C, PROGESTERONE4-14C,2Qg-HYDROXYPREGN-4-EN-3-ONE4-14CAND TOTALCONVERSIONINRATOVARIESPRETREATEDINADIFFERENTWAY
Typeof pretreatment

100i.u.PMSG followed72hourslater by100i.u.PMSG

Animals killed
3rdday after1st PMSG

20«-Hydroxypregn-Total 4-en-3-onePregnenoloneProgesteroneConversion 1.5

1.7

3.2

6.4

200i.u.PMSG

3rdday

1.2

3.4

2.4

7.0

50i.u.PMSG7thday followed72hourslaterafter2nd by50i.u.PMSGPMSG
1.7

1.3

21.8

24.8

100i.u.PMSG followed65hourslater5thday by50i.u.HCG,after1st followed48hourslaterHCG by50i.u.HCG

3.7

3.6

12.1

19.4

50i.u.PMSG followed72hourslater by25i.u.HCG

7thday afterHCG

1.4

1.8

20.0

23.2



TREATED

UNTREATED

Figure 8. Radioactive scan of thin-layer plates after
chromatography in chloroform : ethyl acetate :
(8:2 v/v).
Products isolated from ovarian mitochondria

preparations of PMSG treated immature rats
and untreated rats.
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phenomenon of follicle maturation and ovulation are associated
with the production of steroid hormones by the ovaries.

Furthermore, administration of PMSG followed by PMSG produces

the same results as PMSG followed by HCG, thus confirming
the observation that the most highly purified preparation of
PMSG exhibits both follicle stimulating and luteinising

properties. (Schmidt-Elmendorff et al. 1962).
An experiment was carried out in order to establish if the

pretreatment of immature rats with PMSG was necessary in
order to achieve cleavage of the cholesterol side chain and to

cause steroidogenesis. A group of 100 animals were divided
into two sub-groups. To one sub-group (50) the initial pre¬
treatment was administered and to the second no pretreatment

was given. Both groups of animals were sacrificed on the

same day, mitochondria isolated separately, and incubation
14

conducted under the same conditions using cholesterol 4- C
as substrate. The side chain cleavage activity was found to be
lower in the untreated animals, but pregnenolone was accumulated
in larger amounts than in the group of rats which received the
initial pretreatment. It is possible that the synthesis of

5
progesterone which involves the presence of a A -3j3-hydroxy-

5
steroid dehydrogenase and A -3-ketosteroid isomerase might
be directly related to the degree of luteinisation of rat ovarian
tissue. Figure 8 shows two radioactive scans of thin-layer

chromatograms of the products of the reactions after incubation
of ovarian mitochondria from PMSG treated and non-treated

immature rats.
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SUMMARY

(a) The complex of enzymes involved in the side chain cleavage
of cholesterol in the immature rat ovary was found to be located
in mitochondria.

14
(b) After incubation of the mitochondria with cholesterol 4- C,

14
three metabolites were obtained - pregnenolone 4- C,

14 14
progesterone 4- C and 20a-hydroxypregn-4*en-3-one 4- C.
The above compounds were characterised by repeated thin-layer

chromatography, gas-liquid chromatography and re-crystallisation
to constant specific activity.

(c) The postulated intermediates of the cholesterol side chain

cleavage reaction, 20e-hydroxy-cholesterol and 20ar, 22 6 di-

hydroxy-cholesterol, were not detected.

(d) Different types of pretreatment of immature rats were studied

using PMSG and HCG. It was found that 50 i. u. PMSG followed
72 hours later by another 50 i. u. PMSG and sacrificing the
animals on the tenth day after the beginning of the pretreatment

gave the most satisfactory results; such a form of pretreatment
was adopted routinely.
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CHAPTER IV

STUPES ON THE CHOLESTEROL SIDE CHAIN CLEAVAGE

ENZYMES IN INTACT MITOCHONDRIA

Cofactor requirement

Previous studies have demonstrated that NAOPH is an

essential cofactor in the degradation of the cholesterol side chain
in endocrine tissue (Halkerston et al. 1961; Constantopoulos and

Tchen, 1961). It has also been suggested that the soluble enzyme

system requires oxygen and either NADH or NADPH, whereas the
intact mitochondrial preparation only functions with NADPH

(Talalay, 1965). The results illustrated in Table 11 show that

the side chain cleavage enzymes in intact mitochondria isolated
14

from luteinised rat ovaries, incubated with cholesterol 4- C

as substrate, require an NADPH generating system as the electron
4" 4*

donor. In this system NAD and NADP are ineffective, and no

other nucleotides appeared necessary for the cleavage reaction.
The role of NADPH in cholesterol side chain cleavage is an

expression of the reaction involved, which is that of a mixed
function oxidase. NADPH was generated in these experiments

enzymically via glucose-6-phosphate and glucose-6-phosphate
dehydrogenase. It is known that intact mitochondria are

impermeable to NADPH (Lehninger, 1964). Yago, Dorfman
and Forchielli (1967) reported that added NADPH was not

accessible to the intact mitochondrial cholesterol side chain

cleavage enzymes of bovine corpora lutea, in contrast to NADPH

generated in the incubation mixture from NADP , glucose-6-
phosphate and glucose-6-phosphate dehydrogenase. The

explanation of this anomaly will be discussed later. When



TABLE11

EFFECTOFDIFFERENTCOFACTORSONMITOCHONDRIA INCUBATEDWITH(4-14C)CHOLESTEROLFOR60MIN.AT37°
Cofactor

2Oar-hydroxypregn■ 4-en-3-one

Pregnenolone

Progesterone

Percentageofcholesterolconverted
NAD(3.7mg) NADH(3.7mg) NADP(3.7mg) G6P(12.0mg) Sodiumsuccinate (100mole) NADP+(3.7mg) G6P(12.0mg) NADPHgenerating system (NADP(3.7mg) (G6P(12.0mg) (G6PD(1i.u.)

0.7

0.2

0.3

0.7

0.1

0.2

0.6

0.1

0.2

0.4

0.1

0.2

1.1

0.1

0.2

0.7

0.7

6.6

1.1

0.6

10.8



0.26 0.52 1.04

LNADP+]((imoles/ml)

•f
Figure 9. Effect of NADP on progesterone synthesis in

rat ovarian mitochondria.
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glucose-6-phosphate dehydrogenase was omitted from the standard
incubation mixture, enzyrnic activity remained (Table 11),
demonstrating that rat ovarian mitochondria contained this enzyme.

In the presence of glucose -6 -phosphate, very small amounts of
+

NADP (0.1 - 1.0 (xmoles/rnl.) are necessary to produce
detectable side chain cleavage activity and progesterone
accumulation. This is shown in Figure 9 which demonstrates that
in terms of progesterone production an increase in the amount of

•j*
NADP produced a linear response in the range of 0.1 to 1. 0

•j*
pinoles NADP /ml. /hr. incubation period.

Effect of NADPH

There is considerable evidence to indicate that NADPH is a

cofactor of particular importance in the biogenesis of steroid
hormones. Many steps in the corticosteroid biosynthetic

pathways have been found to be NADPH-dependent (Tchen and

Bloch, 1957; Fergusson et al. 1959). NADPH has been also

implicated as a mediator of the adrenal response to ACTH (Haynes
et al. 1957* Haynes, 1958). Consequently the influence of
different concentrations of the NADPH generating system was

studied. The reaction was conducted in the usual way, but the
NADPH concentration was varied. The results are shown in

Figure 10. It can be observed that excess NADPH inhibited

progesterone synthesis while pregnenolone was shown to accumulate.
Satoh et al. (1966), using a soluble adrenocortical mitochondrial

preparation, demonstrated that excess NADPH inhibited the

cleavage of the cholesterol side chain. The influence of NADPH
on the steroid hydroxylation reaction has been studied by several

authors. Savard et al. (1963) demonstrated that an NADPH

generating system stimulated progesterone synthesis in bovine

corpus luteum slices. Hydroxylation of progesterone at C and
+

Cjg was shown to be stimulated by NADP plus glucose-6-phosphate



[NADP+ +G-6P] (/amoles/mL •

Figure 10. Influence of different amounts of NADP plus
glucose-6-phosphate on mitochondrial conversion
of (4-*^C) cholesterol to (4-* C) pregnenolone,
(4- C) progesterone and total conversion.



A A TOTAL CONVERSION
X X PREGNENOLONE

12 3 4

[ NAD + ] (mg / 5 in L)

Figure 11. Effect of NAD+ added to the usual mitochondrial
side chain cleavage system.



38.

(Sheppard et al. 1966) in a soluble enzyme system prepared from
bovine adrenal cortex mitochondria. In the present experiments

increasing the concentration of NADPH increased the conversion
of cholesterol to pregnenolone, but decreased progesterone
accumulation. The overall side chain cleavage reaction was only

slightly decreased at elevated NADPH concentrations. These
results suggest that an excess of NADPH inhibits the conversion of

pregnenolone to progesterone presumably due to decreased
5

IS -3f3-hydroxysteroid dehydrogenase activity or due to a

cofactor deficit for this reaction. Alternatively, excess NADPH

might also act directly on the 20a hydroxylating system of
cholesterol, thus increasing the accumulation of pregnenolone in
some as yet unexplained way.

Influence of NAD^ added to the NADPH generating system
■f

Mitochondria from different tissues contain both NAD and
-f-

NADP in amounts of some 10-40 times the concentration of

cytochrome a (Lehninger, 1965). The absolute amount of NAD
is fairly constant but the amount of NADP* varies considerably
from one type of mitochondria to the other. Incubation of native

mitochondria in the absence of an NADPH generating system with
•f"

NAD as cofactor did not produce a side chain cleavage reaction.

Supplementing NADPH with NAD resulted in the accumulation of

pregnenolone with a reduction in the amount of progesterone. The
overall side chain cleavage reaction was little altered under these
circumstances (Figure 11).

+ 5
NAD is a specific cofactor for the A -3p-hydroxysteroid

dehydrogenase which converts pregnenolone to progesterone. It
is possible that the added NAD* in the presence of an NADPH

generating system is reduced to NADH by a transhydrogenase and
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that this inhibits the conversion of pregnenolone to progesterone.

This may be the reason for the accumulation of pregnenolone. The
existence of enzymatic pathways for hydrogen transport between

+ +
NAD and NADP was first shown by Ball (l94i), who suggested

that flavoproteins might carry out this function. Colowick et al.

(1952) provided evidence for a distinct pyridine nucleotide

transhydrogenase. In most animal cells the ratio NADPH:NADP+
4

is greater than the ratio NADH:NAD (Dickens et al. 1959). Also
NADP is present intracellularly predominantly in a reduced form;

possibly this is a reflection of the fact that its rate of oxidation is
much slower than its rate of formation. Talalay et al. (1958)
suggested that certain mammalian hydroxysteroid dehydrogenases

may serve a regulatory function by catalysing transfer of H between
NADPH and NAD. Also a mitochondrial pyridine nucleotide

transhydrogenase has been shown to be present in adrenal tissue
in high concentrations (Stein et al. 1959; Spiro and Ball, 1961).
As with other tissues it is possible that in rat ovary there exists
a transhydrogenase which is capable of regulating the mitochondrial
concentration of NADPH and NADP.

Effect of NADH added to the NADPH generating system

The action of NADH added to the NADPH generating system
was investigated. It was found that NADH, like NAD ,

significantly decreased the conversion to progesterone, but

pregnenolone did not accumulate (Table 12). It might be possible
"I"

that exogenously added NADH reduced the endogenous NAD which
is present mainly in the oxidised form (Glock and McLean, 1956),
and this in turn inhibits the conversion to progesterone.

4
Alternatively, the NADH might reduce the NADP formed after

hydroxylation of cholesterol by a transhydrogenase reaction, and
the excess of NADPH formed might inhibit the conversion of



TABLE12

PERCENTAGECONVERSIONOF(4-l4C)CHOLESTEROLTO(4-14C)2Qg-HYDROXYPREGN-4- EN-3-ONE,(4-l4C)PREGNENOLONE,(4-14C)PROGESTERONEANDTOTALCONVERSIONIN CONTROLINCUBATION(NADPH)ANDWITHNADHADDEDTOTHENADPHGENERATINGSYSTEM 20ar-hydroxy-Total pregn-4-en-3-onePregnenoloneProgesteroneConversion
Control (NADPH)0.91.122.524.5 +NADH 3.7mg/5ml.0.51.610.812.9 incubation
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pregnenolone to progesterone. These assumptions agree with

the observations of Klingenberg and Schollmeyer (1963), who

suggested that mitochondria contain an asymmetric trans -

hydrogenase which catalyses the transfer of hydrogen atoms in
■f

one direction only, namely from NADH to NADP .

Time-course of the reaction

Incubations were carried out as described previously for

varying periods in order to establish the sequence of events in
this reaction (Figure 12). Pregnenolone is very rapidly
transformed to progesterone by ovarian mitochondria. After 30
minutes incubation, progesterone was the main product and only
small amounts of pregnenolone and 20a-hydroxypregn-4-en-3-one
accumulated. This demonstrated that in mitochondria of

luteinised rat ovary, the sequence of reactions was very rapid

being probably cholesterol to pregnenolone to progesterone.

g
Studies on A -3ft-hydroxysteroid dehydrogenase

The fact that progesterone was found in relatively large

quantities demonstrated that mitochondria of rat ovarian tissue
5 5

contain a A -3|3-hydroxysteroid dehydrogenase and a A -3-keto-
steroid isomerase capable of converting pregnenolone to

progesterone. The enzymic conversion of pregn-5-en-3j3-ol
to pregn-4-en-3«one has been studied quantitatively in homogenates
and acetone powder extracts of bovine corpus luteum and bovine
adrenal cortex. It has been demonstrated that the hydroxysteroid

dehydrogenases are strongly bound to the microsomal fractions
of steroid producing tissues (Beyer et al. 1956) and NAD appears

5
to be the preferred cofactor. The activity of A -3p-hydroxy-
steroid dehydrogenase in mitochondria prepared as described

previously was investigated. The mitochondria were incubated
with pregnenolone as substrate in the presence of different
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cofactors; the steroids were extracted and the ultraviolet

absorbing material was measured at 240 my.. The results are
5

shown ill Table 13 and demonstrate that the A -3{i-hydroxy-
5

steroid dehydrogenase and the A -3-ketosteroid isomerase are

present in mitochondria of luteinised rat ovary and that NAD*
ii apparently the preferred cofactor. Incubation without

exogenous cofactor, but with pregnenolone as substrate, showed
that endogenous NAD* in the mitochondria is capable of oxidising
the substrate.

Effect of Sodium Succinate and Sodium Fumarate

Since the conversion of pregnenolone to progesterone is
NAD* dependent, it seemed of interest to study the effect of

pre - incubation with biological substrates which are capable of
4*

converting NAD to NADH.
Mitochondria were pre-incubated with sodium succinate or

sodium fumarate for different periods followed by incubation with
14

NADPH and cholesterol 4- C. In both cases the amounts of

progesterone were reduced, pregnenolone remaining the same.

The decrease in progesterone was first attributed to the effect
of sodium succinate or sodium fumarate which could reduce the

4
amount of endogenous NAD . Later, in a study of the pre¬

incubation of native mitochondria in the absence of one of the

above biological substrates, the same effect was observed.
Studies on beef adrenal cortex mitochondria demonstrated

4*4"
that the presence of succinate and Mg was essential for

pregnenolone synthesis (Koritz, 1966). In incubations of rat
44

ovarian mitochondria exogenous Mg did not appear to be
essential and sodium succinate could not replace the NADPH

generating system. The side chain cleavage activity in the

presence of an NADPH generating system was increased by sodium
succinate in concentrations of 10 - 20 pmoles/ml. The increase



TABLE13

EFFECTOFDIFFERENTCOFACTORSONMITOCHONDRIALCONVERSION
OFPREGNENOLONETOPROGESTERONE,.INCUBATIONFOR60MIN.AT3?° WITH100ng./ml.PREGNENOLONE CofactorsProgesteroneformed

|xg/ml.

None17 NAD(3.7mg)1,07 NADH(3.7mg) NADP(3.7mg)20 NADPH (NADP(3.7mg) (G6P(12.0mg)f-12 (G6PD(1i.u.)
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Figure 13. Effect of sodium succinate added to the NADPH
generating system on the cholesterol side chain
cleavage reaction.
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was due to an elevated production of progesterone (Figure 13).
On the other hand, sodium fumarate was found to have no effect

on the side chain cleavage reaction when added to the NADPH

generating system in quantities of 5 - 40 pinoles/ml. incubation.

Effect of pre - incubation of the native mitochondria

Koritz and Peron (1959) demonstrated that pre-incubation of
rat adrenal preparations increased the production of pregnenolone

following incubations with cholesterol as substrate. In contrast,

Drosdowsky et al. (1965) showed that pre-incubation of a rat testis
mitochondrial preparation produced an inhibitory effect on the

cleavage of cholesterol. Koritz and Peron (1959) speculated
that the conditions of pre-incubation, in which the equilibrium
between substrate and cofactor is incomplete, affects the enzymic

process in such a way that the substrate cofactor combination

protects the enzyme complex either from being destroyed or from

functioning catalytically towards the endogenous cholesterol.
In view of the above experiments the 'pre-incubation' effect

on the cholesterol side chain cleavage enzymes in rat ovarian
mitochondria was studied.

Native mitochondria prepared in the normal way were

suspended in phosphate buffer at pH. 7. 3 and pre-incubated at
37°C for different periods of time. The 'pre-incubated
mitochondria' were centrifuged at 10,000 g. for 20 minutes to
resediment the mitochondria. The supernatant was discarded and
the mitochondria were resuspended in KC1 (0.154 M) and incubated
for 60 minutes in the presence of an NADPH generating system

14
and cholesterol 4- C. The results are shown in Figure 14.

Short periods of pre-incubation produced a marked decrease in
side chain cleavage activity due to a marked fall in progesterone

production. Longer periods of pre-incubation, up to 45 minutes,



Figure 14. Effect of pre-incubation of mitochondria in
phosphate buffer (pH. 7.3) on the cholesterol
side chain cleavage system.
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produced maximal pregnenolone production; in spite of this
the overall side chain cleavage activity was decreased. The

possible protective effects of cofactors during this mitochondrial

pre-incubation was investigated. It was found that pre-incubation
of mitochondria with the added NADFH generating system for
different periods followed by incubation in the presence of the
usual NADPH generating system revealed no significant protective
effect of NADPH during the inactivation which appears to take

place during the pre-incubation period. The results are illustrated
in Table 14. They demonstrate that after the pre-incubation

period, progesterone production is decreased. It is possible that
"f" £)

NAD which is a cofactor for /\, -3£•hydroxysteroid dehydrogenase
is reduced to NADH. Alternatively, the pre-incubation may modify

5 5
the -3p-hydroxysteroid dehydrogenase and & -3-ketosteroid
isomerase activities necessary for transforming pregnenolone
to progesterone.

Hunter and Ford (1955) have reported that brief pre-incubation
of mitochondria in phosphate buffer (0. 01 - 0. 02 M) produced
decreases in turbidity which suggest considerable swelling of
mitochondria. Swelling of the mitochondria is a complex process
which requires the presence of oxygen, and implies changes in

shape and volume of the mitochondrial unit. The swelling can be
reversed such a process being known as contraction of the
mitochondria. It is possible that during the pre-incubation period
the phosphate buffer produced swelling of the mitochondria, and
the loss in activity is due to this phenomenon. The effects of

phosphate were shown to be on the electron transfer system at the
NAD+ level; the latter might be lost by diffusion through a more

permeable or damaged membrane (Hunter and Ford, 1955). The
loss of endogenous NAD+ will have as a consequence a decrease



TABLE14

MITOCHONDRIAPRE-INCUBATEDFORDIFFERENTPERIODSOFTIMEWITHAND WITHOUTNADPH,FOLLOWEDBYINCUBATIONINTHENORMALMANNER
Pre-incubationperiod priorto1hr.enzymic assay

NADPH present(+)
orabsent(-) from

pre-incubation

Percentageconversion ofcholesterolto:-
20ar-hydroxy- pregn-4-en-3-one

PregnenoloneProgesterone

Minutes

Zero

0.9

1.1

22.5

10

+

0.3

0.3

8.0

-

0.2

0.1

6.1

30

+

0.3

2.2

4.7

-

0.4

1.4

4.4

40

+

0.3

4.8

6.0

_

0.3

4.1

4.0
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in progesterone synthesis observed after this pre-incubation.
However, suspension of the mitochondria in water or Tris buffer

(0. 02 M) can result in a similar swelling effect without loss of
NAD+ dependent oxidation. Mitochondria prepared in the same

way were pre-incubated for 15 minutes in the presence of phosphate,
water, sucrose (0. 25 M) and Tris buffer, followed by incubation
for 60 minutes in the presence of an NADPH generating system

14
and cholesterol 4- C. The results are shown in Table 15,

and demonstrate that pre-incubation of the mitochondria in Tris

(0. 02 M), KC1 (0. 154 M) and water produces a greater loss in

enzymic activity than those obtained in the preparation pre-incubated
in phosphate buffer.

Some agents have been described to have a protective effect
on the mitochondria during pre-incubation with phosphate.

++ ++
Substances such as EDTA, ATP, ADP, Mg and Mn were

shown to reverse the swelling of the mitochondria. Pre¬
incubation of mitochondria was conducted in the normal way in
0. 1 M phosphate buffer prior to the enzymic assay. ATP, EDTA,

■f+
Mg and Mn were added to the flasks in different concentrations.

+4.
The results are illustrated in Table 16. Mg ions and EDTA were

found to have no effect; Mn ions inhibited the enzyme system;

only ATP (10 pmoles/ml.) reduced the loss of activity during the

pre-incubation period to a certain extent.

Effect of various steroids on cholesterol side chain cleavage activity

Ichii et al. (1963) studied the effect of different steroids on the

cholesterol side chain cleavage enzymes in a soluble mitochondrial

preparation from bovine corpora lutea. Of the steroids tested,

pregnenolone was found to be the most potent inhibitor. Hall and
Koritz (1964) reported the inhibitory effect of 2Oar-hydroxy-
cholesterol on the side chain cleavage of cholesterol using as a



TABLE1_5

PRE-INCUBATIONOFMITOCHONDRIAINH.O,KC1,SUCROSE,THISAND PHOSPHATEBUFFERPRIORTOENZYMICASSAY Percentageconversionolcholesterol4-Cto
thefollowingproductsuponincubationat37for60mins.

Pre-incubation(4-^C)20«-hydroxy-(4-^C)(4-^C)Total 15min.pregn-4-en-3-onePregnenoloneProgesteroneConversion
Control(nopre- incubation)

0.9

0.4

18.5

19.8

H2°

0.6

0.2

4.2

5.0

KC1(0.154M)

0.7

0.2

4.0

4.9

Sucrose(0.25M)

0.9

0.2

4.9

6.0

Tris(0.02M)

0.5

0.3

3.9

4.7

Phosphatebuffer (0.01M)

0.4

0.4

3.5

4.3

Phosphatebuffer (0.1M)

0.5

0.1

7.6

8.2



TABLE16

EFFECTOFADDITIONOFVARIOUSSUBSTANCESTOTHE PRE-INCUBATIONMEDIUM.THISPRE-INCUBATIONWAS
FOLLOWEDBYINCUBATIONWITH4-i4CCHOLESTEROLFOR60MINUTES Percentageconversionofcholesterol4-Ctothe followingproductsuponincubationat37for60minutes

Pre-incubation(4-C).. for15min.in20er-hydroxy-(4-C)(4-C)Total phosphatebufferpregn-4-«n-3-onePregnenoloneProgesteroneConversion Control(nopre-incubation)
0.9

0.4

18.5

19.8

Phosphatebufferonly

0.5

0.1

7.6

8.2

Phosphate+5pinolesATP
0.3

0.1

5.5

5.9

If

+10pmolesATP

0.8

0.4

11.0

12.2

It

+EDTA(0.01M)

0.5

0.4

7.2

8.1

It

+EDTA(0.1M)

0.4

0.4

7.0

7.8

ft

■f-j-

+Mg(50pmoles)
0.6

0.1

5.0

5.7

It

++

+Mg(100pmoles)
0.9

0.8

6.0

7.7

!!

++

+Mn(50pinoles)
0.4

0.8

2.2

3.4

It

+Mn++(100pmoles)
0.3

0.1

1.2

1.6
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Figure 15. Effect of different steroids on total cholesterol
side chain cleavage activity.

(A) Control
(B) 20of-hydroxy cholesterol
(C) Pregnenolone
(D) Progesterone
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source of enzyme an acetone dried powder mitochondria from
bovine adrenal cortex. These authors also showed that

pregnenolone inhibits the system in the same tissue preparation

(Koritz and Hall, 1964). From the fact that pregnenolone inhibits
the cholesterol side chain cleavage reaction arose the suggestion
that this steroid may constitute an important regulatory factor,
since the rate of the overall reaction may be influenced by the
rate of removal of pregnenolone from the mitochondria. Koritz
and Hall (1964) suggested that the inhibition produced by

pregnenolone in the adrenal extract represented an example of
feed-back or end product inhibition.

The effect of 20or-hydroxy cholesterol, pregnenolone and

progesterone on the cholesterol side chain cleavage enzymes in
rat ovarian mitochondria was studied. The results (Figure 15)
demonstrate that 20<r«hydroxy cholesterol was the most potent

inhibitor, followed by pregnenolone and progesterone which

produced the same degree of inhibition. The inhibition of the
side chain cleavage reaction by pregnenolone and progesterone was

not associated with the accumulation of either 2Occ-hydroxy
cholesterol or 2Oar 22dihydroxy-cholesterol, suggesting that
this inhibition was not simply an example of product inhibition.
These observations differ from those of Ichii et al. (1963) who
found that inhibition of the conversion of cholesterol! to

pregnenolone by pregnenolone in acetone powders of homogenates
of bovine corpus luteum was accompanied by accumulation of both

20ar-hydroxy cholesterol and 20or, 22 dihydroxy-cholesterol.
The present experiments showed the same degree of inhibition
with pregnenolone and progesterone suggesting the fact that the
inhibition of the enzyme is not due to a simple feed-back
mechanism.
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SUMMARY

The cholesterol side chain cleavage reaction in the immature
rat ovary requires NAJDPH as an electron donor.

In the presence of NADPH, NADH was found to be inhibitory
while NAD+ caused an increase in pregnenolone, the overall
reaction being unaffected.

Excess of NADPH produced an accumulation of pregnenolone
and a slight decrease in the overall reaction.

The rate of the side chain cleavage reaction was studied
in vitro, and it was observed that after 5 minutes incubation,

progesterone was already easily demonstrable, a fact which
5

implies that the A -3(3-hydroxysteroid dehydrogenase was

active. Thus the accumulation of pregnenolone does not occur

because the latter is rapidly converted to progesterone.
Mitochondrial production of progesterone in the presence of

NADPH was further stimulated by succinate while fumarate was

without effect.

Mitochondria prepared in the same way and incubated with
•f*

pregnenolone as substrate in the presence of NAD as cofactor,
showed direct conversion to progesterone, leading to the conclusion
that intact mitochondria from luteinised rat ovary contained a

5 5
A -3(3-hydroxysteroid dehydrogenase and a A -3-ketosteroid
isomerase.

Pre-incubation of mitochondria for different times also caused

decreased enzymic activity together with a tendency for pregnenolone
to accumulate.

20ar-hydroxy cholesterol, pregnenolone and progesterone were

found to be potent inhibitors of the cholesterol side chain cleavage
reaction in rat ovary.
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CHAPTER V

ACTION OF SOME REDUCING AGENTS AND NUCLEOTIDES

ON THE CHOLESTEROL SIDE CHAIN CLEAVAGE IN

INTACT MITOCHONDRIA

Since the cholesterol side chain cleavage reaction in rat ovary

appeared to be influenced by the oxidation reduction state of NAD+,
it became necessary to investigate the possible effect of reducing

agents known to be present in the ovary in high concentration.
Ovarian tissue contains high levels of glutathione (GSH) and

ascorbic acid, and a relationship between these two compounds has

been reported (Goldzieher et_al. 1953; Lazarow, 1954). The
early observation of Szent-Gyorgy (1928, 1931) showed that

glutathione can be oxidised chemically by dehydroascorbic acid

(DHAA).
The following equations show two of the reactions involving

glutathione and ascorbic acid in mammalian tissue:-

(1) NADPH + H+ + GSSG > 2 GSH + NADP+
(2) GSH + DHAA » AA + GSSG

The enzyme which catalyses reaction (l) is a glutathione
reductase which has been identified in a variety of plants (Mapson
and Goddard, 1951) and in animal tissues (Rail and Lehninger,

1952).
Reaction (2) is not enzymatically catalysed in animal tissues

but is thought to be the major process for maintaining ascorbic acid
in the reduced form in the adrenal gland (Harding et al. 196l).
In view of the importance of glutathione in the regulation of protein

sulphydryl-disulphide interchange reaction suggested by Hopkins
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Figure 16. Effect of GSH on the mitochondrial conversion
°f (4^*) cholesterol to (4-^C) pregnenolone,(4- C) progesterone and total conversion.
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(1925) and the above indicated relationship of glutathione to

ascorbic acid, it is possible that changes in the ovarian
concentration of ascorbic acid will influence the sulphydryl-

disulphide ratios of ovarian tissue. In addition, the complex of

enzymes involved in the side chain cleavage of cholesterol might
be influenced by the ratio of sulphydryl-disulphide bonds. To
this end the effects of glutathione, ascorbic acid, cysteine,

cysteamine, cystine and oxidised glutathione (GSSG) were tested
on the cholesterol side chain cleavage reaction in native

mitochondria from immature rat ovaries.

Effect of reduced glutathione (GSH)

Mitochondria prepared in the usual way were incubated in the

presence of different amounts of GSH. The results are shown in

Figure 16 and demonstrated that this reducing agent in small
concentrations (1-6 ^moles/ml. ) increased the synthesis of

progesterone and produced an accumulation of pregnenolone. At
concentrations higher than 6 fj.moles/ml. GSH inhibited progesterone

synthesis while pregnenolone still accumulated. It is possible that
the 2Oar hydroxylating system of cholesterol is sulphydryl dependent
and the enzyme may be inactivated by the formation of disulphide
bonds. It might then be possible to reactivate the enzyme by
reduced glutathione; this may be the cause of activation of the side

chain cleavage activity by glutathione used in small amounts. At

high concentrations of GSH, NAD+ may be reduced to NADH and this
could account for the interference with the conversion of

pregnenolone to progesterone and the overall decrease in side
chain cleavage activity.

5
The action of GSH was tested on the A. -3(5-hydroxysteroid

dehydrogenase. Mitochondria prepared under the normal
conditions were incubated at 37°C with pregnenolone as substrate
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and NAD+ together with different amounts of GSH. The results
illustrated in Table 17 show that at small concentrations of GSH,

progesterone synthesis is not altered, while at higher amounts
the concentration of progesterone is slightly reduced. It is

possible that GSH acts on the cholesterol side chain cleavage enzyme

system by protecting sulphydryl enzymes concerned with the
utilisation of NADPH in the hydroxylating mechanism.

Effect of ascorbic acid

Ascorbic acid is a normal cytoplasmic constituent and is
found in especially high concentrations in adrenal cortex, corpus

luteum, interstitial tissue of the testis and adenohypophysis.
Attention has been drawn to a relation which exists between the

activity of these endocrine glands and their ascorbic acid
concentration (Sayers et al. 1944). The ability of ACTH or L.H to

deplete the adrenal and ovarian ascorbic acid concentrations

respectively has given rise to a number of assay procedures for
ACTH and LH, and has prompted considerable speculation

concerning the relationship of ascorbic acid to adrenal and ovarian
steroid biosynthesis. However, the physiological significance of

high concentrations of ascorbic acid in endocrine glands has not

yet been explained satisfactorily.
The action of ascorbic acid on the cholesterol side chain

cleavage enzymes was tested using intact mitochondria from rat

ovarian tissue. The results are shown in Figure 17 and illustrated
that ascorbic acid, when added in small amounts, slightly decreased

the synthesis of progesterone; nevertheless, pregnenolone did not
accumulate. However, at concentrations greater than 6 pmoles/ml.
this substance was a powerful inhibitor of the side chain cleavage
reaction. This strong inhibition was produced by concentrations
of this substance which were within the physiological range. This

subject will be discussed in detail in Chapter IX.



TABLE17

EFFECTOFGLUTATHIONE(GSH)ONTHEt'-3P-HYPROXYSTEROIDDEHYDROGENASE INRATOVARIANMITOCHONDRIA
Control

GSHadded0.3pinoles/ml. 0.6pmoles/ml. 3pmoles/ml. 6pmoles/ml.
12pmoles/ml.

Progesteroneformed pg/ml. 120 125 121 127
96 98



50.

Glutathione and ascorbic acid are known to be active

mitochondrial swelling agents (Lehninger and Schneider, 1959;
Neubert and Lehninger, 1962). The swelling initiated by

glutathione and ascorbate differs from that induced by other agents
because it is accompanied by formation of lipid peroxides and may

proceed to actual lysis of mitochondria. Apparently the swelling
induced by these agents may cause exposure of the double bonds of
the unsaturated fatty acids of the mitochondrial membrane to

oxygen, with their subsequent auto-oxidation. Material absorbing
at 260 rrifi and 280 mfi was lost from mitochondria to the suspending
medium as a result of glutathione induced swelling, suggesting loss
of proteins and nucleotides. The effect of these two reducing

agents on the cholesterol side chain cleavage enzyme may be related
to the mitochondrial membrane. Changes in shape of the membrane

may lead to modification of the site of binding of enzymes,
distribution of cofactors, etc. It was felt that it would be more

appropriate to study the effect of such substances on a solubilised

enzyme system in order to avoid 'swelling' which can occur when
intact mitochondria are used. This will be discussed in Chapter
VI.

Effect of cysteine and cysteamine

Little information exists on the content of sulphydryl groups
in the ovaries. Lee et al. (1951) noticed a great avidity of the
adrenal cortex for cysteine sulphur. Following administration of

cysteine, Goldzieher et al. (1953) have demonstrated a rapid

accumulation of 'sulphydryl groups' in the adrenal cortex.

Similarly, ACTH was found to influence the blood levels of

'sulphydryl groups' in animals and man. The action of other SH

compounds on the cholesterol side chain cleavage enzyme in rat
ovarian mitochondria was studied. The results are illustrated
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in Figure 18. Cysteine was found to stimulate progesterone

synthesis when used in the range 0. 5 - 10 pmoles/ml. with little
accumulation of pregnenolone. At a higher concentration of
20 pmoles/ml. this compound was less inhibitory on the enzyme

system than glutathione. On the other hand, cysteamine in a

range of 0. 5 - 20 pmoles/ml. significantly activated the cholesterol
side chain cleavage enzyme increasing the accumulation of

pregnenolone and the synthesis of progesterone. Cysteine and

cysteamine were found to stimulate cholesterol side chain cleavage

enzyme in rat ovaries to a greater extent than glutathione, showing
that other SH-containing substances may protect the enzyme

system. These thiol compounds as well as GSH were found to

produce swelling of rat liver mitochondria (Neubert and Lehninger,

1962). The glutathione induced swelling was not reversed by

ATP, whereas cysteine and cysteamine induced swelling was

partly reversed by ATP.
Skrede and Christophersen (1966) suggested a protective

effect of cysteamine against lipid peroxidation induced by ascorbate,
and presented evidence that this substance can prevent the formation

of, or destroy intermediary products in the peroxidation processes.
Hunter et al. (1964) and McKnight et al. (1965) showed that
extensive lipid peroxidation coincides with lysis of the mitochondria

leading to massive protein loss. It is possible that cysteamine,
more than glutathione, has a protective effect against lipid

peroxidation and loss of protein through the mitochondrial membrane
Due to the fact that cysteamine markedly stimulates the cholesterol
side chain cleavage enzymes, it was decided to add this substance
to the mitochondrial suspension medium.

Effect of cystine and oxidised glutathione (GSSG)

The action of cystine and GSSG compounds containing the

disulphide linkage was tested on the cholesterol 3ide chain cleavage
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reaction of rat ovarian mitochondria. The results (Figure 19)
demonstrated that both disulphide compounds inhibit the side
chain cleavage reaction when used in very small amounts

(0. 5 pmoles/ml.) Thiols and disulphides interact with one

another, the thiol being oxidised to a disulphide and the disulphide
reduced to a thiol (Boyer, 1959; Jensen, 1959). An external

disulphide could react with a membrane thiol to produce a new

mixed disulphide which in turn could alter the normal steric

relationship of membrane proteins. Such thiol-disulphide

interchanges may further lead to polymerisation or depolymerisation
of proteins. The same type of reaction has been invoked to

account for changes in membrane permeability produced by the

disulphide hormone vasopressin. (Fong et al. I960).
The inhibition of the cholesterol side chain cleavage enzymes

by compounds containing a disulphide linkage such as GSSG, a

substance known to produce swelling of the mitochondria (Neubert
and Lehninger, 1962) like the SH compounds, favoured the view
that the inhibition of the enzyme by disulphide compounds is not

due to swelling of the mitochondria. The action of these substances

on the cholesterol side chain cleavage enzyme complex might be
attributed to the ratio of SH-/-S-S- groups in the mitochondrial
membrane. It appeared that this hydroxylation reaction needs

some protection of the SH group; excess of disulphides can oxidise
the thiols, and this in turn inhibits the enzymic activity. These
results therefore indicate that thiols and disulphides have a

characteristic action on hydroxylation reactions.

Effect of 3'5' AMP

Cyclic 3*5* AMP is involved in a wide variety of processes

ranging from activation of enzymes, such as phosphorylase
(Murad et al. 1962), tryptophan pyrrolase (Bosell-Peretz and
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Lamer, 1964), lipolysis in adipose tissue (Chytil and Skrivanova,

1963; Rizack, 1964), steroid hydroxylation (Butcher et al. 1965),
uterine protein synthesis (Szego, 1965) and activation of a system

possibly involved in insulin secretion (Turtle et al. 1967).
Sutherland and Rail (1957) first suggested the role of 3*5' AMP

as an intermediate in hormone action. Haynes (1958) showed that
ACTH increased the adrenal content of 3'5' AMP and demonstrated

that this nucleotide activated the a glucan phosphorylase in beef
adrenal slices. These findings suggested that 3*5* AMP exerted
its effect on corticosteroid biosynthesis by increasing the

production of glucose-6-phosphate, thereby stimulating the

generation of NADPH.
It was shown that 3'5* AMP enhanced the lip hydroxylation of

progesterone in rat adrenal homogenate (Roberts et al. 1964) and
increased the 18 hydroxylase as well as the lip hydroxylase in
the same tissue (Creange and Roberts, 1965). The stimulatory
effect of 3'5' AMP on progesterone synthesis in slices of bovine

corpus luteum was demonstrated by Marsh and Savard (1964) and
by Hall and Koritz (1965b), using slices of corpora lutea from

non-pregnant cows. Savard et al. (1965) have emphasized the

possible role of 3'5' AMP as an intermediate in the action of

luteinising hormone (LH) on the bovine corpus luteum. The

effect of 3*5' AMP (like the effect of a trophic hormone ) may
depend upon the integrity of the cell, tissue slice or subcellular

particle under study. Creange et al. (1966) demonstrated the
effect of 3*5' AMP on the conversion of cholesterol to pregnenolone

by rat adrenal mitochondria.

Luteinised rat ovarian mitochondria were prepared in the

usual way and incubated in the presence of different amounts of
3*5* AMP. The results obtained are shown in Figure 20. Thus



*

Figure 20, Effect^gf 3'5' AMP on the mitochondrial conversion
of (j&|> C) cholesterol to (4* C) pregnenolone,
(4- C) progesterone and total conversion.
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3*5* AMP at low concentrations (1-10 pmoles/ml. ) produced
little effect on the overall cholesterol side chain cleavage

reaction, but decreased the progesterone accumulation and
increased the amount of pregnenolone. At higher concentrations

(15-20 pmoles/ml.) the side chain cleavage activity was

decreased. These result# are in agreement with those of

Creange et al. (1966) using rat adrenal mitochondria, and
demonstrate that in rat ovarian mitochondria, this cyclic

nucleotide enhanced pregnenolone accumulation. It has been

suggested that 3'5' AMP activates directly the steroid hydroxylation

enzyme system and has little effect on the transport of steroid
or cofactor across the mitochondrial membrane. These results

suggest that one site ofaction of 3'5' AMP may be between

pregnenolone and progesterone. This could be due to movement

of pregnenolone out of the mitochondria and hence away from the
5

site of its oxidation by -3(3-hydroxysteroid dehydrogenase.

Alternatively, this enzyme could be influenced by 3'5' AMP.
Another possibility is that the endogenous NAD+ cofactor of the

5
A. -3p-hydroxysteroid dehydrogenase was reduced to NADH by

the higher levels of 3*5'cyclic AMP, However, the steps that
follow the formation of cyclic 3'5' AMP are as yet unknown, but
the influence of a trophic hormone results in increased S'S' AMP,
as well as increased steroidogenesis. It seemed unlikely that
3'5* AMP acts on the ovary by stimulating the breakdown of

glycogen since luteinised rat ovary was shown to contain

negligible amounts of glycogen (Armstrong, 1963). The relatively
small amount of 3'5' AMP necessary to stimulate the conversion
of cholesterol to pregnenolone in rat ovarian mitochondria

demonstrates that this nucleotide can penetrate the mitochondrial
membrane more readily than the cell membrane. Marsh and



Figure 21. Effect of 3'5! AMP, AMP, ADP and ATP on the

mitochondrial conversion of (4* cholesterol
to (4- C) pregnenolone (A), (4- C) progesterone
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Savard (1966) and Dorington and Kilpatrick (1967) used larger
amounts of this nucleotide to increase steroidogenesis in slices
of bovine corpora lutea and rabbit ovarian tissue respectively.
The concentrations used in vitro by the above investigators are

higher than the endogenous concentrations of the nucleotide
found in bovine corpus luteum (Savard et al. 1965). The action
of 3*5* AMP on a soluble mitochondrial preparation from rat

ovary will be discussed in Chapter VI.

Action of ofcfaar nucleotides

Marsh and Savard (1966) showed that substances chemically
related to 3'5' AMP do not stimulate steroidogenesis in slices of
bovine corpora lutea, thereby establishing a certain degree of

specificity for the action of this cyclic nucleotide. Several

nucleotides structurally related to 3'5! AMP (AMP, ADP, ATP)
were tested. The effect of AMP, ADP and ATP on the cholesterol

side chain cleavage enzyme system at concentrations of 2, 4,

8 pmoles/ml. incubation compared with that produced by 3'5' AMP
is shown in Figure 21. When used in very high concentrations,
the action of all these nucleotides was found to be different from

that of 3'5' AMP; only AMP showed some similarity to 3'5' AMP

by causing increased accumulation of pregnenolone. ADP and ATP
were inhibitory at relatively low amounts; 8 (imoles/ml. and
4 pmoles/ml. respectively. Marsh and Savard (1966) demonstrated
the same inhibitory effect with ATP using slices of bovine corpus

luteum.

Effect of Theophylline.

Butcher and Sutherland (1962) showed that methyl-xanthine
derivatives inhibit the cyclic nucleotide phosphodiesterase and

hence increase the intracellular steady state level of 3'5' AMP.
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Halkerston et al. (1966) studied the effect of theophylline
I

stimulation of the rat adrenal on ACTH and 3'5' AMP. They j
suggested an enhancement of ACTH or 3*5* AMP stimulation on

I

steroidogenesis by protection of the cyclic nucleotide formed

intracellularly or a reduction of the steroidogenic action of ACTH
or 3'5' AMP by a partial inhibition of protein synthesis essential
for the steroidogenic action of ACTH (Fergusson, 1963).

The action of theophylline on the cholesterol side chain cleavage
| enzymes in rat ovarian mitochondria was investigated. Theophylline
was used at the same concentrations as 3*5' AMP. The results

|
obtained with theophylline are shown in Figure 22, and Figure 23
illustrates the effect of theophylline compared to that of 3'5' AMP.
It was observed that theophylline increased the conversion of
cholesterol to pregnenolone to a smaller extent than 3*5* AMP.
When used in small concentrations theophylline increased the

synthesis of progesterone, while at higher concentrations

progesterone synthesis was decreased. At the same higher
concentration 3'5' AMP was found to be a more potent inhibitor
of progesterone synthesis than theophylline.

By its action on the cyclic nucleotide phosphodiesterase, the

enzyme responsible for the conversion of 3'5' AMP to AMP,

theophylline increases the concentration of endogenous 3*5' AMP
I

|in the ovary. In this case, the action of theophylline in vitro
jis very similar to the action of 3*5* AMP in vitro. The action of
Ithe two compounds in the present enzyme study was found to be
almost identical; the difference consisted only in the synthesis of

progesterone where theophylline was found to increase the

synthesis of progesterone and 3*5' AMP to decrease the amounts
I

of this steroid. It is possible that the endogenous levels of 3*5'
AMP in rat ovarian mitochondria are lower than the quantities
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added in vitro or that exogenous 3*5* AMP which penetrates the
5

mitochondrial membrane influences the /\ -3p-hydroxysteroid

dehydrogenase to a greater extent than the endogenous 3'5' AMP,
since the dehydrogenase may be bound to the mitochondrial
structure. This may explain the difference between exogenous

3'5* AMP and theophylline on progesterone synthesis.

Effect of luteinising hormone (LH) in vivo and in vitro on the

cholesterol side chain cleavage enzyme

Mason et al. (1962) reported that LH when added to bovine

corpus luteum slices incubated in vitro caused an increased

synthesis of progesterone. Since then there is abundant

evidence from in vitro incubation and perfusion studies to show
that in the cow LH or HCG increases the rate of progesterone

synthesis by luteal tissue (Savard et al. 1965; Armstrong and

Black, 1966; Hansel, 1966; JRomanoff, 1966). Moreover, it

has become clear as the result of numerous investigations that
the acute stimulation of steroidogenesis in vitro by trophic
hormones such as ACTH (Karabays and Koritz, 1965) and LH
(Hall and Koritz, 1965; Koritz and Hall, 1965; Hall, 1966),
results from acceleration of a step or steps between cholesterol
and pregnenolone. Since the conversion of cholesterol to

pregnenolone takes place in the mitochondria in all steroidogenic I
i |
tissue, it is possible that LH influences some mitochondrial j

enzymes involved in the side chain cleavage of cholesterol. It j
is also known that long term administration of gonadotrophic
hormones is followed by an increase in various enzymic activities,
such as &^-3p-hydroxysteroid dehydrogenase (Eik-Nes and Kerke,

j
1963; Samuels and Helmreich, 1956), 17a hydroxylase (Dominquez j
et al. 1958; Acevedo and Dominquez, I960; Fevold and Eik-Nes, j

I ^
1963), and demethylation of lanosterol (Ying et al. 1965).
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Accordingly, the action of LH in vivo and in vitro on the
i

j cholesterol side chain cleavage enzyme in immature rat ovary

I was studied.
I
| LH in vivo

The animals were pretreated in the usual way and injected
i

with different amounts of L>H (NIH-S6 ovine) in 0. 9% saline, and
sacrificed 3, 4 and 6 hours later. A control group of animals

injected with 0. 9% saline was used in each experiment. The

| ovarian tissue was separately collected, mitochondria prepared
j i
; in the usual way and the cholesterol side chain cleavage activity
measured. The results obtained with different amounts of LH

in vivo measured in terms of progesterone production are shown
in Figure 24. It was found that LH injected in vivo into the
immature pretreated rat either 3, 4 or 6 hours prior to the ;

collection of the ovaries had no significant effect on cholesterol
I

side chain cleavage activity. Armstrong et al. (1964) found that
LH in vivo decreased progesterone synthesis by rat corpora lutea
slices.

LH in vitro

Different concentrations of LH (NIH-S6 ovine) were added

j in vitro to mitochondrial preparations from rat ovaries. The
results (Figure 25) demonstrated that LH added in vitro in large j
amounts up to 200 pg/incubation flask had no effect on the
cholesterol side chain cleavage reaction. These results are not
in agreement with the experiments using tissue slices in which LH
was found to have a stimulatory effect in vitro. It is possible that j"*

|
i LH cannot penetrate the mitochondrial membrane, or that the j
j j
| enzymes involved in the side chain cleavage of cholesterol are
| bound to a site in the mitochondria which is not reached by LH.
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Ichii, Forchielli and Dorfman (1963) reported a stimulatory
effect of LH in vitro on the cholesterol side chain cleavage reaction

using as a source of enzyme an acetone powder from bovine corpora

lutea. Recently, the same authors failed to reproduce their early
results and concluded that the same source of enzyme was not

influenced by L>H in vitro (Yago, Stylianou, Dorfman and

Forchielli, 1967).
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SUMMARY

The action of the reducing agents glutathione and ascorbic
acid on the cholesterol side chain cleavage system has been
studied. It was found that glutathione in small amounts stimulated
and in large amounts inhibited the cholesterol side chain cleavage
reaction. Ascorbic acid used in physiological amounts produced
an inhibitory effect.

Cysteine and cysteamine were found to stimulate the cleavage

reaction, thus emphasizing the importance of SH groups in the

enzyme system.

Two disulphide (-S-S-) compounds, cystine and oxidized

glutathione, were found to inhibit the cleavage reaction.
3'5' AMP markedly stimulated the conversion of cholesterol

to pregnenolone and decreased the synthesis of progesterone.
AMP showed some similarity in its action to 3'5' AMP, but ADP
and ATP were found to inhibit the cleavage reaction.

Theophylline, a methyl-xanthine which blocked a

phosphodiesterase and increased the endogenous level of 3*5' AMP,
was found to stimulate the cholesterol side chain cleavage reaction.

LiH administered in vivo and added in vitro to the incubation

mixture was found to be without effect on the cleavage of cholesterol
to pregnenolone by rat ovarian mitochondria.
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CHAPTER VI

SOLUBfLISAT ION OF THE CHOLESTEROL SIDE CHAIN

CLEAVAGE ENZYMES FROM RAT OVARIAN MITOCHONDRIA

Membrane layer system of the mitochondria

The mitochondrion is built up of two membrane systems which

closely interlock; an outer membrane system that encloses the

mitochondrion and a system of inner membranes that penetrates into
the interior from the periphery. The two membrane systems are

entirely different, possibly containing different sets of enzymes and

sub-units, with different functions. Both membranes consist

of lipoproteins, the outer membrane accounts for 10 - 20% of both
the total protein and lipid of the mitochondria, while the inner
membrane contains essentially all the proteins. The majority of
the mitochondrial proteins are bound to the membrane. Some

enzymes bound to the outer membrane are easily detachable from
the latter having small molecular weights, e.g. isocitric

dehydrogenase and aconitase. Other enzymes with relatively high
molecular weights, e.g. or»-ketoglutaric acid dehydrogenase, appear

to be intrinsic elements of the membrane. The inner membrane

contains the complete electron transfer chain and all the systems

required for the coupling of electron flow to synthesis of ATP or to

ion translocation. The separation of outer and inner membrane can

be achieved by exposing the mitochondria to sonic irradiation and to

treatment with bile salts (Green, 1966).
It is difficult to define the term solubilisation of a mitochondrial

enzyme, but it is usually taken to mean the disruption of the

mitochondrial membrane and the extraction of an enzyme. The

extracted enzyme, free of membrane lipoprotein, will represent
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the 'Bolubilised enzyme'. Until recently, the mitochondrial

enzymes were regarded as insoluble and inseparable from the
mitochondrial particle. It is now clear that many mitochondrial

enzymes pass freely into solution once the mitochondrial membrane
has been ruptured. On the other hand, some enzymes are very

firmly bound to the structure of the mitochondria, probably as

lipoprotein complexes, and special methods are required for
their extraction.

Ultraaonication of mitochondria

Cooper et al. (1965) observed that when a sonicate of

adrenocortical mitochondria was centrifuged at 105, 000 g. for
30 minutes, the 1 lj3-hydroxylase activity remained in the

supernatant. Simpson and Boyd (1967) used a similar method
for solubilisation of the cholesterol side chain cleavage enzymes

in a mitochondrial preparation from ox adrenal. The effect of
ultrasonic vibration on the mitochondria from rat ovarian tissue

was tested.

The washed mitochondrial pellets were suspended by hand

homogenisation in two volumes of distilled water and subjected to

ultrasonication at 0°C for 15 minutes with intervals for cooling

every 5 minutes using an M.S.E. Mullard ultrasonic disintegrator

operating at 20 Kc/sec. (Cooper et al. 1965).
14

The sonicated material was incubated with cholesterol 4- C

and the results of a series of six incubations when compared with
non-sonicated mitochondria are shown in Table 18. It can be

observed that ultrasonic vibration for 15 minutes increased the

total side chain cleavage activity threefold. The effect of
ultrasonication was tested for different times and the results are

illustrated in Figure 26.



TABLElb

CONVERSIONOF(4-14C)CHOLESTEROLTO(4-i4C)2Par-HYPROXYPREGN-4-EN-3-QNE, (4>14C)PREGNENOLONE,(4-14C)PROGESTERONEANDTOTALCONVERSIONIN INTACTANDSONICATEDMITOCHONDRIA 20<*-hydroxypregn-Total 4-en-3-onePregnenoloneProgesteroneConversion
IntactMitochondria (meanof6determinations)2.21.211.615.0 SonicatedMitochondria (meanof6determinations)2.92.240.245.3
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conversion of rat ovarian mitochondria subjected
to ultrasonication for different times.
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Short periods of sonication up to 15 minutes with 2 minute
intervals for cooling every 5 minutes had the same effect on the

cleavage reaction, while longer periods of sonication slightly
decreased the cholesterol side chain cleavage activity. For this
reason 15 minutes was chosen as optimum period for ultra-
sonication.

The sonicated mitochondria were centrifuged at 105, 000 g.

for 30 minutes and the resultant supernatant was examined for
side chain cleavage activity. The results (Table 19) demonstrated
that the supernatant after centrifugation at 105, 000 g. for 30

i

minutes retained very little side chain cleavage activity. The j
enzymic activity was almost completely restored when the residual j
pellet of the centrifugation was recombined with the supernatant.

It was concluded that ultrasonic vibration as used in the solubilisation

of both the 11(3-hydroxylase (Cooper et al. 1965) and the cholesterol
side chain cleavage enzyme of bovine adrenal mitochondria

(Simpson and Boyd, 1967) does not have a disruptive effect on
luteinised rat ovarian mitochondria. In this case the ultrasonic ^
treatment did not produce a complete rupture of the mitochondrial j

membrane. Some factor necessary for the enzymic activity was

bound to the precipitate, hence only after recombination of the two

components (precipitate + supernatant) was the activity of the enzyme

partly restored.

It seems that in rat ovarian mitochondria the electron transport

chain and part of the cholesterol side chain cleavage enzyme system

remains bound to the membrane in spite of the sonic shock.

Although ultrasonication was found to be unsatisfactory for
solubilisation of the cholesterol side chain cleavage enzymes, a

great increase in enzymic activity was observed after this procedure.
The increase in enzymic activity might be attributed to some



TABLE19

ATTEMPTSTOSOLUBILISETHECHOLESTEROLSIDECHAINCLEAVAGEENZYME FROMRATOVARIANMITOCHONDRIAUSINGULTRASONICATION
14

%Conversionof(4-C)cholesterolto: 20o-hydroxypregn-Total 4-en-3-onePregnenoloneProgesteroneConversion
Sonicatedmitochondria beforecentrifugationat 105,000g.

1.8

1.8

39.8

43.4

Aftercentrifugationat 105,000g.for30mine. Precipitate

1.0

1.7

1.3

4.0

Supernatant

1,4

2.4

2.9

6.7

Precipitate+Supernatant
2.0

1.6

28.0

31.6
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rearrangement of the components of the enzyme which took place

during sonication or to the fact that the membranes became
detached and allowed a better penetration of the exogenously

generated NADPH to the site of action of the enzyme. However,

suspending the mitochondria in water leads to lysis of the

particles and this should also facilitate the penetration of the
cofactor to the site of action of the enzyme and in turn might
increase the enzymic activity. After sonication, the pattern of
the products formed was the same as in intact mitochondria.

Progesterone remained the main product of the reaction and

markedly increased as a result of sonication, while pregnenolone
and 20a-hydroxypregn-4-en-3-one accumulated in small amounts
and were little affected by ultrasonication. A time course

reaction study is shown in Figure 27. When intact mitochondria
were used (Figure 12) pregnenolone was present in greater amounts

than progesterone - up to 5 minutes incubation. When the time
of incubation was extended, pregnenolone decreased while

progesterone increased. In the sonicated mitochondrial

preparation after 5 minutes incubation, the level of progesterone
was greater than that of pregnenolone and later progesterone
increased while pregnenolone diminished. This might indicate
that treatment of the mitochondria with sonic shock, released

+ 5
the endogenous NAD or the A -3£-hydroxysteroid dehydrogenase,
which could be bound to the outer membrane of the mitochondria.

Generally, the relationship between the complex of enzymes
5

involved in the side chain cleavage of cholesterol, the A -3(3-
5

hydroxysteroid dehydrogenase and the A -3-ketosteroid
isomerase necessary for the transformation of pregnenolone
to progesterone was not changed by ultrasonication and was similar
to that prevailing in intact mitochondria.
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Freezing and Thawing

Freezing and thawing have been extensively used to disrupt
the mitochondrial membrane. Freezing is considered a drastic

treatment of the mitochondria, and it is believed that freezing
and thawing might perforate the external mitochondrial membrane.

JRat ovarian mitochondria were suspended in three volumes

distilled water, frozen in dry ice and allowed to thaw at + 4°C; the

procedure was repeated several times. It was found that freezing
and thawing more than twice reduced the cholesterol side chain

cleavage activity (Figure 28). Mitochondria subjected twice to

freezing and thawing were centrifuged at 105,000 g. for 30 minutes.
The resulting precipitate and the supernatant were incubated

separately and after recombination. The results (Table 20)
demonstrated that the enzymic activity remained in the precipitate,
while the supernatant did not have enzymic activity. It was
considered that freezing and thawing did not disrupt the rat ovarian

mitochondrial membrane, and the complex of enzymes involved in
die side chain cleavage of cholesterol was still membrane bound.

Washed mitochondria were further suspended in two volumes

distilled water and subjected to ultrasonication for 15 minutes.
The sonicated mitochondria were then frozen and allowed to thaw.

The results are shown in Table 21, and demonstrated that a

combination of ultrasonication and freezing and thawing was not

sufficient to disrupt the mitochondrial membrane and to solubilise
the enzyme system. However, the activity of the enzyme was

restored after recombination of the precipitate and supernatant.

This suggested that ultrasonication disrupted the mitochondrial
structure more than freezing and thawing although complete
solubilisation of the enzyme was not achieved.



TABLE20

EFFECTOFFREEZINGANDTHAWINGONBATOVARIANMITOCHONDRIA
Freezingandthawing(twice)

ofthemitochondria. Activitybeforecentrifugation
at105,000g. Activityaftercentrifugation

at105,000g.for30min. Precipitate Supernatant Precipitate+Supernatant

14

%Conversionof(4-C)cholesterolto: 20cr-hydroxypregn-Total 4-en-3-onePregnenoloneProgesteroneConversion 1.4

2.2

30.0

33.6

1.8

1.6

27.0

30.4

1.2

0.4

1.3

2.9

1.7

2.0

31.4

35.1



TABLE21

ATTEMPTSTOSOLUBILISETHECHOLESTEROLSIDECHAINCLEAVAGEENZYMEFROM RATOVARIANMITOCHONDRIABYCOMBINEDTREATMENTOFULTRASONICATION +FREEZINGANDTHAWING
14

%Conversionof(4-C)cholesterolto: 20or-hydroxypregn-Total 4-en-3-onePregnenoloneProgesteroneConversion
SonicatedMitochondria(15mins.) +FreezingandThawing(twice). Activitybeforecentrifugationat 105,000g.

2.5

4.1

35.8

42.4

Activityaftercentrifugationat 105,000g.for30min. Precipitate

1.2

1.0

2.4

4.6

Supernatant

1.7

0.9

1.6

4.2

Precipitate+Supernatant

2.3

4.7

29.8

36.8
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on the overall cholesterol side chain cleavage
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Action of detergents and lipases on solubilisation

Some detergents have been used for the solubilisation of
enzymes, which remain in solution after treatment with the

detergent. Among the detergents, Triton, Tween, Terpol and
Emasol, as well as the bile acids, cholate and deoxycholate,

have been employed to resolve the electron transfer chain of the
mitochondria. Since ultrasonic vibration and freezing and

thawing were found to be insufficient to solubilise the cholesterol
side chain cleavage enzymes from rat ovarian mitochondria,
the action of naturally occurring detergents, such as sodium cholate
and sodium deoxycholate, was investigated. It was observed

that sodium deoxycholate and sodium cholate used in concentrations
of 4 mg. Ig. wet tissue inhibited the cholesterol side chain cleavage

enzyme (Figure 29). However, as well as depleting the cholesterol
side chain cleavage activity, neither sodium cholate nor sodium

deoxycholate treatments solubilised the system. After

centrifugation at 105,000 g. for 30 minutes the supernatant retained
little activity, but after recombination of the precipitate with the

supernatant, the enzymic activity was partially restored. This is
shown in Table 22 for sodium cholate ( 2 mg. /g. wet tissue) and
in Table 23 for sodium deoxycholate (2 mg./g. wet tissue)
respectively. Apparently these compounds are not sufficiently
active to disrupt lipoproteins.

It is possible that cholate or deoxycholate also reacts with
liberated mitochondrial protein and causes denaturation,

precipitation and formation of new protein complex. Then these

agents, sodium cholate and sodium deoxycholate may inactivate
the cholesterol side chain cleavage enzyme when employed in

relatively large amounts. Also cytochrome P450 can be converted

to cytochrome P420 by cholate and deoxycholate (Imay and Sato,

1967; Ichikawa and Yamano, 1967), producing inactivation of the

enzyme system.



TABLE22

EFFECTOFSODIUMCHOLATEOHTHESOLUBILESATIONOFTHECHOLESTEROL SIDECHAINCLEAVAGEENZYMEFROMRATOVARIANMITOCHONDRIA 14

%Conversionof(4-C)cholesterolto: 20or-hydroxypregn-Total 4-en-3-onePregnenoloneProgesteroneConversion
Control1.21.419.021.6 Mitochondriatreatedwith

2rog.sodiumcholate/g. wettissue. Activitybeforecentrifugation
at105,000g.

1.0

0.8

14.0

15.8

Activityaftercentrifugation
at105,000g.for30min. Precipitate

0.5

0.2

2.1

2.8

Supernatant

0.4

0.5

3.0

3.9

Precipitate+Supernatant
0.7

0.7

10.0

11.4



TABLE23

EFFECTOFSODIUMDEOXYGHOLATEONTHESOLUBIMSATIONOFTHECHOLESTEROL SIDECHAINCLEAVAGEENZYMEFROMRATOVARIANMITOCHONDRIA
14

%Conversionof(4-C)cholesterolto: 20or-hydroxypregn-Total 4-en-3-onePregnenoloneProgesteroneConversion
Control

1.2

1.4

19.0

21.6

Mitochondriatreatedwith
2mg.sodiumdeoxycholate/ g.wettissue Activitybeforecentrifugation

at105,000g.

0.8

1.0

15.0

16.8

Activityaftercentrifugation
at105,000g.for30min. Precipitate

0.2

0.6

1.8

2.6

Supernatant

0.3

0.5

2.9

3.7

Precipitate+Supernatant
0.6

0.8

12.0

13.4
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Effect of snake venom (Naja-Naja)

Kimura and Suzuki (1967) used Naja-Naja, a lipase, to

solubilise and extract the adrenodoxin reductase. The effect of

this lipase on rat ovarian mitochondria was checked in order to

establish if the lipoprotein complex of the mitochondrial membrane
could be hydrolysed by this enzyme. Mitochondria prepared and
washed in the usual way were incubated with 2 mg. of snake venom

(Naja-Naja) (Sigma) for 1 hour at +10°C with periodic stirring.
After the test and control preparations were incubated in the

14
presence of cholesterol 4- C and an NADPH generating system,

it was found that snake venom completely inhibited the side chain

cleavage reaction (Table 24).
The work of Omura and Sato (1964 a,b) demonstrated that

treatment of liver microsomes with snake venom or deoxycholate
results in the conversion of cytochrome P450 to cytochrome P420.

Cytochrome P450 is involved in hydroxylation reactions,

apparently acting as an oxygen activating enzyme; its conversion
to cytochrome P420 is accompanied by the inactivation of the

hydroxylase system. This might be the explanation of the complete
inactivation of the cholesterol side chain cleavage enzyme when
rat ovarian mitochondria were incubated with snake venom.

Freeze-drying

Rat ovarian mitochondria were sonicated for 15 minutes and

freeze-dried by sublimation of the ice in vacuo. The dry material

was then suspended in 0. 1M phosphate buffer pH. 7.4 and centrifuge*
at 105,000 g. for 30 minutes. The supernatant was found to

extract the enzymic activities (Table 25). It became obvious that

exposure of the mitochondria to ultrasonic vibration for 15 minutes

|followed by freeze-drying of the sonicated material allowed rupture
|

| of the mitochondrial membrane to permit the complete extraction



TABLE24

EFFECTOFSNAKEVENOM(NAJA-NAJA)ONTHESOLUBILISATIONOFTHE CHOLESTEROLSIDECHAINCLEAVAGEENZYMEFROMRATOVARIANMITOCHONDRIA 14

%Conversionof(4-C)cholesterolto:
2(kr-hydroxypregn-Total 4-en-3-onePregnenoloneProgesteroneConversion

Control (mitochondriaincubated inthenormalway) Mitochondriatreatedwith
2mg.Naja-Naja

1.0

1.5

20.0

22.5

0.2

0.1

0.7

1.0



TABLE25

EFFECTOFULTRASONICATION(15MINS.)+FREEZE-DRYINGONTHESOLUBILISATION
OFTHECHOLESTEROLSIDECHAINCLEAVAGEENZYMEFROMBATOVARIANMITOCHONDRIA Mitochondriasonicated

(15mins.) Mitochondriasonicated+ freeze-dried. Activitybeforecentrifugation
at105,000g. Aftercentrifugationat 105,000g.for30min. Precipitate Supernatant Precipitate+Supernatant

14

%Conversionof(4-C)cholesterolto:
20a-hydroxypregn-Total 4-en-3-onePregnenoloneProgesteroneConversion 2.5

5.5

44.7

52.7

1.8

20.2

13.1

35.1

1.0

0.8

1.0

2.8

0.7

43.6

4.5

48.8

1.2

15.4

13.6

30.2
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of the enzyme into the supernatant following centrifugation at
105,000 g. for 30 minutes. Table 26 summarises the procedures

employed for solubilisation of the cholesterol side chain cleavage

efczyme system from rat ovarian mitochondria. It can be seen

that of all the methods used, only ultrasonic vibration followed

by freeze-drying solubilised the system and then this was the

procedure used in all future work.

Studies with the soluble fraction

Products of the reaction

Incubation of the solubilised system employing the same

conditions used for native mitochondria, showed a different pattern

of enzymic products.
In a soluble preparation following incubation with cholesterol

14
4- C as substrate and ah NADPH generating system, the main

product was pregnenolone, while progesterone and 20or-hydroxy-

pregn-4-en-3-one accumulated in smaller amounts. The mean of

eight determinations showed that following incubation with cholesterol
14

4- C, 36. 5% of the label was found in pregnenolone and 9% in

progesterone. As was stated in Chapter III, progesterone was the

major product obtained using intact mitochondria as the source of
5

enzyme. It was found that the & -3p-hydroxysteroid dehydrogenase
5

and the A -3-ketosteroid isomerase necessary for the trans-

formation of pregnenolone to progesterone are present in
mitochondria prepared from immature rat ovaries. Since these

enzymes had been found to be microsomal in other mammalian
tissues one could explain their presence in 'mitochondria' as due
to microsomal contamination.

The mitochondrial pellets were washed routinely three times

before incubation and electron microscopic examination of a
standard preparation showed the latter to be mainly mitochondria



TABLE26

ATTEMPTSTOSOLUBILISETHECHOLESTEROLSIDECHAINCLEAVAGE ENZYMEFROMRATOVARIANMITOCHONDRIA SideChainCleavageActivity
Before centrifugation

Centrifugationat105,000g.for30* Pellets

Supernatant

Pellets+ Supernatant

CholicAcid DeoxycholicAcid SnakeVenom(Naja-Naj») UltrasonicVibration(10'-30') FreezingandThawing(1-6times) FreezingandThawing+ UltrasonicVibration UltrasonicVibration+Freeze- drying

+ +

+ +
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total conversion in a solubilised mitochondrial

preparation from rat ovary.
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(Figure 7). After incubation of the soluble fraction with cholesterol
14

4- C, progesterone was produced in considerable amounts (9%).
It would be difficult to believe that the soluble preparation was

still contaminated with microsomes, since centrifugation at

105,000 g. would sediment microsomal contamination. However,
microsomes if present, would have been extracted together with
the mitochondrial side chain cleavage enzymes and the origin of
the dehydrogenase in the supernatant could still be microsomal.

Finally, it appeared possible that the enzyme might be present

in both particulate fractions.

Effect of GSH and ascorbic acid

Mitochondria solubilised as previously described were

incubated with different amounts of GSH and ascorbic acid. The

results are illustrated in Figures 30 and 31 respectively. As in
intact mitochondria, using small amounts of GSH, the side chain

cleavage reaction was activated, while with high concentrations of
the reducing agent inhibition of the side chain cleavage reaction
was observed. Ascorbic acid was found to inhibit the cleavage
reaction. In both cases, the inhibitory concentrations were higher
than when an intact mitochondrial preparation was used. These

findings demonstrate that GSH and ascorbic acid may act directly
on the enzyme complex and that their effects are not exclusively
on the mitochondrial membrane.

Effects of 3'5' AMP

Hat ovarian mitochondria were solubilised following sonication
and freeze-drying. The 105, 000 g. supernatant which contained
the enzymic activity was incubated in the presence of different
amounts of 3'5' AMP. The results (Figure 32) demonstrated that
this nucleotide at small concentrations increased pregnenolone

accumulation, while at higher concentrations the amount of



_ 50-i

10-

PREGNEN0L0NE
PROGESTERONE

TOTAL CONVERSION

30-1

20"

10-S

C 3 6 15 30 15 60 120 C 3 6 15 30 15 60 120

[ASCORBIC ACID] (/u. m o le s | m IJ

14
Figure 31. Effect of ascorbic^ |.cid on the conversion^ c^f (4- C)

cholesterol to (4- C) pregnenolone, (4- C)
progesterone and total conversion in a solubilised
mitochondrail preparation from rat ovary.



W PREGNENOLONE

□ PROGESTERONE

TOTAL CONVERSION

C 1. 2- 5- 10- 15 C 1. 2- 5- 10- 15

[ 3'5'AMP ] (>u.moles|ml)

Figure 32. Effect of 3*5* AM^on the conversion of C)
cholesterol to (4- C) pregnenolone, (4- C)
progesterone and total conversion in a solubilised
mitochondrial preparation from rat ovary.
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pregnenolone was unchanged. In these experiments, progesterone

synthesis was found to be decreased by 3'5* AMP, while the

overall side chain cleavage reaction was slightly increased at low
concentrations of 3*5* AMP and decreased at high concentrations
of the nucleotide.

When intact mitochondria were incubated in the presence of
different amounts of 3*5' AMP, a significant increase in the
conversion of cholesterol to pregnenolone was observed together
with a decreased synthesis of progesterone (Figure 20). In the
soluble preparation where the main product of the reaction was

pregnenolone, 3*5' AMP stimulated pregnenolone synthesis and
decreased progesterone accumulation. The fact that progesterone
was decreased in both intact and solubilised mitochondrial

preparations suggested that the cyclic nucleotide might act on the
5
-3p-hydroxysteroid dehydrogenase present in the soluble,

fraction. The action of 3*5' AMP on the /V'-Sp-hydroxysteroid
dehydrogenase will be discussed in Chapter VIII.
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SUMMAK Y

The mitochondrial cholesterol side chain cleavage enzyme from
immature rat ovaries was extracted in a soluble fraction following
ultrasonic vibration and freeze-drying.

14
The soluble enzyme incubated with cholesterol 4- C as

substrate and an NADPH generating system produced pregnenolone
as the main metabolite, while progesterone and 20a-hydroxypregn-
4-en-3-one were accumulated in smaller amounts.

The action of some reducing agents of physiological occurrence
were tested on the soluble fraction. It was found that glutathione
in small amounts stimulated the cholesterol side chain cleavage

reaction while at higher concentrations the reaction was inhibited.
Ascorbic acid was found to inhibit the cleavage reaction, a

fact which demonstrated that the above reducing agents might act

directly on the enzyme system.

3'5' AMP increased the conversion of cholesterol to

pregnenolone and decreased progesterone synthesis.
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CHAPTER VII

STUDIES ON THE RESOLUTION OF THE COMPONENTS OF THE

CHOLESTEROL SIDE CHAIN CLEAVAGE ENZYMES

Earlier attempts to isolate the components of steroid

hydroxylating systems indicated the existence of at least three

proteins and an unknown heat stable factor (Tomkins et al. 1958).
Present knowledge of steroid hydroxylation systems arose from the
observation of Ryan and Engel (1957) that carbon monoxide (CO)
inhibited steroid C^ hydroxylation by adrenal cortical microsomes
and the discovery by Klingenberg (1958) of a carbon monoxide

combining substance in a liver microsomal preparation. This was

later shown by Omura and Sato (1962) to have cytochrome like

properties, and was subsequently termed cytochrome P450 (Omura
and Sato, 1964).

Studies on the steroid lip hydroxylase of adrenal cortex
mitochondria (Omura et al. 1965; Omura et al. 1966; Kimura and

Suzuki, 1967) have shown that this system consists of at least three

proteins: a flavoprotein dehydrogenase, a non-haem iron protein
and a cytochrome P450, which upon recombination restored the lip

hydroxylase activity. Constantopoulos and Tchen (1961) and Bryson
and Kaiser (1962) suggested that the cholesterol side chain cleavage

enzymes could be resolved into two protein fractions following
ammonium sulphate fractionation of an acetone powder extract from
mitochondria of adrenal origin. Simpson and Boyd (1967) presented
evidence for the existence of three protein components in the
cholesterol side chain cleavage system using as a source of enzyme
an acetone powder preparation from ox adrenal cortex. Work
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was begun in an attempt to characterise the protein components
of the rat ovarian cholesterol side chain cleavage enzymes.

Fractionation of the soluble enzymes with Sephadex G200

The rat ovarian mitochondrial cholesterol side chain cleavage

system was solubilised as previously described. The lyophilised

material was suspended in 0. 1M phosphate buffer and centrifuged
at 105,000 g. for 30 minutes. The supernatant which retained
the enzymic activity was applied to a Sephadex G200 column

prepared as follows: Sephadex G200 was allowed to swell for
14 days in 0. 1M phosphate buffer before use. A glass column
with an internal diameter of 2. 5 cm. was filled and allowed to run

overnight to pack the Sephadex Gel. The height of the gel column
was 25 cm. Elution was made with 0. 1M phosphate buffer and
the eluate was monitored at 280 1x41 by means of an L. K. B. 8300

A "Uvicord II" absorptiometer and 6520 H recorder. The fraction
collector was an L. K. B. 7000 A "Ultra Rac". A typical elution

pattern is shown in Figure 33 (top diagram). The first peak was
found to contain cytochrome P450 and estimation of haem iron in

each fraction showed a maximum which corresponded with the peak

protein concentration (Figure 33). The combined fractions I, II
and III were separately concentrated with "Carbowax" to 3-4 ml.
and the fractions were incubated in the presence of an NADPH

14
generating system and cholesterol 4- C as substrate. The protein
content of each incubation corresponded to approximately three time ft

the protein used in a standard incubation. It can be seen (Table
27) that optimal activity was obtained when pooled fractions I and II
were incubated together but this fractionation resulted in a great

loss of enzymic activity. It was found that addition of the material
from the last ^280 peak (III) to an incubation did not increase the



TABLE 27

CHOLESTEROL SIDE CHAIN CLEAVAGE ACTIVITY

AFTER SEPARATION ON SEPHADEX G200

X
Percentage
Conversion

CONTROL

(before Sephadex column) 50. 0
Combined fraction 1 2.2

" " 2 10.8

" "3 1.4

" "1+2 18.8

" "2 + 3 2.4

" " 1 + 2 + 3 18.2

x 14 14
4- C cholesterol cavorted to 4- C pregnenolone, 4-
progesterone and 4- C 20ar-hydroxypregn-4-en-3-one.



HADPH DIAPHORASE "NON-HAEM IRON"

FRACTION NUMBERS

Figure 34. Resolution of "pooled fraction II" from Sephadex
G200 column by DEAE Sephadex chromatography.
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activity, and when added to peak II the activity of the latter peak
was actually decreased. Later, it was found that if the material

was dialysed prior to application to the column, this peak was no

longer present indicating that it consisted of low molecular weight

material, possibly polynucleotide phosphates.

Separation on DEAE Sephadex

The pooled fraction II from the Sephadex G200 chromatography
was run on a DEAE Sephadex column (25 cm. x 2. 5 cm.) The
column was equilibrated with 0. 04M phosphate buffer and elution
was effected by means of a sodium chloride gradient up to 0. 7M

using a flow rate of 40 ml. /hr. Figure 34 shows the elution

pattern of the DEAE Sephadex column. The first peak was
identified as a flavoprotein with NADPH diaphorase activity and the

second was found to be a non-haem iron protein.

This elution pattern was found to be similar to that obtained by

Omura et al. (1966) for the chromatography of sonicate 150, 000 g.

supernatant on DEAE cellulose, and by Simpson and Boyd (1967)
after chromatography on Sephadex G200 and DEAE Sephadex of the

105, 000 g. supernatant of an acetone powder preparation from
mitochondria of ox adrenal. The chloride concentrations were

estimated in each fraction using an E. E. L. 'chloride meter'. The
results (Figure 35) showed that the non-haem iron protein was

eluted from the DEAE Sephadex column with a high salt
concentration. The two fractions (flavoprotein and the non-haem
iron protein) were dialysed against 0. 04M phosphate buffer over¬

night and concentrated in Carbowax and incubated with cholesterol
14

4- C as listed in Table 28. It can be seen that the three fractions

the cytochrome P450, the flavoprotein and the non-haem iron

protein were necessary to reconstitute maximum enzymic activity.

Some enzymic activity was found when the fraction containing the



Figure 35. Estimation of the chloride gradient during DEAE
Sephadex chromatography.



TABLE 2 8

CHOLESTEROL SIDE CHAIN CLEAVAGE ACTIVITY AFTER

CHROMATOGRAPHY ON SEPHADEX G200 AND DEAE SEPHADEX

x
Fraction Percentage Conversion

Cytochrome P450 2. 0
NADPH diaphorase 1.0

Non-haem iron 1. 5

P450 + NADPH diaphorase 2. 8
P450 + Non-haem iron 1.8

NADPH diaphorase + Non-haem
iron 5.0

Cytochrome P450 + NADPH diaphorase
+ Non-haem iron 7.4

14 14
4-mC cholesterol converte^to 4- C pregnenolone,
4- C progesterone and 4- C 2Oo--hydroxy-pregn-
4-en-3-one.
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cytochrome P450 was incubated alone, and there was also activity
when this fraction was mixed with the NADPH diaphorase. This

might be attributed to the impurity of the fractions. It can also
be observed that after elution on DEAE Sephadex, the overall side
chain cleavage activity was further decreased.

Characterisation of the protein components

Ovarian tissue was collected from 160 animals pretreated in
the usual way. The lyophilised mitochondria were extracted in

phosphate buffer pH. 7. 4 and chromatographed on Sephadex G200
and DEAE Sephadex columns as previously described. The total

protein concentration of the lyophilised material measured by the
buiret reaction (Layne, 1957) was 420 mg.

Cytochrome P450

When this component was eluted from the Sephadex G200

column, it was observed to be cloudy in appearance. The material
was subjected to ultrasonication for 5 minutes, and a partial
clarification of the material was obtained. The material from each

fraction (6 ml.) corresponding to the first protein peak after

Sephadex G200 column was divided into two equal parts and placed
in the sample and the reference cells. The protein concentration
was 2 mg. /ml. Reduction of the samples was effected with a few

milligrams of solid sodium dithionite and the different spectra of
the fractions measured in an "Optica CF4DR " double beam recording

spectrophotometer. After recording the base line,carbon monoxide
was carefully bubbled for 60 seconds through the solution in the

sample cell. It was found that minimum of 60 seconds was necessar

to saturate the sample with the gas. The different spectra were

recorded at once. All spectrophotometric measurements were

made at room temperature. The results are shown in Figure 36
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and demonstrate that cytochrome P450 appeared in all four
fractions (6, 7, 8 and 9) which corresponded to the maximum
transmission at 280 rrqi eluted from the Sephadex G200. In

addition to cytochrome P450, the presence of cytochrome P420 was

observed in each fraction. Fraction 9 was found to contain equal
axnounts of cytochrome P450 and P420. Omura and Sato (1964)
have found that treatment of liver microsomes with substances

such as deoxycholate and snake venom resulted in the conversion

of cytochrome P450 to a modified form called cytochrome P420.

Cytochrome P420 in contrast to P450 has been shown to possess

the typical hemoprotein spectral characteristics of the cytochrome
b type. As the carbon monoxide difference spectrum of P420 is

very similar to that of hemoglobin, its presence might be attributed
to contamination of the system by the blood pigment. The presence

of blood in ovarian mitochondria is very likely, since hemorhagic
follicles were detected as a result of the pretreatment of the
immature rat with placental gonadotropins. The 420 mp absorptior
of fractions 6, 7, 8 and 9 can be attributed either to P420 originally

present in the lyophilised extract (see Figure 37) or to some

modification of the cytochrome P450 during the chromatographic

procedure. The conversion of P450 to P420 was shown to be

accompanied by the inactivation of the hydroxylase system . It is

probable that the integrity of the 'unusual state' of P450 is essential
for its function. In the lyophilised material where P420 was

detected, the conversion of cholesterol to pregnenolone and

progesterone was found to be reasonably high. This fact relates
the presence of a band at 420 mp to blood contamination rather

than to the transformation of P450 to P420.
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!
|
Estimation of haem iron

This was measured by a modification of the method of Adier

| and George (1965). All glassware for iron determination were

soaked in strong hydrochloric acid and washed thoroughly with
distilled water before use. To 1. 5 ml. aliquot 0. 5 ml. concentrated

HC1 and 0. 5 ml. 25% trichloroacetic acid were added. After

standing for 10 minutes the samples were centrifuged. The
i

| supernatant was discarded and the precipitate was incubated for
| 30 minutes in a boiling water bath with 0.1 ml. hydrogen peroxide
and 0.1 ml. perchloric acid. After cooling, 0.1 ml. 10% aqueous

hydroxylamine was added and the samples were allowed to stand
for 5 minutes. Then 1 ml. pyridine and 0.1 ml. bathophenanthroline
sulfonate solution were added to each sample.

After 10 minutes the tubes were read at 535 mp using a

Unicam S. P. 600. The acid non-extractable iron was taken as

a measure of haem iron. These iron determinations were made j
quantitatively from a calibration curve using freshly prepared
ferrous ammonium sulphate as a standard. As can be seen in

Figure 33, the maximum concentrations of haem iron corresponded
with the cytochrome P450 peak on the Sephadex G200 column, It
was found that the concentration of non-extractable iron was

170. 2 jig. Fe /g. protein.

59 ++
Radioactive iron ( Fe )

Iron 59, ferric chloride in 0. IN. HC1 2-10 c/g was purchased
from the Radiochemical Centre, Amersham

From a group of 120 animals, 10 rats were injected
59 ++

intraperitonally with Fe in 3 doses at 10 jic/rat on days 4,
6 and 7 of the pretreatment with placental gonadotrophin. The
animals were killed on the tenth day after the beginning of the

Ipretreatment with PMSG and the mitochondria were isolated in the |
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usual way. The washed mitochondria were subjected to ultra-

sonication and freeze-drying. The lyophilised material was

suspended in 0. 1M phosphate buffer at pH. 7. 4 and centrifuged at

105,000 g. for 30 minutes. The supernatant was applied to

Sephadex G200 and DEAE Sephadex columns, as previously
described. The fractions from both Sephadex columns were

assayed for radioactive iron in a Tracerlab scintillation counter.

The results are illustrated in Figure 38. Maximum counts were

obtained in the region of the peak found to contain the cytochrome
P450 (top diagram) showing that the haem protein was labelled with
radioactive iron.

Electrophoresis

The fractions containing cytochrome P450 were pooled and

concentrated in Carbowax to 2-3 ml. The concentrated material

was subjected to electrophoresis on a cellulose acetate strip using
a "Universal" apparatus (Shandon). The buffer used was 0.14M
Michaelis1 barbital-sodium acetate pH. 6. 8. The cellulose acetate

strips were dipped in the buffer one hour before use. The molarity
of the buffer in the vessel was 0. 06M. The samples were run for

60, 120 and 175 minutes at 200 volts. The strips were stained
with Poinceau G 0. 2% in 3% trichloroacetic acid. It can be seen

(Figure 39) that one band moved away from the origin.

Flavoprotein

The flavoproteins are a group of conjugated proteins which are

characterised by the presence of the prosthetic group; flavin
adenine mononucleotide or flavin adenine dinucleotide.

The fractions collected from the DEAE Seg&adex column and

concentrated in Carbowax, had a yellow colour which was bleached

by the addition of a few crystals of sodium dithionite.
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Figure 39. Cellulose acetate electrophoresis of the cytochrome
P450 fraction isolated from Sephadex G200
chromatography.
Michaelis barbital-sodium acetate buffer 0. C6M
pH. 6. 8. Potential difference 200 volts. Stained
with Poinceau G.

Duration of run 60 minutes (A), 120 minutes (B)
175 minutes (C).
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Figure 40. Absorption spectrum of the prosthetic group of
the NADFH diaphorase fraction extracted with
10% trichloroacetic acid.
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The flavoprotein is difficult to detect using visual spectroscopy.
Its absorption band in the oxidised state is rather broad and no

characteristic band is observed in the reduced state. The

absorption spectrum showed a shoulder at 450-470 mp, which is
characteristic of some flavoproteins (Figure 40).

I
NADFH diaphorase j

!
The fraction was found to possess NADPH oxidase activity,

this being a property of some flavoproteins. The method used
for the estimation of the NADFH diaphorase is based on the j
procedure of Omura et al. (1966). To 1. 5 ml. aliquots were added j
0. 2 ml. NADPH generator system (7. 5 mg. NADP+; 25 mg.

glucose-6-phosphate; 1 unit glucose-6-phosphate dehydrogenase

per ml. water). After two minutes 0. 2 ml. of a 3mg. /10 ml.

aqueous solution of 2:6 dichlorophenol indophenol was added. The
decrease in absorbancy at 590 mp was followed every 30 seconds. I

! |
As shown in Figure 34 the NADPH diaphorase activity was found
to be high in the fractions corresponding to the maximum
transmission at 280 mp of the flavoprotein peak after resolution
on a DEAE Sephadex column.

|
i

E stimation of flavin

The flavoprotein fractions were pooled and the flavins were

estimated after the method of King et al. (1962). The material was

dialysed and then extracted with 10% trichloroacetic acid. After

30 minutes the sample was centrifuged at 12,000 r. p. m. for 15
minutes. The supernatant was extracted three times with 50 ml. i
ether to remove the trichloroacetic acid. The aqueous phase was ;

adjusted to pH. 7. 0 with N. NaOH and freese-dried. This fraction
was considered to contain acid extractable flavin. The residue froirj
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the acid extraction was washed twice with 30 ml. distilled water.

The washed residue was suspended in 25 ml. phosphate buffer and

adjusted to pH. 8. 0 with N. NaOH. The suspension was then

digested with 10 mg. of crystalline trypsin and 5 mg. of a

chymotrypsin for 4 hours at 37°C with continuous shaking. At

the end of the digestion, the mixture was cooled to 0°C and

subsequently treated with trichloroacetic acid as described for
acid extraetable flavin. This fraction contained the acid non-

extractable flavin. The lyophilised material from acid extractable
flavin and acid non-extractable flavin were dissolved in distilled

water (10 ml. ) and the absorbancy readings at 450 mjjt for oxidised
and reduced form of the flavin were recorded before and after

addition of approximately 2 mg. of sodium dithionite to the sample.
The dithionite reducible flavin was then calculated using the

following equation;

(A°X450 mp - Are<*450 mp) - (A°X530 my. - Are<*530 mp)

it was made quantitatively using a calibration curve with FMN

as the standard. The results of the flavin content of intact

mitochondria, lyophilised mitochondria and the flavoprotein fraction
after chromatography on DEAE Sephadex are summarised in
Table 29. Acid non-extractable flavins were not detectable by

this method.

Paper chromatography

The flavoprotein fraction collected from the DEAE Sephadex
column was dialysed overnight against 0.1M phosphate buffer.
The dialysed material was extracted with 10% trichloroacetic acid

and applied to a Whatman No. 1 filter along with FAD, FMN and

riboflavin as standards. The chromatogram was developed in the



TABLE 29

FLAVIN DETERMINATION IN RAT OVARIAN MITOCHONDRIA

x

Flavin concentration
Tissue under examination p.moles/a. protein

Intact mitochondria 0. 098

Lyophilised mitochondria 0. 090

Lyophilised material after separation
on Sephadex GE00 and DEAE
Sephadex 0.054

*
Flavin determined as FMN, Riboflavin Phosphate Sodium Salt



F.M.N F.A.D unknown F.A.D FJVI.N

riboflavin riboflavin

Figure 41. Paper chromatography of the prosthetic group of
the NADPH diaphorase in the solvent system
n-butanol : acetic acid :: water ::: (4:1:5), along
with standards FAD, FMN and riboflavin.



8-1,

solvent system n-butanol : acetic acid :: water ::: (4:1:5) for 4
hours at room temperature after the method of Crammer (1948).
The flavins were detected by their characteristic green fluorescence
in ultra-violet light. As can be seen in Figure 41, the diaphorase
extract had the same as FAD. This indicated that the prosthetic

group of the NADFH diaphorase might be FAD.

Electrophoresis

A sample of the diaphorase was subjected to electrophoresis in

a cellulose acetate strip using a barbital sodium acetate buffer.
As can be seen from Figure 42 there was one major protein

component, A minor component was also observed near the
origin together with a trace of positive staining material.

Non-haem iron protein

In a series of studies on pig adrenal steroid hydroxylases
Suzuki and Kimura (1965) and Kimura and Susuki (1965) have
identified a non-haem iron protein as one of the components of the
electron transfer system of mitochondrial 11|3 hydroxylase. The
above authors named this protein fraction adrenodoxin, and showed
that it contained two atoms of iron/mole and two moles of labile

sulphide/mole with a molecular weight at about 22, 000. Watari
and Kimura (1966) studied the adrenodoxin using electron spin
resonance and found it to give a signal at g » 1. 94 upon reduction.
Omura et al. (1965) also isolated a non-haem iron protein from
bovine adrenal and noted the ESB signal at g * 1. 94 upon reduction
with dithionite. Ohno, Suzuki and Kimura (1967) identified and
isolated a non-haem iron from pig testis similar to adrenodluein
and proposed the name of testodoxin.



Figure 42. Cellulose acetate electrophoresis of the NADPH
diaphorase (A) and non-haerr iron protein (B)
isolated from Sephadex G200 and DEAE Sephadex
chromatography.
Michaelis barbital-sodium acetate buffer 0. 06M
pH. 6. 8. Potential difference 200 volts. Stained
with Poinceau G.
Duration of run 175 minutes.
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The non-haem iron protein was identified in rat ovarian
mitochondria. The preparation was reddish brown in colour and
contained acid extractable iron.

4"f
Estimation of Fe

This was measured by a modification of the methods of Masaey

(1957) and Ramsay (1958). 1. 2 ml. aliquot was made up to 1. 5 ml.
with concentrated hydrochloric acid to give an acid concentration
of 2. 2 N. After standing 10 minutes, the samples were centrifuged
and the supernatant decanted. To each fraction was added 1 ml.

pyridine followed by 0.1 ml. ascorbic acid solution ( 5 mg. /ml.
distilled water) and 0.1 ml. bathophenanthroline sulphonate.
After standing for 10 minutes, the tubes were read at 535 mp using

a Unicam S. P. 600. The acid extractable iron was taken as a

measure of non-haem iron. The results (Figure 34) showed that
the iron was detected mainly in the fractions corresponding to the
area where non-haem iron was eluted from the DEAE Sephadex
column. The iron content of the material was measured

quantitatively using ferrous ammonium sulphate as the standard.
-f-f

The pooled fractions wete found to contain 584 mg, Fe /g. protein
or 1 mole iron « 10, 000 g. protein.

Kimura and Suzuki (1967) consider adrenodoxin to contain two

atoms of iron per molecule of weight 15, 000 - 20, 000. Assuming
that the non-haem iron protein in the ovary is similar to adreno¬

doxin then it would appear that our preparation is not completely

pure.

59_ 44-
Radioactive Iron Fe

59 44
Fe was administered to rats as previously described. As

can be seen in Figure 38 (lower diagram) smaller amounts of



Figure 43. Absorption spectrum of the non-haem iron
protein isolated by chromatography on Sephadex
G200 and DEAE Sephadex.
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radioactive iron were found to be associated with the non-haem

iron protein fraction than with the haem iron of the cytochrome
P450.

Electrophoresis

Zone electrophoresis of the non-haem iron protein was

conducted in a strip of cellulose acetate in buffer pH. 6. 8. After
60 minutes the strip was dried and stained with Poinceau G. The

preparation was found (Figure 42) to contain two main protein

components and one minor fraction.

Figure 43 shows the absorption spectrum of this component

having a broad maximum at 320 mp and a maximum at 414 mp.

The second absorption maximum at 455 mp described by Kimura

and Suzuki (1967) for oxidised adrenodoxin was not detected.

For cholesterol side chain cleavage activity in the rat ovary,
all three protein fractions were found to be necessary. Thus for
reduction of cytochrome P450 by NADPH, both flavoprotein and
the non-haem iron protein were required. For the lip hydroxylase

system, Omura et al. (1966) demonstrated that the sequence of
electron flow was from NADPH to flavoprotein, non-haem iron

protein and cytochrome P450. This might suggest that a similar
electron transport chain is required for cholesterol side chain

cleavage enzymes in the rat ovary (Figure 44).



,Cholesterol+0^

NADPH>flavoprotein>NHIprotein>CytochromeP450
Pregnenolone+C f̂ragment

Figure44.Proposedschemeofelectronflowinthecholesterolsidechaincleavage systeminratovary.
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SUMMARY

A soluble cholesterol side chain cleavage enzyme system from
the immature rat ovary has been fractionated using chromatography
on Sephadex G200 and DEAE Sephadex.

Three protein components were identified, namely a flavoprotein
with NADPH diaphorase activity, a non-haem iron protein and a

fraction containing cytochrome P450. These three protein

components were required to reconstitute the cholesterol side
chai i cleavage system.

The location in the solubilised ovarian mitochondria preparation
59 ++

of Fe injected into the immature rat was found mainly in the

protein fractions identified as non-haem iron protein and the haem
iron of cytochrome P450.

Some of the physical and chemical properties of these three

protein fractions are described.
It is suggested that the elctron transport chain for cholesterol

side chain cleavage enzymes is similar to that described for the
steroid lip hydroxylase (Omura et al. 1966).
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CHAPTER VIII

STUDIES ON A*- 3P -HYDROXYSTEROLD DEHYDROGENASE

The oxidation of a 3(3 -hydroxysteroid to a 3-oxosteroid is an

important step in the biosynthesis of steroid hormones. In the

gonads, adrenals and placenta of mammals, this oxidation is

catalysed by the combined action of two enzymes: a A -3(3-

hydroxyateroid dehydrogenase (3p-hydroxysteroid: NAD(P) oxido-
4 5

reductase, E. C. 1.1.1. 51) and a L\ - & isomerase (3-oxosteroid-
4 5

A - A isomerase E. C. 5. 3. 3.1). In the steroidogenic pathway
from cholesterol (C,_) to oestrogens (C ) these enzymes convert27 io

pregnenolone to progesterone and dehydroepiandrosterone to
4

L\ -androstenedione.

The conversion of pregnenolone to progesterone has been
studied by Samuels (i960) and was shown to consist of two distinct

steps. The first consisted of an oxidation by a A -3p-hydroxy-
steroid dehydrogenase at C with the formation of a keto group and

+
stoichiometric transfer of hydrogen to NAD . Subsequently,

5
isomerisation of the double bond occurred catalysed by a A -3-
ketosteroid isomerase. These enzymes appeared to be bound to

the microsomal fraction (Beyer and Samuels, 1956).
As has been previously shown, incubation of a native

mitochondrial preparation from immature rat ovaries with
14

cholesterol 4- C as substrate and an NADPH generating system

resulted in a large accumulation of radioactively labelled

progesterone. The latter steroid was also formed when the same

tissue was incubated with pregnenolone as substrate and NAD+
(Table 13). Furthermore, in a soluble mitochondrial fraction,

radioactive progesterone was found to be formed in significant
14

[amounts following incubation with cholesterol 4- C as substrate

|(Figure 30).
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A study was undertaken in order to establish the nature and
5

the origin of the mitochondrial A -3j3-hydroxysteroid |
dehydrogenase of rat ovarian tissue.

5
A* -3P-hydroxysteroid dehydrogenase in a soluble mitochondrial I

i

preparation |
5

The enzymie assay used for the A -3{5-hydroxysteroid

dehydrogenase was based upon the conversion of pregnenolone
4- C to progesterone 4- C.

14
Pregnenolone 4- C was prepared by incubation of the

105, 000 g. supernatant from an ox adrenal mitochondrial acetone
14

powder preparation with cholesterol 4- C and an NADPH |

generating system (Simpson and Boyd, 1967). Pregnenolone
14 i

4- C was further purified using repeated thin-layer chromatography.
The plates were scanned using a gas flow thin-layer scanner and '

!

one single peak was obtained corresponding to the R^ of standard |
j

pregnenolone.
5 14A -pregnenolone 4- C (20 - 40 mc/mM.) was also

purchased from the Radiochemical Centre, Amersham. Aliquots
14

of pregnenolone 4- C were chromatographed by thin-layer

chromatography on Silica Gel G using chloroform : ethyl acetate ::

(8:2) together with a standard reference sample. The radioactive

pregnenolone (Amersham) and that obtained after incubation of a

105, 000 g. supernatant from the ox adrenal acetone powder with
14

cholesterol 4- C, showed the same mobility when chromatographed
in the above solvent system.

Rat ovarian mitochondria solubilised as previously described
14 +

were incubated with pregnenolone 4- C as substrate and NAD
as cofactor. The results are illustrated in Figure 45 and

g
demonstrate that an active A -3(3-hydroxysteroid dehydrogenase is
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[NAD+] [mg/5ml incubation]

14 14
Figure 45. Conversion of (4- C) pregnenolone to (4- C)

progesterone in a 105,000 g. supernatant from a
lyophilised rat ovarian mitochondrial preparation.
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present in mitochondria and the soluble preparation appears to
■f

contain endogenous NAD , since conversion to progesterone is
obtained without adding exogenous cofactor.

A soluble mitochondrial preparation was chromatographed on

a Sephadex G200 column. The three separated protein fractions
14 +

were each incubated with pregnenolone 4- C and NAD and tested
a 5for dehydrogenase activity. It was found that the -3P-hydroxy-

steroid dehydrogenase was bound to the high molecular weight
material since the bulk of the activity was found in cut I which

corresponded to the fraction which contained cytochrome P450

(see Figure 46).
|
^^-SP-hydroxysteroid dehydrogenase in microsomes

Immature rats were pretreated in the same way, and the
microsomes were isolated following centrifugation of the 10, 000 g.

supernatant for 45 minutes at 105, 000 g. The microsomal pellets
were then washed with 0. 154 M KC1 and centrifuged at the same

speed for a further 45 minutes. The washed microsomes were

suspended in phosphate buffer 0, 1M at pH. 7. 4 and incubated with
14 +

pregnenolone 4- C as substrate and NAD . The results are

illustrated in Figure 47 and demonstrate that in the immature rat
.5

ovary the microsomes contain an active & -3(3-hydroxysteroid
•f

dehydrogenase. When NAD was omitted the accumulation of

progesterone was greater than that observed in the corresponding
mitochondrial preparation. Since this dehydrogenase was found
to be active in the microsomal fraction it was thought that
contamination of the mitochondria with microsomes could be

responsible for the oxidation of pregnenolone to progesterone. It
was necessary to establish if the solubilisation procedure used
for the mitochondrial cholesterol side chain cleavage enzymes would



20

o o
o oo

IOO

CutI Cut II Cut III

1 11 II 1

r

/ N \
\

/ \

1 \

1
\ /

N

/
s X \

/ \

\
/ V / "
/ N

/ V

■r i i 1—1—1— F3 , ■ \ ..
IO 15 20 25
Fraction number

X

100

60

20

O

■b. 13
s_ 7 s

fr° o <»

-o x, 3
-> t a
O « m
(O tfj n
•» 3
<5. <« n
s ' O
-1 O 3
° o <
= 3?* 3.

O 3

a

14 14
Figure 46. Conversion of (4- C) pregnenolone to (4- C)

progesterone in different protein fractions from a
105,000 g. supernatant from lyophilised rat ovarian
mitochondria after chromatography on Sephadex G200.
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5
be suitable for microsomal i\ -3(3-hydroxysteroid dehydrogenase.
Ovarian microsomes were subjected to ultrasonic vibration for
15 minutes and then freeze-dried. The lyophilised material was
then suspended in phosphate buffer 0.1M pH. 7.4 and centrifuged
at 105, 000 g. for 30 minutes. The supernatant was incubated at
37°C in the presence of NAD* and pregnenolone 4«*^C. A

comparison between a soluble mitochondrial and a soluble
microsomal fraction regarding the conversion of pregnenolone

14 14
4- C to progesterone 4- C in the presence of different amounts
of added NAD* is shown in Figure 48. It can be observed that
the microsomal dehydrogenase can be extracted in a soluble
fraction following the procedure used for mitochondria. It is

then obvious that any microsomal contamination of the mitochondria
will be extracted during solubilisation procedure and the

dehydrogenase could then be of microsomal origin. It was
observed (Figure 48) that the microsomal dehydrogenase required
less cofactor than the mitochondrial enzyme system. This might

suggest that either NAD* is more available to the soluble microsomal
fraction or the possibility that one is dealing with two different

dehydrogenases: one of mitochondrial origin and the other of
•j*

microsomal origin and both NAD specific. It also suggests the
5

possibility that the -3(3-hydroxysteroid dehydrogeanse and
the isomerase in rat ovarian tissue are present in both the

particulate fractions as was noticed by Koide and Tores (1965)
for human term placenta.

The solubilised microsomal fraction was chromatographed on

a Sephadex G200 column. The elution pattern (Figure 49) was found
to be similar to that of a solubilised mitochondrial preparation.
The maximum dehydrogenase activity was again concentrated in
the first peak.
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Figure 50. Conversion of (4- C) pregnenolone to (4- C)

progesterone in a 105,000 g. supernatant from
lyophilised rat ovarian mitochondrial and microsomal
preparations.

•f
NAD was used at a concentration of 0. 5 mg. /4 ml.
incubation for mitochondria and 0. 05 mg. /4 ml.
incubation for microsomes.



89.

a 5Kinetic studies on the A"-»3P~hydroxysteroid dehydrogenase in

soluble mitochondrial and microsomal preparation

Since both soluble particulate fractions were found to contain
an active dehydrogenase, kinetic studies were performed to

establish the optimum enzyme concentration, cofactor. initial

velocity, etc. It was observed that a concentration of 0. 3 mg.

protein/4 ml. incubation was required in order to achieve

reasonable activity with either fraction (Figure 50). The amount

of cofactor used (NAD ) was ten times higher in mitochondria
than in the microsomal fraction for comparable activity. A time

course of the reaction for mitochondrial and microsomal fractions,

using the above concentration of enzymes is shown in Figure 51.

For the studies to be described below a period of 15 mins.
i

| incubation was chosen. Although the initial velocity had fallen

| off by this time this was the minimum time necessary to obtain
a reliable value for the conversion.

The conventional Lineweaver and Burk (1934) plots were

drawn from the data obtained in experiments in which pregnenolone
concentration was varied. The results are consistent with a

linear response (Figure 52). Since the conversion of pregnenolone
5

to progesterone involves two enzymes (a A -3P-hydroxysteroid
5

dehydrogenase and a A -3-ketosteroid isomerase) and since two
•j* t

different concentrations of NAD had to be used for the respective

subcellular fractions, it is difficult to derive meaningfull Km and

Vmax values from Figure 52.
The linearity of the Lineweaver-Burk plots however does

suggest that one enzyme may be limiting the rate of the reaction
throughout the range of pregnenolone concentration used.
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Figure 51. Time course of tl|^mitochondrial and microsomal
conversion of (4- C) pregnenolone to (4- C)
progesterone.

NAD+ was used at a concentration of 0. 5 mg. /4ml.
incubation for mitochondria and 0. 05 mg. /4 ml.
incubation for microsomes.



Figure 52. 1/S versus 1/V plot of data from solubilised
mitochondrial and microsomal preparations from
fat ovarian tissue.
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C©facto re

The mitochondrial and microsomal fractions isolated from

immature rat ovary were solubilised in the usual way and incubated
14

in the presence of different cofactors and with pregnenolone 4- C
as substrate. The results (Table 30) demonstrated that NAD+

5
was the preferred cofactor for the mitochondrial A -30 -hydroxy-
steroid dehydrogenase while NADP and NADPH were found to have

very little effect on this reaction. On the other hand, it was observed
5

that the microsomal A -3|3-hydroxysteroid dehydrogenase utilised
+ 4"

NAD and NADP to the same extent. NADPH was found to be

more adequate for the microsomal dehydrogenase than for the
mitochondrial dehydrogenase. The different behaviour of the

dehydrogenases towards cofactors might suggest that in the
5

immature rat ovary pretreated with gonadotrophin, two A -3p-

hydroxysteroid dehydrogenases are present. The mitochondrial

enzyme which is NAD+ dependent must be compared with the
4* 4"

microsomal system which can utilise NAD as well as NADP .

Reversibility of the reaction

The soluble mitochondrial and microsomal fractions were

14
incubated with progesterone 4- C and NADH or NADPH. The
results (Table 31) demonstrated that the reaction appeared to be
reversible in both subcellular fractions. It was observed that

the reaction seemed to be more freely reversible in microsomes

than in mitochondria, which suggests the presence of two different
14

enzymes. The possibility that pregnenolone 4- C was formed

non-enzymatically in these experiments was excluded in view of
the fact that boiled mitochondrial and microsomal fractions failed

14 14
to convert progesterone 4- C to pregnenolone 4- C. It has

previously been shown that the dehydrogenase can catalyse the
reversible reaction (Samuels et al. 1950; Pearlman, 1952).



TABLE 30

COFACTOR REQUIREMENT FOR MITOCHONDRIAL

AND MICROSOMAL. DEHYDROGENASE

14
Percentage Convers^n of (4- C)
pregnenolone to (4- C)
progesterone

Cofactor Mitochondria Microsomes

None 2.6 5.3

NAD+ 80.0 75.0

NADH 2.6 3.0

NADP+ 9.0 64.4

NADPH 10.1 23.0

NADP+ + G6P 5.0
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14
After injecting progesterone 4- C into rats, Suzuki and Eto

(1962) reported the isolation from plasma of a substance behaving
14

like pregnenolone 4- C. Ward and Engel (1964) using an

acetone powder of sheep adrenal microsomes demonstrated the
14

reduction of androst-4-ene, 3,17-dione-4- C to the 3(3-hydroxy-
androst-4-en-l7-one and 3j3-hydroxy-androst~5-en-17-one, while
Rosner et al. (1965) demonstrated the conversion of progesterone

14 14
4- C to pregnenolone 4- C by homogenates of rabbit testis.

Inhibition of -3j3-hydroxysteroid dehydrogenase by a substrate

analogue

A synthetic steroid 2ar-cyano-4,4,17ar-trimethyl 17p-hydroxy-
5 -andros ten- 3 -one (cyanoketone) used at a low concentration

a5
produced marked inhibition of -3f3-hydroxysteroid dehydrogenase
in extracts of Pseudomonas testosteroni (Ferrari and Arnold,
1963; Goldman et al. 1965; Neville and Engel, 1968) and of the

£^-3(3. -hydroxysteroid dehydrogenase in steroidogenic endocrine
tissue of the rat in vitro (Goldman et al. 1965; McCarthy et al.

1967).
The action of the cyanoketone was investigated on both the

mitochondrial and the microsomal dehydrogenases. The

concentrations of the inhibitor tested were 0. 03 - 70. 0 pM. It

was found (Table 32) that the cyanoketone was a very powerful
inhibitor of the mitochondrial dehydrogenase at levels of 0. 03 pM
or higher. Similarly this substance inhibited the microsomal

dehydrogenase at levels of 0.14 pM or higher. These results were

in agreement with those reported by McCarthy et al. (1967) who
showed that the cyanoketone at concentration of 0. 8 pM inhibited
the conversion of exogenously added pregnenolone into the
corticosteroids by adrenal homogenates from normal rats.



TABLE 32

INFLUENCE OF 2g-CYANO 4,4,17g-THIMETHYL 170-HYDROXY

5-ANDKOSTEN-3-ONE (CYANOKETONE) ON THE MITOCHONDRIA

AND MICROSOMAL DEHYDROGENASES

_ , 14 ,

Cyanoketone
(HM)

pregnenolone to (4- C) progesterone

Mitochondria Microsomes

None 83.8 73.8

0. 03 58.1 68.4

0.14 25.2 4.4

0.28 18. 5 4. 1

0.70 - 4.4

1.40 10.9 3.5

2.80 4.5 4.4

14.0 4.9 5.7

28. 0 6.0 5.7

70.0 3.8 3.0

i
|
i
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Figure 53. Effect of 3*5' AMP the conversion of (4- C)

pregnenolone to (4- C) progesterone in a
105, 000 g. supernatant from lyophilised rat
ovarian mitochondria.

"I*
NAD was used at a concentration of 0. 5 mg. /
4 ml. incubation.
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5
Effect of 3'5* AMP on the mitochondrial and microsomal & -3(3-

hydroxysteroid dehydrogenase

The nucleotide 3'5' AMP was found to influence the cholesterol

side chain cleavage enzymes by increasing the amount of conversion
of cholesterol to pregnenolone and decreasing progesterone

synthesis in an intact mitochondrial preparation from rat ovary

(Figure 20). In a soluble mitochondrial preparation, the cyclic
nucleotide was found to increase pregnenolone accumulation with

again a decrease in progesterone synthesis (Figure 32). The
I

results in both cases suggested an effect of the 3*5' AMP on the j
& -3{3-hydroxysteroid dehydrogenase. To this end, the action j

A 5
of 3*5* AMP on the A - 3(3 -hydroxysteroid dehydrogenase from
each subcellular fraction was investigated. Figure 53 illustrates

5
that 3*5' AMP inhibits the A -3fi-hydroxysteroid dehydrogenase in
a soluble mitochondrial preparation and Figure 54 shows the

inhibitory effect of the cyclic nucleotide on the solubilised
microsomal fraction. Since the solubilised preparations contained ;

■f i
NAD , incubations were conducted in the usual way without adding j
NAD+ and varying the amounts of 3'5' AMP in order to establish j
if the cyclic nucleotide influenced the availability of endogenous !

+
NAD . The results (Table 33) suggested that 3'5' AMP did not

-j-
alter the amount of endogenous NAD . This implies that 3*5* AMP

a 5
may act directly on the u -3|3-hydroxy8teroid dehydrogenase and
not on the cofactor specific for this enzyme. The action of 3'5'

+ I
AMP was also tested in the microsomal preparation using NADP j
as a cofactor. It was observed (Figure 55) that the dehydrogenase [

+ !
was inhibited to the same extent as when NAD was used, which

indicated that the cyclic nucleotide did not affect the cofactors. In
order to establish if exogenously-added NAD+ would release the
inhibition due to the 3'5' AMP, mitochondrial and microsomal
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TABLE 33

INFLUENCE OF 3'5' AMP ON THE ENDOGENOUS NAD^ IN A
SOLUBILISED FRACTION FROM RAT OVARIAN MITOCHONDRIA

Exogenouslv added
NAD 3'5' AMP

Percejti|age conversion
of (4-^C) pregnenolone
to (4- C) progesterone

None

None

None

None

None

1 timololml.
5 pmoles/ml.

10 ptmoles/ml.

9.7

9.8

10.7

9.0
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preparations were incubated with increasing amounts of added i

NAD+ at a constant concentration of the cyclic nucleotide. The
concentration of the 3*5* AMP was 6 ^moles/ml. for the
mitochondria and 5 p.moles/ml. incubation for microsomes. Both i

concentrations have been found to inhibit characteristically the

respective dehydrogenases (see Figures 53 and 54). It was
■f

observed that increasing the concentration of exogenous NAD in
the mitochondrial preparation did not influence the inhibitory
effect of 3'5* AMP (Figure 56). On the other hand, the microsomal!

a.5 •inhibition of & -3p -hydroxysteroid dehydrogenase was released j
+ j

by increasing the concentration of NAD (Figure 57). It is

possible that 3*5' AMP acts on both the enzyme and the cofactor
of the microsomal dehydrogenase system while in the mitochondrial

dehydrogenase system, it appears to act more particularly on the

enzyme. This release of the inhibitory effect of 3'5' AMP by
NAD in microsomes which did not occur in mitochondria might

suggest that the two A - 3|3 -hydroxysteroid dehydrogenases are
different.

Effect of other nucleotides

The action of other nucleotides related in structure to 3'5' AMP

like AMP , ADP, ATP, 2*3' AMP and adenosine -5-diphosphoribose
5

(ADPK) was tested on the A -3(3-hydroxysteroid dehydrogenase
from each subcellular fraction.

The results of the effect of AMP, ADP, ATP, 2*3' AMP and
c

ADPH by comparison with the action of 3' 51 AMP on A -3p-

hydroxysteroid dehydrogenases from mitochondria and microsomes j
are illustrated in Figures 58 and 59 respectively. It can be |

i

observed that no other nucleotide influenced the dehydrogenase.
a5 SThis demonstrated a specific action of the 3*5* AMP on the A -3P- j

hydroxysteroid dehydrogenases from mitochondrial and microsomal j
preparations of immature rat ovarian tissue.
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The effect of 3'5' AMP was found to be more specific on the

dehydrogenase than on the cholesterol side chain cleavage enzymes

where AMP as well as ATP were found to affect the enzyme

complex (Figure tl). The fact that 2'3' AMP was found to have
no effect on the dehydrogenases indicated the high degree of

specificity of 3'5' AMP and emphasised another physiological
role of this nucleotide.
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SUMMARY

5 .5
/\, -3P-hydroxysteroid dehydrogenase and Za -3-ketosteroid

isomerase were found to be located in both particulate fractions

(mitochondria and microsomes) isolated from immature rat ovary

pretreated with gonadotropins.

The mitochondrial dehydrogenase is mainly NAD dependent
while the microsomal dehydrogenase can utilise NAD* as well as

4*
NADP as cofactor.

.5
The reaction catalysed by the Za - 3(3 -hydroxysteroid

dehydrogenase can be reversed in both particulate fractions

Cyanoketone, a synthetic androstane added to the incubation
medium in very small amounts, inhibited both dehydrogenases.

3*5' AMP was found to have an inhibitory effect on both
5

a -3j3-hydroxysteroid dehydrogenases.
.5

The inhibition of the microsomal lS - 3P -hydroxysteroid

dehydrogenase by the cyclic nucleotide was released by increasing
4"

the amount of endogenous NAD , while larger amounts of this
cofactor did not release the inhibitory effect of 3'5' AMP on the
mitochondrial dehydrogenase.

AMP, ADP, ATP, 2'3' AMP and ADPR were found to have no
5

effect on -3p-hydroxysteroid dehydrogenase stressing the

specific action of 3'5' AMP.
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I

CHAPTER IX
i
I

CONTROL OF THE CHOLESTEROL SIDE CHAIN

CLEAVAGE ENZYMES
i

Ascorbic acid is widely distributed in the animal organism;
the adrenal cortex, pituitary and corpus luteum having the highest j
concentrations (Ravavenstein, 1943-45). The early observation

i
of Sayers et al. (1944) that the amount of ascorbic acid in the
adrenals decreased in response to ACTH stimulation raised the

problem of the physiological importance of ascorbic acid in
endocrine tissues. Later, a similar observation was made on

the action of LH on the ovary (Claesson et al. 1949; Hokfelt, 1950).
The depletion of ascorbic acid from adrenal and luteal tissue is
the basis of assays for ACTH (Sayers et al. 1948) and LH (Parlow,
1958) respectively, but the role of the vitamin in these tissues and
the mechanism of the depletion by trophic hormones remain obscure.

Administration of LH to the female rat causes depletion in j
ovarian cholesterol and ascorbic acid. The loss of cholesterol

from the gland suggests that this sterol serves as the precursor of |
steroid hormones. The loss of ovarian ascorbic acid has proved
to be a more complicated problem and the role of this substance in

i

ovarian physiology is not well established. For some time much
of the speculation on the control of steroidogenesis by ACTH or LH
lias centred on the early events in the conversion of cholesterol to

pregnenolone, and ZOa hydroxylation of cholesterol has been indicated;
as the rate limiting step in steroidogenesis. A large number of
theories have evolved on the possible mechanism of ascorbic acid j
action on steroidogenesis.
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As stated in Chapter V, ascorbic acid was found to inhibit the

cholesterol side chain cleavage enzymes when native mitochondria
from immature rat ovary were used as a source of the enzymes.

Figure 17 illustrates that ascorbic acid at a concentration of
7. 5 pmoles/ml. produced a strong inhibition of the cleavage
reaction. Since ascorbic acid is known to produce swelling of
the mitochondria (Lehninger, 1965) the action of this reducing agent

i

on the cholesterol side chain cleavage enzymes was tested in a

soluble mitochondrial preparation. The results (Figure 31) show
that ascorbic acid used in larger amounts than with intact
mitochondria inhibited the side chain cleavage reaction demonstrating
that the inhibition was due to a direct effect on the cleavage enzymes

and not due to a "membrane effect". The results suggest that
ascorbic acid might act on the cholesterol ZOce hydroxylase system

and influence steroidogenesis in this way. The effect of ascorbic
acid on certain steroid hydroxylase systems was studied by

different authors. Jenkins (1962) presented evidence that ascorbic
acid in vitro enhanced lip hydroxylation by bovine adrenal tissue.
On the other hand, Hayano et al. (1956 a) showed that ascorbic
acid in vitro inhibited the conversion of cholesterol to progesterone

and other steroids by a mitochondrial preparation from beef
adrenals. Similarly Cooper et al. (1962) noted an inhibitory effect
of ascorbic acid on the microsomal 21-hydroxylation system.

Kitabchi (1967 a) confirmed the inhibitory effect of ascorbic acid
on the mitochondrial lip hydroxylase and the microsomal 21-

hydroxylase in beef adrenal. He advanced a hypothesis that the

high level of ascorbic acid in the adrenal might regulate |

steroidogenesis by inhibiting hydroxylase systems (Kitabchi, 1967 b).

I

t



1/V min. mM"1

Figure 60. Metabolism of ascorbic acid by rat ovarian
mitochondria.

1/S = Reciprocal value of substrate concentration

1/V = Reciprocal value of substrate oxidation per
minute
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Concentration of ascorbic acid in immature rat ovarian tissue

A group of 60 animals were pretreated in the usual way with
PMSG and sacrificed on the tenth day after the beginning of the

pretreatment. Different cell fractions were isolated as previously
described (see Table 1) and the concentration of ascorbic acid
was measured using the procedure of Dekansky et al. (i960) in
nuclei, mitochondria, microsomes and 105,000 g. supernatant.

The principle of the method is the ability of ascorbic acid to

reduce a coloured dye to the colourless (leuco) form. A solution
of ascorbic acid is added to a buffered solution of the dye, 2,6
dichlorophenol indophenol, and the degree of decolorisation which
is proportional to the concentration of the ascorbic acid is recorded

spectrophotometrically. A known amount of tissue (cell fraction
or supernatant) was deproteinised with 10 ml. of 2. 5% meta-

phosphoric acid, filtered and mixed with the buffered dye. The

extinction of the reaction mixture was read within 30 minutes at

520 mfi against a blank containing the dye and metaphosphoric
acid. The bulk of the ascorbic acid was found to be present in the

105, 000 g. supernatant while mitochondria were found to contain

negligible amounts of ascorbic acid (Table 34). However the
mitochondrial fraction was found to be the site of ascorbic acid

oxidation. This was established by incubating separately
mitochondria or microsomes + 105,000 g. supernatant with
ascorbic acid employing various boiled subcellular fractions as

"enzymic controls". The results (Figure 60) demonstrated that
the metabolism of ascorbic acid by rat ovarian mitochondria

appeared to obey Michaelis-Menten kinetics.



TABLE 34

ASCORBIC .ACID CONCENTRATION IN THE OVARY OF

IMMATURE RAT (USING THE METHOD OF

DEKANSKY ET AL. I960)

Ascorbic acid
Cell Fraction (pg. / 100 mg. tissue)

Nuclei 16

Mitochondria 3

Microsomes 30

105,000 g. Supernatant 70
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| conversion in control incubation (c) and with different

amounts of ascorbic acid in a recombined mitochondrial
system after fractionation using chromatography on
Sephadex G 200.
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| Effect of ascorbic acid on a recombined system after
| chromatography on Sephadex G 200
| The solubilised mitochondrial preparation was chromatographed
on Sephadex G 200. The three protein fractions i.e. the non-haem
iron protein, the flavoprotein and the cytochrome P450 were
recombined and incubated in the presence of different amounts of
ascorbic acid. The reKults are illustrated in Figure 61 and
demonstrate that ascorbic acid at a concentration of 20 pinoles/ml.
inhibited the reconstituted cholesterol side chain cleavage enzyme

system. When ascorbic acid was incubated with intact

mitochondria (Figure 17), it produced a detectable inhibition of
the cholesterol side chain cleavage system at a concentration of
1-2 pmoles/ml. but maximum inhibition required 7. 5 pmoles/ml.
When a soluble enzyme was used (Figure 31) higher concentrations
of ascorbic acid (30-60 pmoles/ml.) were necessary to inhibit

the cholesterol side chain cleavage reaction. This demonstrated
that ascorbic acid could act directly on the enzyme complex, but

presented the anomalous situation that ascorbic acid appeared to

be a more potent inhibitor of the cholesterol side chain cleavage

system in intact mitochondria than in the solubilised system.

However, after separating the protein components of the cholesterol
side chain cleavage system ascorbic acid at 20 pmoles/ml. was

then an effective inhibitor of this reaction (Figure 61).

Effect of ascorbic acid on the protein fractions of the cholesterol

side chain cleavage enzymes

It was found necessary to investigate the influence of ascorbic
acid on each of the protein fractions of the cholesterol side chain

cleavage system in an attempt to establish if this reducing agent

acted on one protein component or on the enzyme complex, as a

whole.



Figure 62. The effect of incubating the non-haem iron protein
and the cytochrome P450 protein with different
concentrations of ascorbic acid.
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After resolution on Sephadex G 200 and DEAE Sephadex the
non-h&em iron protein, the flavoprotein and the cytochrome P450,
were separately incubated for one hour at 37°C with different
amounts of ascorbic acid together with appropriate control
incubations. The results show that ascorbic acid reduced both

the amount of haem iron (Figure 62) and the flavin concentrations

(Table 35) while the amount of non-haem iron remained unchanged

(Figure 62). Figure 63 shows that the absorption spectrum of

cytochrome P450 was practically abolished by incubation with
20 (imoles/ml. of ascorbic acid. It is well known that ascorbic

acid in the presence of oxygen brings about rupture of the haem

component of many haemoproteins releasing the iron. It is not

surprising therefore that when the cytochrome P450 fraction was

incubated with ascorbic acid that there was a decrease in the

amount (mass) of haem iron detectable (Figure 62). This
decrease is probably due to a coupled oxidation between the iron

porphyrin complex and oxygen-ascorbate. The total iron content

of the fraction designated "non-haem iron protein" was of course
not influenced by incubation with ascorbic acid (Figure 62). It

does not seem likely that this will be the mode of action of
ascorbic acid in controlling the enzymes of the cholesterol side
chain cleavage system.

However since only small amounts of this non-haem iron

protein isms available it is not possible to state whether the

catalytic (eazymic)- activities of this protein were affected by
these concentrations of ascorbic acid. The amount of extractable

flavin was reduced by incubation with ascorbic acid (Table 35) but

again it was not possible to state whether this decrease in flavin
in the presence of ascorbic acid could be of physiological

significance.



TABLE 35

THE EFFECT OF ASCORBIC ACID ON THE FLAVIN CONTENT

OF INTACT RAT OVARIAN MITOCHONDRIA, LYOPHILISED

MITOCHONDRIA AND THE FLAVOPROTEIN FRACTION ISOLATED

BY CHROMATOGRAPHY ON SEPHADEX

X
pmoles flavin /g. protein

After incubation for
1 hour at 37°C
with 20 jJimoles/ml.

Control ascorbic acid

Intact mitochondria 0.098 0. 028

Lyophilised mitochondria 0. 090 0. 054

Flavoprotein isolated after
chromatography of the
105,000 g. supernatant from
a lyophilised mitochondrial
preparation on Sephadex G 200
and DEAE Sephadex 0. 054 0. 028

X
Flavin determined as FMN, Riboflavin Phosphate Sodium

Salt.
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Figure 63, Absorption spectrum of cytochrome P450.

I. Control (no ascorbic acid)
II. 20 {js,moles/ml. ascorbic acid scanned immediately-
Ill. Scanned after incubation with 20 nmoles/ml.

ascorbic acid.
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Possible physiological role of ascorbic acid

The function of ascorbic acid in ovarian physiology is poorly j
understood. In the adrenal gland it has been shown that the degree j
of ascorbic acid depletion produced by ACTH is balanced by an equal)
amount appearing in the adrenal venous plasma in the form of
ascorbic acid, dehydroascorbic acid, and diketo-gulonic acid

(Lipscomb and Nelson, I960), but similarly information for the

ovary does not exist. It is not yet clear whether the ascorbic acid
leaves the ovary as such, or whether its secretion involves a j
chemical change in the molecule. When ascorbic acid is depleted |

under the influence of a trophic hormone steroidogenesis increases.
This finding supports the view that a direct relationship exists
between ascorbic acid concentration and steroidogenesis. On the
other hand, since the observation was made that adrenal ascorbic 1

acid is not depleted under the influence of ACTH in species such as j
the chick (Jailer and Boas, 1950; Perek et al. 1959) and the quail

(Zarrow and Baldini, 1952), although steroidogenesis is increased,
there remains the possibility that ascorbic acid plays no specific

part in the production of adrenal steroids, and that stimulation of

steroidogenesis does not always require depletion of this substance. !
|

The enzymes involved in the side chain cleavage of cholesterol j
j

appear to hydroxylate the cholesterol molecule in a sequential i
manner. This results in an overall side chain cleavage reaction

leading to pregnenolone formation. The evidence presented
herein implies that these key oxygenases (or hydroxylases) are
inhibited by certain concentrations of ascorbic acid comparable
to those observed in the "resting" ovary. Furthermore, reduction
of the ascorbic acid concentrations to levels similar to those

observed in the stimulated gland results in release of this
inhibition. Thus the role of ascorbic acid might be to act as a
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physiological reducing agent capable of inhibiting at critical
concentrations the electron transport chain which is an integral

part of the hydroxylation reaction involved in the side chain

cleavage of cholesterol. Consequently, LH in the ovary by

facilitating the removal or metabolism of ascorbic acid could
activate die side chain cleavage enzyme system and hence increase
steroid production.
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SUMMARY

The mitochondrial cholesterol side chain cleavage enzymes

were inhibited by concentrations of ascorbic acid similar to
those found in the resting ovary.

Mitochondria were found to contain low amounts of endogenous

ascorbic acid, but this was the fraction where ascorbic acid was

enzymically metabolised.
Some protein components of the cholesterol side chain cleavage

enzymes (cytochrome P450 and flavin) were found to be affected by

critical concentrations of ascorbic acid (20 pmoles/ml.)
It is suggested that one role of ascorbic acid in the ovary

may be to act as a physiological control mechanism since at high
levels it inhibits side chain cleavage reaction while at lower
concentrations it permits the reaction to proceed.
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CHAPTER X

i

I
DISCUSSION

'

I

j
The side chain cleavage of cholesterol is the first step in the

degradation of this substance to steroid hormones by endocrine
tissue. It is believed that 20ar-hydroxylation of cholesterol is the

|

first step in the reaction and is thought to be the rate limiting step j
possibly controlled by trophic hormones (Stone and Hechter, 1954). ji

Investigations of side chain cleavage and of other enzymes
involved in steroidogenesis in ovarian tissue of mammals have
been related to the oestrus cycle, since their activity varies at

different stages of the cycle. In order to avoid this complication, '
|

it was decided to use ovaries from irrmature animals in the present i
|

experiments. Ovarian tissue from immature rats pretreated with |

gonadotropins has been used for many years to study the functional j

activity of the ovary. The same tissue is employed in the bioassay j
of LH based on depletion of ovarian ascorbic acid (Parlow, 1958). j
Interest in the physiology of the PMSG-HCG treated rat is due to

the fact that such ovaries are almost exclusively composed of

corpora lutea. With such a pretreatment, using both j
i

hypophysectomised and intact animals, it was demonstrated that
the latter showed a greater ovarian response to a given treatment j
of PMSG and HCG. Following the pretreatment, the ovarian weight
was substantially increased; a pair of ovaries weighing approximately
300 mg.

From the studies of Armstrong et al. (1964), Kidwell et al.

(1966) and others, it seems clear that such immature rat ovarian

tissue is suitable for biochemical and enzymatic studies, and this i
tissue was chosen for the investigation of cholesterol metabolism j

i
in the ovary. j

j



105.

i The animals used belonged to the Wistar strain, but were
obtained from two different colonies. It is desirable to use

animals from a single colony, but due to the large number of
animals required, this was not possible. The animals from both
colonies were kept under identical conditions, and the cholesterol
side chain cleavage activity was found to be similar for the two

colonies. Differences in enzymic activity were occasionally found
within the same colony and this was attributed to the response of
the animals to the pretreatment. Initially, different types of

pretreatment were employed (Tables 9 and 10). It was observed
that PMSG given in two dosages of 50 i. u. at three day intervals
and the animals being killed on the seventh day after the second
PMSG injection gave satisfactory and reproducible results. This
confirmed the observation of Zarrow and Quinn (1963) that PMSG
treatment alone was capable of inducing ovulation in the intact
immature but not in the hypophysectomised rat. The above authors

suggested that PMSG caused the release of endogenous pituitary
JLH sufficient to produce ovulation within 60 hours following
administration. This observation confirmed the necessity for a

three day interval between the two injections of PMSG. Since no
!

{difference in the cholesterol side chain cleavage reaction was

{observed between PMSG + PMSG and PMSG + HCG treated rats,
it was decided to apply routinely the first type of pretreatment,

using the same hormone for both injections.
Studies on the cholesterol side chain cleavage enzyme in

different endocrine tissues were hampered by lack of a suitable

assay. Generally, two methods have been used - estimation of the

fragment, isocaproic acid (Ichii et al. 1963), or measurement
!of pregnenolone, the first C, product of the cleavage reactionI 21

{(Hall and Koritz, 1964). Measurement of the isocaproic acid does
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not give information about the steroid produced in the reaction

following incubation with cholesterol as substrate. Estimation of
pregnenolone alone is also not very satisfactory since in many

tissue preparations metabolites other than pregnenolone accumulate.
Also pregnenolone has no dominant chromophore readily detectable

by absorption or fluorescent spectrometry and some procedures
in use for its estimation are time consuming and non-specific. All

14
these problems were largely overcome by the use of 4- C labelled
cholesterol as substrate coupled to thin-layer chromatography.

Radio-chromatogram scanning and liquid scintillation spectrometry

were the procedures used to detect and quantitate the products.

Such an assay is rapid, reproducible and sensitive allowing the
detection of metabolites which occur in trace amounts.

Applying such a method, it was found that the cholesterol side
chain cleavage enzymes in intact immature rat ovary were located
in mitochondria, an observation in agreement with other studies
of the cholesterol side chain cleavage reaction in other endocrine

glands. In the present study, mitochondria were isolated using
two different methods, and in both cases the cleavage enzyme was

found to be mitochondrial. Different homogenisation techniques
were tested and an all-glass homogeniser was found to give the
most reproducible results.

Incubation of a mitochondrial preparation from the immature
14

rat ovary pretreated with gonadotrophin using 4- C cholesterol as
substrate and an NADPH generating system led to the formation
of three products. The main product was found to be progesterone

together with small amounts of pregnenolone and 20<*-hydroxypregn-
!
4-en-3-one. The above products were identified and characterised

using repeated thin-layer chromatography in different solvent
|

systems, gas-liquid chromatography and recrystallisation to
i

constant specific activity. The accumulation of progesterone in
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a5
large concentrations was unexpected since the ca -3(3-hydroxy-

5
steroid dehydrogenase together with the A -3-ketosteroid
isomerase which converts pregnenolone to progesterone had been

reported to be bound to the microsomal fraction (Beyer and
Samuels, 1956). If the site of enzyme localisation in the cell
is the site at which the enzymes participate in the biosynthetic

sequence it seems that cholesterol must reach the mitochondria

where it is converted to pregnenolone, and the pregnenolone
formed must then be transferred to the "microsomes" for

transformation to progesterone. It is possible that the
mitochondrial preparation in this study was contaminated with

microsomes, and hence the origin of the A -3|3-hydroxysteroid

dehydrogenase could be related to this subcellular fraction.

However, the mitochondrial pellet was washed several times
and prepared using two different techniques; in both cases the

same products of the reaction were obtained. The electron

microscopic examination of the mitochondria revealed that the

preparation was essentially mitochondrial (Figure 7). This
observation opened the possibility that mitochondria from rat

ovary might contain in addition to the cholesterol side chain
5

cleavage enzyme, a A -33-hydroxysteroid dehydrogenase and
g

an A -3-ketosteroid isomerase. When mitochondria were

incubated in the presence of pregnenolone as substrate using
different cofactors, progesterone formation was observed. In

+
this reaction, NAB was the preferred cofactor (Table 13). The
above evidence suggested that mitochondria from rat ovarian
tissue contained a A -3|3-hydroxysteroid dehydrogenase and a

A 5
La -3-ketosteroid isomerase.

Hydroxylation of the cholesterol molecule at C^q followed by
a hydroxylation have been shown to be successive biosynthetic
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j steps in the formation of pregnenolone from cholesterol. These two

j hydroxylated sterols were postulated as intermediates in the
| cholesterol side chain cleavage reaction (Solomon et al. 1956;
Dorfman, 1957). Incubations of different steroidogenic tissue with
the above hydroxylated intermediates resulted in the formation of
pregnenolone (Shimizu et al. 1961, 1962; Hall and Koritz, 1964). The
transformation of 2Oor-hydroxy cholesterol and 20ar, 22 £ -dihydroxy-
cholesterol to pregnenolone in a yield exceeding that obtained from

i

! cholesterol constituted the main proof that these compounds were
t

i intermediates in the cholesterol side chain cleavage reaction.
I

Although the assay method used in the present work permitted

the investigation of very small amounts of metabolites, none of
I

| the postulated hydroxylated cholesterol intermediates were

| detected. A time course of the reaction (Figure 12) illustrated
i that after five minutes incubation, progesterone is accumulated
! in larger amounts than pregnenolone. This demonstrated that
i

| the reaction sequence was very fast and no intermediates could

| be isolated possibly because they were rapidly transformed to

| pregnenolone which in turn was converted to progesterone.
Attempts to slow down the reaction by reducing the temperature

did not result in the accumulation of intermediates. These

results were not unexpected since most other investigators had
failed to isolate these compounds. The failure to isolate the

intermediates did not rule out the possibility of their existence.
The observed requirementfor a reduced pyridine nucleotide, where

either of these two intermediates was used as substrate, strongly

suggested that 20or-hydroxy cholesterol and 20«,~ 22 £ -dihydroxy- j
cholesterol were involved in the biogenesis of pregnenolone. It is

possible that the average life span of these intermediates ; is very

short and hence they are difficult to detect. Another cholesterol

derivative, 2Oar-hydroxy-22-keto-cholesterol was also metabolised
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I to pregnenolone and was proposed as an intermediate in the
cleavage reaction (Shimizu et al. 1961; Halkerston et al. 1961),
however the work of Constantopoulos et al. (1966) demonstrated
that this compound was not an obligatory intermediate.

Previous studies have amply demonstrated that NADPH is an

important cofactor in the gonadal biosynthesis of steroid hormones

(Sweat and Lipscomb, 1955; Grant, I960; Hall and Koritz, 1964).
The major generators of this cofactor in the gonads are the

dehydrogenase enzymes of the citric acid and pentose shunt systems

(Behrman and Duboff, I960). In the present experiments, it was

found that NADPH was an essential cofactor for the cholesterol

side chain cleavage reaction in the immature rat ovary. The
strict requirement for NADPH as an electron donor emphasised
that these enzymes had the characteristics of mixed function
oxidases (Mason, 1957). NADPH is involved in several
mitochondrial and microsomal steroid hydroxylations as an electron
donor in a process requiring an electron flow along a chain, the

components of which are a flavoprotein with NADPH diaphorase

activity, a non-haem iron protein and a fraction containing

cytochrome P450. In the present study, the NADPH was generated

enzymatically via glucose-6-phosphate and glucose-6-phosphate
dehydrogenase. Yago, Dorfman and Forchielli (1967) demonstrated
that exogenously added NADPH was not oxidised by a heavy
mitochondrial preparation of bovine corpora lutea. However,
studies on mitochondrial respiration have shown that intact

mitochondria from liver and heart do not utilise external

nicotinamide nucleotides at appreciable rates (Lehninger, 1951;
Chance and William, 1955; Lehninger et al. I960). Extra-

mitochondrial NADPH was found to be a poor electron donor for

j the mitochondrial 11(3-hydroxylase of rat adrenal (Harding et al.
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1965; Peron et al. 1966). This may suggest that the accessibility
of NADPH to steroid hydroxylases is an important factor especially
in relation to the hypothesis proposed for the action of trophic
hormones on NADPH (Haynes, Sutherland and Hall, I960).
Addition of other nucleotides such as NAD*, NADH, or additional

NADPH to the usual amount of the NADPH generating system was

found to influence the rat ovarian cholesterol side chain cleavage
+

reaction. NAD and NADPH caused an accumulation of pregnenolor.
with a decrease in progesterone synthesis (Figures 10 and 11) while
addition of NADH resulted in a drop in progesterone synthesis

(Table 12). This result suggested the existence of a transhydro-

genase in rat ovarian mitochondria responsible for the transfer of
*4" "f"

hydrogen between NAD and NADP according to the reaction

NAD+ + NADPH * NADH + NADP*

Experiments in which mitochondria were pre-incubated in

phosphate bhffer for different times prior to the enzymic assay

showed a decrease in enzymic activity and a tendency for

pregnenolone to accumulate. It is possible that during the pre-
"i"

incubation period NAD is reduced to NADH with a resultant
5

decrease in A -3(3-hydroxysteroid dehydrogenase activity.

Nevertheless, the pre-incubation in phosphate buffer may cause

swelling of the mitochondria which are known to undergo changes in

shape and volume. Some of these changes are determined by the

activity of the respiratory chain and the studies of Hunter et al.

(1957) and Lehninger et al. (1957) suggested that the swelling of
mitochondria does not take place during anaerobiosis. While the
mechanism by which respiration supports swelling is not understood

Lehninger and JRay (1957) postulated that the reduced state of NAD*
could be of primary importance for the resistance of mitochondria



111.

to swelling. Chappall et al. (1958, 1959) attributed the

susceptibility of mitochondria to swelling to the flow of electrons

through the respiratory chain.
In the present experiments pre-incubation of rat ovarian

mitochondria in phosphate buffer or KC1 resulted in loss of
cholesterol side chain cleavage activity (Table 15). This might
be related to changes in permeability of the mitochondrial membrane
which possibly occurred during the pre-incubation period. Changes
in permeability might lead to loss of proteins probably involved in
the cholesterol side chain cleavage enzymes, and this would
inactivate the system. On the other hand, these changes might

upset the equilibrium between the enzyme complex and the

endogenously added substrate or cofactor. In such an instance
less substrate or cofactor might reach the site of action of the

enzyme.

Addition of agents known to produce mitochondrial swelling did
not always result in loss of the cholesterol side chain cleavage

activity. Agents such as GSH and cysteine did not inactivate the

enzyme complex, GSH in small amounts was found to activate the
side chain cleavage reaction, whereas higher concentrations of this

reducing agent inhibited the enzyme system (Figure 16). On the
other hand, cysteine and cysteamine activated the cholesterol side

chain cleavage reaction, but higher concentrations of these

sulphydryl substances did not have an inhibitory effect on the cleavag
reaction (Figure 18). The studies of Lehninger and Schneider (1959
suggested that GSH and cysteine used at concentrations similar to

those occurring in intact rat liver produced swelling of rat liver
mitochondria. However the kinetics and the amount of swelling
produced were different from that yielded by other swelling agents,

such as thyroxine, calcium ions and inorganic phosphate.
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By comparison with sulphydryl compounds, oxidised

glutathione (GSSG) and cystine were found to be potent inhibitors
of the cholesterol side chain cleavage enzymes (Figure 19). This
marked difference on the cleavage reaction obtained with compounds

containing SH and -SS- groups emphasised the importance of the
thiol disulphide equilibrium in hydroxylation reactions.

Disulphide compounds such as GSSG and cystine added to the

system could oxidise thiol groups of the mitochondria, and this
could inhibit the enzyme system.

Glutathione (GSH) used in high concentrations inhibits the

cholesterol side chain cleavage enzyme (Figure 16), while similar
amounts of other SH compounds, such as cysteine or cysteamine,
did not diminish the enzymic activity (Figure 18). It is possible
that the inhibitory effect of high concentration of GSH could be due
to the effect of this substance on lipid peroxidation. Extensive

lipid peroxidation produces lysis of the mitochondria and loss of

protein and hence affect the cholesterol side chain cleavage

enzyme. On the other hand, cysteamine has a protective effect

against lipid peroxidation and thus high concentrations of this

compound might affect the cleavage reaction.

Studies on the mechanism of action of ACTH on steroidogenesis
in adrenal cortex have implicated 3'5' AMP as a mediating agent

(Haynes et al. I960). A similar mechanism was proposed for the
action of LH on ovarian tissue (Savard et al. 1965). It was shown

that 3'5* AMP increased the conversion of cholesterol to

pregnenolone and decreased progesterone synthesis in a native
mitochondrial preparation from rat ovarian tissue (Figure 20).
Similar results were reported by Creange et al. (1966) employing
a mitochondrial preparation of rat adrenal tissue. The

concentrations of the cyclic nucleotide used in vitro in experiments
with cell particles were lower than in experiments using tissue
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slices. The concentration of this cyclic nucleotide required to

stimulate the incorporation of radio-active acetate into progesterone

by tissue slices of bovine ovaries (Marsh and Savard, 1966) was
higher than the endogenous concentration of the 3'5* AMP found
in the bovine corpora lutea (Savard et al. 1965). It is possible

that the poor penetration of the nucleotide into the tissue slices

is the major factor contributing to the requirement of high
concentrations of exogenous 3'5' AMP in the above studies.

Another factor which has been suggested as having an influence
on the effective concentration of exogenous 3'5' AMP is the

presence of a 3'5' nucleotide phosphodiesterase (Sutherland et al.

I960), an enzyme which converts 3'5' AMP to AMP. It is then

possible that part of the exogenous nucleotide added is enzymatically
inactivated. By comparison with tissue slices, the 3'5' AMP can

probably penetrate more easily a mitochondrial membrane as

lower concentrations were found to influence cholesterol

metabolism by rat ovarian mitochondria. It is also possible that
the phosphodiesterase is absent or less active in rat ovarian
mitochondria than in slices from bovine corpora lutea. In the

present experiments, 3'5' AMP influenced the transformation of
14

4- C cholesterol to radioactive pregnenolone but did not have a

stimulatory effect on the overall side chain cleavage reaction, i. e.

pregnenolone plus progesterone. The increased conversion of
cholesterol to pregnenolone could be attributed to the fact that
3'5' AMP activated the 20a-hydroxylase system of cholesterol and
hence increased pregnenolone accumulation. This would indicate
that the cyclic nucleotide acted at a step between cholesterol and

pregnenolone. Since the accumulation of pregnenolone was

paralleled by a decrease in progesterone it was more likely that
the cyclic nucleotide inhibited the A^-3p-hydroxysteroid
dehydrogenase and/or the isomerase necessary for transformation
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of pregnenolone to progesterone. Studies on the effect of
3'5* AMP on a solubilised rat ovarian mitochondrial preparation

showed that the cyclic nucleotide was an inhibitor of the
5

mitochondrial A -3|3-hydroxysteroid dehydrogenase. It remains

possible that in mitochondria from rat ovarian tissue 3'5' AMP
inhibits the A^-3j3-hydroxysteroid dehydrogenase as well as

having a direct effect on the 2Oar-hydroxylation of cholesterol.
In the present sutdy, LH was found to have no effect on the

cholesterol side chain cleavage enzyme when injected in vivo or

when added in vitro. This could be explained on the basis of the
failure of LH to penetrate the cell and hence if it produced a

situation at the cell membrane by which there was an increased

intracellular 3*5' AMP concentration. This is the basis of the

theory that 3'5* AMP is an intracellular mediator of the action of
LH on the corpus luteum. Other evidence for this concept is
the stimulation of the cholesterol side chain cleavage by

theophylline (Figure 22), a known inhibitor of the phosphodiesterase.
It is then possible that the conversion of endogenous 3*5' AMP into
AMP by a phosphodiesterase is a regulatory mechanism for the
control of the concentration of 3'5' AMP in ovarian steroid

synthesis. Theophylline has been reported to stimulate and
enhance the action of vasopressin on the toad bladder (Orloff and
Handler, 1962), and of thyroid stimulating hormone on the thyroid.

(Gilman and Kail, 1967).
These findings suggest that 3*5' AMP is an important intermediate
in these reactions.

Attempts to solubilise the cholesterol side chain cleavage

enzymes from mitochondria showed that the enzymes were

difficult to separate from the bulk of mitochondrial protein. The
normal methods used to disrupt the mitochondrial membrane, such

as ultrasonic vibration, freezing and thawing, treatment with
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detergents (cholic acid, deoxycholic acid) or lipases (snake
venom) were unsuccessful. However, subjecting the mitochondrial

suspension to ultrasonic vibration for 15 minutes followed by freeze -

drying (Table 26) allowed a complete rupture of the mitochondrial
membrane. Extraction of the cholesterol side chain cleavage

enzymes was then possible and these enzymes remained in the

supernatant after centrifugation of the lyophilised material at

105,000 g. It was found that in these 'solubilised* preparations
the cholesterol side chain cleavage activity was many times greater
than in native mitochondria on a tissue wet weight basis. This
could have been due to inaccessibility of the cleavage enzymes in

14
native mitochondria to the pyridine nucleotide or the 4- C
cholesterol substrate. In such preparations following incubation

14
with cholesterol 4- C and an NADPH generating systern,

pregnenolone was the major product formed with smaller amounts
of progesterone and 20or-hydroxypregn-4-en-3-one. The presence

of progesterone in the solubilised preparation confirmed our earlier
5

observation that rat ovarian mitochondria might contain a A -3p-

hydroxysteroid dehydrogenase. The greater accumulation of

pregnenolone in the solubilised system than in intact mitochondria
+ 5

can be attributed to the endogenous NAD (the cofactor of the A -3p-

hydroxysteroid dehydrogenase) which may be more available in the
intact mitochondria than in the soluble system. It is also possible
that the endogenously generated NADPH necessary for the cholesterol
side chain cleavage reaction reaches more easily the site of action
of the enzyme in the soluble fraction than in intact mitochondria.
This may be the explanation of the increase in the rate of the
cholesterol side chain cleavage reaction using the soluble system.

After the cholesterol side chain cleavage enzymes had been
extracted into a soluble fraction, attention was directed to the protein

components involved in this reaction. The soluble mitochondrial
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preparation chromatographed on Sephadex G 200 and DEAE

Sephadex columns resulted in the isolation of three protein

components: a flavoprotein with NADPH diaphorase activity,
a non-haem iron protein and a fraction containing cytochrome P450.
All three protein fractions were necessary to reconstitute the

cholesterol side chain cleavage activity. The reduction of the

cytochrome P450 by NADPH was achieved only in the presence

of these proteins. This demonstrated that in these reactions the
electron flow was from NADPH to diaphorase to non-haem iron

protein to cytochrome P450.
Omura et al. (1966) isolated the three similar protein

components from the lip hydroxylase system of the adrenal cortex
and proposed the above sequence of the reactions.

It was observed that reconstitution of the cholesterol side chain

cleavage activity after separation on Sephadex G 200 and DEAE

Sephadex was associated with loss of enzymic activity (Tables
27 and 28). The loss of activity was greater after the DEAE

Sephadex column where an NaCl gradient was used to elute the

protein from the column. It is possible that the protein components

were partly denatured during the elution procedure. Incubation
of the second peak from the Sephadex G 200 column (Figure 33) which
contained the NADPH diaphorase and the non-haem iron protein

resulted in cholesterol side chain cleavage activity. This may be
due to some contamination of the above fractions with traces of

cytochrome P450. The physico-chemical characteristics of the

protein components of the cholesterol side chain cleavage enzyme

are presented in Chapter VII. However, the fractions were not

obtained in a pure state, and their characterisation was hampered

by the small amounts of protein in each fraction. S tudying this

enzyme system in immature rat ovarian tissue pretreated with

gonadotrophin offered the possibility of administering radioactive
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iron to the animals during the pretreatment period and of following |
l

the radioactive label after chromatography on Sephadex. Most of j
i

the radioactivity in the soluble mitochondrial preparation was found j

to be bound as the haem iron of cytochrome P450 and to the non-

haem iron protein fractions (Figure 38), providing further evidence
concerning the identity of these fractions. j

Ernster et al. (1965) suggested the participation of the CO- j
binding pigment P450 in NADPH dependent enzymatic hydroxylation

processes in liver microsomes. Cytochrome P450 has also been
i

reported as an active component of the mitochondrial steroid lip
j

hydroxylase enzyme (Omura et al. 1965), the microsomal 21- |

hydroxylase system (Jftyan and Engel, 1957) of the adrenal gland, !
i

and of the cholesterol 2Oar-hydroxylase in hog adrenal mitochondria 1
(Ichii et al. 1967). The results obtained in the present work |
demonstrated the presence of cytochrome P450 in rat ovarian '

1

mitochondria, and presented evidence supporting the view that I

cytochrome P450 is an essential component for the cholesterol side |
chain cleavage activity. The present results are in excellent j
agreement with those of Simpson and Boyd (1967) who isolated
similar protein components in the cholesterol side chain cleavage

system from ox adrenal mitochondria.

The non-haem iron protein fraction was obtained in low yield
and not purified further. Electrophoresis on cellulose acetate strips
revealed a number of protein contaminants (Figure 42); also the

absorption spectrum was found to be slightly different from that

reported by Kimura and Suzuki (1967) for adrenodoxin. Neverthe¬

less, its characteristics and direct involvement in the cholesterol

side chain cleavage reaction was shown to be similar to the non-

haem iron protein 'adrenodoxin1 isolated from pig adrenal cortex

by Suzuki and Kimura (1965) and from beef adrenal cortex by
Omura et al. (1966).
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The NADPH diaphorase was bright yellow in colour; it was
bleached by dithionite or NADPH in air showing that it was not

readily autoxidisable. The prosthetic group had an absorption

spectrum characteristic of flavins and paper chromatography of
a sample showed it to have an similar to FAD (Figure 41). Thus

| the partial purification of the complex of enzymes involved in the
| side chain cleavage of cholesterol in rat ovarian mitochondria
| provides some information on the possible mechanism of these
I enzymes in rat ovarian tissue.
! An intact mitochondrial preparation of immature rat ovarian
! . 5
tissue pre treated with gonadotrophins showed a A -3|3-hydroxy-

| steroid dehydrogenase activity (Table 13). Similarly a soluble
5

I mitochondrial preparation was also found to contain a A -3P-
hydroxysteroid dehydrogenase. This might be attributed to

| microsomal contamination since these enzymes were described

j to be microsomal by Beyer and Samuels (1956). !
a5

Chapter VIII deals with a comparative study of the A -3p- j
I I

hydroxysteroid dehydrogenase enzymes in mitochondria and
5

microsomes. The microsomal C_\ -3(3-hydroxysteroid j
i 1

I dehydrogenase was extracted in a soluble form applying the j
! procedure of solubilisation used for the mitochondrial cholesterol
; side chain cleavage enzymes. Subsequent kinetic studies

5
demonstrated that the Km's and Vmax's values of the A -3(3-

' hydroxysteroid dehydrogenases were almost identical in each !
| 5
particulate fraction. The mitochondrial A - 3p -hydroxysteroid

| dehydrogenase was found to be mainly NAD+ specific, while the
"f*

microsomal dehydrogenase could utilise NADP almost to the j
+ 5 '

same extent as NAD . For microsomal A -3(3-hydroxysteroid !

dehydrogenase NADPH generated enzymatically via NADP+, glucose-
6-phosphate and glucose-6-phosphate dehydrogenase was found to

be an apparent cofactor for the reaction (Table 30). It is very
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likely that NADPH is oxidised to NADP+ which has been shown to

be a cofactor for the microsomal dehydrogenase reaction. The

j enzymic reaction was found to be reversible in both subcellular
5

| fractions, the microsomal A -3(3-hydroxysteroid dehydrogenase
i

reaction being more easily reversed than the mitochondrial

dehydrogenase. The reversibility of the reaction confirmed the

observations of Ward and Engel (1964) and Kosner et al. (1965).
Ward and Engel (1964), using NADPH and an acetone powder of

14
sheep adrenal microsomes and androst-4-ene-3,17-dione 4- C
as substrate isolated 3P-hydroxy-androst-4-en-17-one and

dehydroepiandrosterone as reduction products. The mechanism
4

of the reduction of A -androstenedione to dehydroepiandrosterone

has been tentatively explained by way of dienol derivatives of 3(3-

hydroxy-androst-3, 5-dien-17-one, and formation of an allylic
alcohol with subsequent migration of the double bond from ring A
to ring B.

The different behaviou* toward cofactors and the fact that
5

the microsomal A -3|3-hydroxysteroid dehydrogenase catalysed
reaction was found to be more reversible than the mitochondrial

one might suggest that immature rat ovarian tissue contains
5

two different A -3P-hydroxysteroid dehydrogenases. Nevertheless

there remained the possibility that the enzyme had a diffuse
distribution in this particular tissue, being located in both

particulate fractions.
It was found that 3'5' AMP has an inhibitory effect on

5
mitochondrial and microsomal A -3(3-hydroxysteroid dehydrogenase

(Figures 53 and 54). The inhibition by 3*5" AMP was found to be
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very specific since other related nucleotides such as AMP, ADP,

I ATP, ADPR and 2'3' AMP were found to be without effect on both
5

! mitochondrial (Figure 58) and microsomal (Figure 59) A -3(3-

i hydroxysteroid dehydrogenase. It is difficult to explain the
5

| inhibitory effect of 3!5' AMP on the A -3(3-hydroxysteroid

dehydrogenase but these results confirmed the earlier suggestion
! that the cyclic nucleotide inhibited the dehydrogenase. Also the

A 5
j inhibitory action of 3'5' AMP on A -3(3-hydroxysteroid
| dehydrogenase was found to be more specific than the action of the
1 cyclic nucleotide on the mitochondrial cholesterol side chain cleavag^
| enzyme where AMP was found to have some similarity in its action
to 3'5* AMP while on the other hand ADP and ATP inhibited the

cleavage reaction (Figure 21). It is possible that 3*5* AMP
stimulates the hydroxylation of cholesterol and hence increases the
cholesterol side chain cleavage reaction, but simultaneously

i A 5
inhibits the mitochondrial A -3(3-hydroxysteroid dehydrogenase.
This explains the accumulation of pregnenolone due to an

i accelerated cholesterol side chain cleavage reaction and inhibition
5

I of the A -3(3-hydroxysteroid dehydrogenase which would otherwise

: oxidise it to progesterone. The accumulation of pregnenolone
'

might also inhibit the cholesterol side chain cleavage reaction since

pregnenolone was found to be an inhibitor of this reaction (Figure
15).

The work of Stone and Hechter (1954) suggested that the rate

; limiting step in adrenal steroid biosynthesis might lie in the

! conversion of cholesterol to pregnenolone. ACTH might increase

steroidogenesis by activating the 20<*-hydroxylating system of
cholesterol. The fact that 3'5' AMP was found in the present study

to increase the conversion of cholesterol to pregnenolone suggested
that the cyclic nucleotide might be involved in the mechanism of actioin
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of a trophic hormone. Karaboyas and Koritz (1965) also suggested
that 3'5' AMP acted between cholesterol and pregnenolone. The
series of events between the ACTH induced increase in adrenal

3*5* AMP, or LH induced increase in ovarian 3'5' AMP concentration
and the stimulation of the conversion of cholesterol to pregnenolone
is still unknown. It is possible that the explanation of the
mechanism of action of ACTH on the adrenal gland involving 3'5'
AMP put forward by Sutherland et al. (1965) is also applicable to the
action of JLH on ovarian tissue. Since the adenyl cyclase enzyme

appears to be situated in the cell membrane (Davoren and

Sutherland, 1963) it may be possible that LH, acting at the cell

surface, activates the ovarian adenyl cyclase and this in turn

increases the conversion of ATP to 3'5' AMP. The accumulated

3'5' AMP within the cell may then act as a mediator of LH on the

ovary. However the level of 3*5' AMP present in the cell must
also depend upon its rate of degradation to AMP by the enzyme

phosphodiesterase (Butcher and Sutherland, 1962). While it seems

likely that LH and ACTH act to stimulate the adenyl cyclase rather
than to inhibit the phosphodiesterase this has hot been unequivocally

proven. This agrees with the view of Sutherland et al. (i960) that
the enzyme adenyl cyclase and therefore the potential to produce

cyclic AMP is present in cells of many mammalian tissues. The
stimulation of adenyl cyclase appears to be hormonally specific.
In the case of the adrenal gland, Haynes (1958) demonstrated that

epinephrine, glucagon and insulin did not affect the 3'5' AMP
concentration. On the other hand, epinephrine and glucagon did
influence the 3'5' AMP concentrations in tissues such as liver and

adipose tissue. In a recent study, Graham-Smith et al. (1967)
showed that analogues of ACTH which did not have a steroidogenic
effect did not increase the concentration of adrenal 3*5' AMP, while
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analogues of ACTH which were potent in stimulating steroidogenesis
also increased the adrenal 3*5* AMP concentration.

As stated in Chapter IX, the influence of ascorbic acid on the
rat ovarian cholesterol side chain cleavage reaction was

investigated. The interest in the mode of action of this reducing

agent arose from the early observation of Sayers et al. (1944) who
showed that the amount of adrenal ascorbic acid decreased following
administration of ACTH. Later this observation was extended to

the action of LH on the ovary (Claesson et al. 1949) and used by j
Parlow (1958) in the development of a bioassay for LH based on the

depletion of the ovarian ascorbic acid. In the present study it was !

thought than an investigation of the metabolism of ascorbic acid in
rat ovary might elucidate the possible role of this compound in the
control of cholesterol metabolism in the ovary. The loss of
ovarian ascorbic under the influence of LH has proved to be a

complicated problem and it is not yet established how this substance;
i

is involved in steroidogenesis. In the in vitro experiments
ascorbic acid when added to a native mitochondrial preparation
from immature rat ovaries was found to inhibit the cholesterol side

chain cleavage enzyme system (Figure 17). The amounts used to

obtain inhibition were about 7. 5 ^moles/ml. incubation which was
j

similar to the amounts present in the resting gland. This opened ;
the possibility that LH, by depleting the amount of endogenous |
ascorbic acid from ovaries, stimulated steroidogenesis by

releasing an inhibition. Further, it was observed that ascorbic
acid inhibited the cholesterol side chain cleavage reaction in a

soluble mitochondrial preparation from rat ovarian tissue (Figure !

31) as well as in a reconstituted system after chromatography on

Sephadex G 200 (Figure 6l). These observations excluded the

possibility that the action of this reducing agent was due to a
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!

i

mitochondrial swelling phenomenon. Measuring the amount of
ascorbic acid in different subcellular fractions isolated from rat

ovary showed that most of the ascorbic acid was concentrated in

the 105,000 g. supernatant fraction (Table 34). Mitochondria, the
site of the cholesterol side chain cleavage reaction contained little

endogenous ascorbic acid but had the capacity to oxidise this

reducing agent enzymatically (Figure 60). This observation

suggested that this subcellular fraction would be suitable for

studying the action of ascorbic acid in vitro on the enzymic
conversion of cholesterol to pregnenolone. The action of ascorbic
acid on each protein component of the cholesterol side chain

cleavage enzyme system was tested. It was found that at a
concentration of 20 pinoles/ml. ascorbic acid reduced the flavin

content of ovarian mitochondria (Table 35) and destroyed the P450

(Figure 63). Only the total iron content of the fraction designated
as non-haem iron protein was apparently unchanged when this
fraction was incubated with similar amounts of ascorbic acid I

(Figure 62). This suggested a direct action of the ascorbic acid
on the complex of enzymes involved in the side chain cleavage of
cholesterol. It is possible that ascorbic acid may control the
cholesterol side chain cleavage activity by inhibiting fet critical
concentrations the electron transport chain which is an integral

part of the hydroxylation reactions involved in the metabolism of
cholesterol to pregnenolone.

For some time, much of the speculation on the control of

steroidogenesis by ACTH or LH has centred on the early events on

the conversion of cholesterol to pregnenolone. It has been known
for many years that the trophic hormones produce a decrease in
ascorbic acid concentration before there is an observable rise in

i
steroid output. Consequently, LH in the ovary by producing a

i
i
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depletion in ovarian ascorbic acid could activate the cholesterol side
chain cleavage enzymes and thereby increase steroid production.
This result has made it possible to speculate on the mechanism of
the cholesterol side chain cleavage reaction in rat ovarian tissue,
and to suggest a possible role of ascorbic acid in the control of
catabolism of cholesterol to pregnenolone by immature rat ovarian

tissue.

The cholesterol side chain cleavage enzymes were found to be

present in a mitochondrial preparation of immature rat ovary.
The enzyme system had the characteristics of a mixed function
oxidase requiring molecular oxygen and NADPH for its activity.
The enzyme system was extracted in a soluble fraction and further

purification and characterisation of its protein components was

achieved by chromatography on Sephadex G 200 and DEAE Sephadex.
The protein components were identified as a flavoprotein with NADPIfl

diaphorase activity, a non-haem iron protein and a fraction

containing cytochrome P450 which upon recombination restored the

enzymic activity. The identification of the above three protein

components showed that this enzyme system might bear some

similarity to the mitochondrial 1 lj3-hydroxylase system.

The action of a number of substances on the cholesterol side

chain cleavage reaction was tested, special attention being paid to

the effect of 3*5' AMP and ascorbic acid. The possible
involvement of these substances as physiological regulators of the
cholesterol side chain cleavage reaction was discussed.

I
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APPENDIX 1

The following chemicals were purchased from the Sigma
Chemical Co.

•f
NADP monosodium salt

G6P

G6P dehydrogenase
NADH

FAD clisodium salt

FMN sodium salt

2,6 dichlorophenol indophenol
3*5* AMP

2*3' AMP

AMP

ADP

ATP

ADPR

Snake Venom (Naja-Naja)
4, 7-diphenyl-l, 10 phenanthroline sulphonate
Sodium salt (bathophenanthroline sulphonate)
Cysteamine

NAD+ was obtained from Royal Netherlands Fermentation

Industries, Delft, Holland.

EDTA, cystine, cysteine, GSH, GSSG, ascorbic acid,

theophylline and riboflavin were obtained from B. D.H.
Silica gel G was purchased from Merck.

14 ,14 14Cholesterol 4* C, cholesterol-26 C, pregnenolone 4- C and
59 ++

iron 59 ( Fe ) were purchased from the Radiochemical Centre,
j
Amersham.
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PPO scintillation grade and POPQP scintillation grade were

i from Packard Instrument Co. Inc.

Sephadex G 200 and DEAE Sephadex A 25 were purchased from

Pharmacia, Uppsala.

Polyethylene glycol (Carbowax 20 M) was obtained from
Union Carbide Chemical Co.

Cholic* acid and deoxycholic acid were obtained from
L. Light & Co. Ltd.

Standard steroids, progesterone, pregnenolone, 20or-hydroxy«

| pregn-4-en-3-one, 20{3-hydroxypregn-4-en-3-one, cholesterol
and the hormones PMSG and HCG were purchased from Organon.

LH * S6 ovine was obtained from N. I. H.

20or-hydroxy cholesterol and 20a 22 R dihydroxy cholesterol
were a gift from Dr. B. I. Dorfman.

2a cyano-4,4,1 la trimethyl 17{5. hydroxy-5-androsten-3-one
|
; (tyanoketone) was supplied by Sterling-Winthrop Research
i
Institute, Bensselair, N. Y.

Phosphate buffer salts, potassium chloride, sodium chloride,

magnesium sulphate, sodium sulphate, sucrose and ferrous
ammonium sulphate were analar reagent grade chemicals.

All other reagents and solvents were analar reagent grade, with
the exception of toluene and ethanol. Toluene was washed with

concentrated sulphuric acid and water, and dried over sodium

sulphate. Ethanol was distilled twice before use.
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APPENDIX 2

i

I

Instruments

Radioactivity measurements for carbon* 14 were performed |
in a Packard Tri-Carb 314EX liquid scintillation spectrometer. j

Radioactivity determinations were also performed using a j
thin-layer radioactive scanning device, constructed in this

department by Mr. A. Purdie. The design was based on that of
Ravenliill and James (1966) . The gas mixture was argon

containing 5 per cent carbon dioxide and counting was in the |

proportional range. This instrument gave an absolute counting

efficiency of 25 per cent for carbon-14 on thin-layer plates 0. 25 mm!

thick.
j

A Tracerlab scintillation counter was employed to measure

iron 59.

Ultrasonic disintegration of mitochondria was performed using
an M.S.E. Milliard ultrasonic disintegrator operating at 20 Kc/sec. |

Protein fractionation was performed using an Lu K. B. 7000 A
"UltraRac" fraction collector. Extinction at 280 mfi was monitored

by means of an L.K. B. 8300 A Uvicord II absorptiometer and

6520 H. recorder.

Optical measurements were carried on in an "Optica" CF4DR
i double beam recording spectrophotometer and a "Unicam" S.P.600.

Gas-liquid chromatography was performed on a Pye Argon

Chromatograph and a Desaga (Heidelberg) applicator was used for
the preparation of thin-layer chromatographic plates.

A Universal apparatus (Shandon) was used for electrophoresis

experiments and and E.E. L. "chloride meter" for chloride
e stimations.

j* Ravenhill, J.R. and James, A. T. (1967) J. Chromatog. 26: 89.
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APPENDIX 3

Analytical Procedures

Protein concentration was measured by the Buiret method

(Layne, 1957) using bovine serum albumin as standard.

Acid extractable iron was estimated by a modification of the
method of Massey (1957) and Ramsay (1958) as described in the

text.

Acid non-extractable iron was taken as a measure of haem

iron. This was determined using a modification of the method of
Adler and George (1965), see Chapter VII.

NADPH dlaphorase was measured by the method of Omura et al.

(1966).

Flavins were estimated by the method of King et al. (1962)
and separated by paper chromatography following the procedure
of Crammer (1948) as mentioned in the text.

The technique of Dekaasky et al. (I960) was employed for the
determination of ascorbic acid.
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STUDIES ON THE CONTROL OF THE CHOLESTEROL SIDE CHAIN
CLEAVAGE REACTION IN RAT OVARIES

S. Sulimovici* and G. S. Boyd**

Administration of LH to pseudopregnant female rats causes depletion in ovarian
cholesterol and ascorbic acid. The loss of cholesterol from the gland suggests that this
sterol serves as the precursor of steroid hormones. The loss of ovarian ascorbic acid has
proved to be a more complicated problem and the role of this substance in ovarian physi¬
ology is not well-established.

We have studied the metabolism of cholesterol and ascorbic acid in luteinized rat

ovarian tissue.
The sequence from cholesterol to steroid hormones occurs in mitochondria and it is

postulated to include 20a-hydroxylation (Solomon et al. 1956) followed by a22-hydro-
xylation (Shimuzu et al. 1962) with resultant fission of this triol to pregnenolone. The
enzyme complex has been termed the side chain cleavage system and appears to be a
mixed function oxidase (Mason 1957). This enzyme complex may include a fiavoprotein,
a non-heme iron protein and possibly Cytochrome P450 as described for adrenal 11 (3-
hydroxylase.

Intact immatureWistar strain rats were used in this study. The animals were pretreated
with PMSG and HCG and killed 10 days after the beginning of the pretreatment. The
ovaries were removed, homogenised in sucrose and the mitochondrial fraction isolated in
the usual way. The mitochondria were suspended in phosphate buffer and incubated at
37° C for 1 hour in the presence of an NADPH generating system and cholesterol 4-14C
as substrate. The incubation period was terminated by the addition of acetic acid and
freezing. Steroids were separated by thin-layer chromatography, the chromatoplates
were scanned in a gas flow counter and the radioactivity measured quantitatively by
liquid scintillation spectrometry.

It has been shown that intact mitochondria from luteinized rat ovaries contain the
cholesterol side chain cleavage system, and require NADPH and molecular oxygen.
Ascorbic acid in vitro used in the upper range of physiological occurrence inhibits this side
chain cleavage assay. In rat ovary most of the ascorbic acid was found to be present in the
supernatant while mitochondria contained negligible ascorbic acid, but this subcellular
fraction is the site of enzymatic ascorbic acid metabolism. The inter-relationship between
steroidogenesis and ascorbic acid disappearance in rat ovarian mitochondria will be
discussed.

Solomon S., Levitan P. & Lieberman S.: Rev. Can. Biol. 15 (1956) 282.
Shimuzu AT., Gut M. & Dor/man R. J: J. biol. Chem. 237 (1962) 609.
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Steroid Hydroxylation and the Cholesterol
Side-Chain Cleavage System in Rat Ovary

By S. Sulimovici and G. S. Boyd. (Department of
Biochemistry, University of Edinburgh)

There is evidence that in certain endocrine tissues
the conversion of cholesterol to steroid hormones
involves initial hydroxylation at C(20) and C(22)
with resultant fission of this triol to pregnenolone
(Shimizu, Hayano, Gut & Dorfman, 1961; Shimizu,
Gut & Dorfman, 1962; Hall & Koritz, 1964).
This enzyme complex has been termed the side-

chain cleavage system and in the case of the adrenal
gland (Halkerston, Eichhorn & Hechter, 1961) and
corpus luteum (Hall & Koritz, 1964) has been
shown to be located in mitochondria. The enzyme

complex appears to be an oxygenase or mixed-
function oxidase (Mason, 1957). A study has been
made of the initial steps in steroidogenesis in
luteinized rat ovarian tissue. Intact immature
Wistar strain rats 21-24 days old were pretreated
with pregnant-mare's serum gonadotrophin and
human chorionic gonadotrophin. The animals were
killed 7 days after the last injection and the ovaries
removed at once and chilled. The tissue was

homogenized in 0-25M-sucrose and the mito¬
chondrial fraction isolated in the usual way. The
washed mitochondria were suspended in phosphate
buffer and incubated at 37° for 1 hr. in the presence
ofmagnesium ions, NADPH and [4-14C]cholesterol
as substrate. The incubation period was terminated
by the addition of acetic acid and freezing. Steroids
were extracted with ethyl acetate and finally
separated by thin-layer chromatography. The
thin-layer chromatoplates were scanned in a gas-
flow counter and the radioactivity measured
quantitatively by elution followed by liquid-
scintillation spectrometry. The assay was based
upon the conversion of [4-14C]cholesterol to

[4-14C]pregnenolone, [4-14C]progesterone and [4-
14C]20a-hydroxypregn-4-en-3-one under the incu¬
bation conditions specified. It has been shown that
intact mitochondria from luteinized rat ovaries in
the presence of NADPH contain the cholesterol
side-chain cleavage system. No other nucleotides
appear to be necessary in this reaction. Using
intact mitochondria a study has been made of
various factors which influence this side-chain
cleavage reaction such as glutathione (GSH) and
ascorbic acid. GSH (1-5 pmoles/ml.) increased the
side-chain cleavage activity and caused pregneno¬
lone to accumulate while at higher concentrations
this substance tended to inhibit the overall reaction.
Ascorbic acid (l-2p.moles/ml.) inhibited the side-
chain cleavage reaction. The action of cyclic
3',5'-AMP (l-8pmoles/ml.) was to increase the side-
chain cleavage reaction while reducing the amount
of progesterone produced. At higher concentra¬
tions this cofactor tended to inhibit the reaction.
Certain similarities were observed between the
action of cyclic 3',5'-AMP and AMP at certain
concentrations. By contrast ATP and ADP were
both inhibitory even at relatively low concentra¬
tions. The results obtained with cyclic 3',5'-AMP in
this system are similar to the results obtained by
Creange, Roberts & Young (1966) in rat adrenal
mitochondria.
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Cholesterol side chain cleavage reaction has been studied In ovaries of immature female rats
pretreated with pregnant mare serum gonadotrophin and human chorionic gonadotrophin. The
cleavage enzymes were found to be in the mitochondria and to have the characteristics of a mixed
function oxidase requiring NADPH and oxygen. Using [4-14C]cholesterol as substrate the main
product obtained was progesterone while pregnenolone and 20a-hydroxypregn-4-en-3-one, were
formed in smaller amounts. This shows that ovarian mitochondria contains a Zl5-3/Miydroxy-
steroid-dehydrogenase, a A 5-6/4-5 isomerase and a 20a-hydroxy steroid dehydrogenase. The
proposed intermediates in cholesterol side chain cleavage (20a-hydroxy cholesterol and 20a,
22e-dihydroxy cholesterol) were not detected.

Mitochondrial production of progesterone in the presence of NADPH was further stimulated
by succinate while fumarate was without effect. In the presence of NADPH, NADH was found
to be inhibitory while NAD+ gave rise to an increase in pregnenolone, the overall reaction being
unaffected. Excess of NADPH causes an accumulation of pregnenolone and slightly decreases
the overall reaction. The action of reduced glutathione (GSH) and ascorbic acid-like reducing
agents of physiological occurrence has been studied. It was found that GSH in small amounts
stimulates and in larger amounts inhibits the side chain cleavage reaction. Ascorbic acid in
physiological amounts produced an inhibitory effect.

The action of adenosine 3',5'-cyclic-monophosphoric acid (3'5'AMP) and other nucleotides
(AMP, ADP, ATP) was tested. 3'5'AMP markedly stimulates the conversion of cholesterol to
pregnenolone and decreases the synthesis of progesterone. The action of AMP shows some simi¬
larities with that of 3'5'AMP but the action of ADP and ATP was found to be different.

There is a considerable amount of experimental
evidence to support the contention that most of the
steroid hormones are formed in steroidogenic tissue
from cholesterol, and that pregnenolone occupies a
central place in the formation of C21, C19, and C18
steroids. Thus the early enzymatic event which takes
place in the degradation of cholesterol (C27) to oestro-
gens (C18) in ovarian tissue is the cleavage of the side
chain of cholesterol. The cleavage reaction in animal
tissue is effected by a complex of enzymes designated
as mixed function oxidases [1] which activate mole¬
cular oxygen and cause the incorporation of one atom
of the oxygen into the substrate, while the other
oxygen atom is presumably reduced to water in the
presence of a reducing agent (NADPH).

The cleavage step involves both a C20-hydroxy-
lating system [2], a C22-hydroxylating system [3]
followed by a desmolase which splits the bond be-

Non-Standard Abbreviations and Enzymes. PMSG, preg¬
nant mare serum gonadotrophin; HCG, human chorionic
gonadotrophin; 3'5'AMP, adenosine 3'5'-cyclic monophos-
phorie acid; LH, luteinising hormone; G6P, D-glucose-6-
phosphate; G6PD, D-glucose-6-phosphate dehydrogenase
(EC 1.1.1.49); d5-3/?-hydroxysteroid dehydrogenase (EC
1.1.1.51).

tween C20 and C22. This cleavage reaction is common
to all steroid producing tissues such as the gonads,
adrenals and placenta, and the 20a-hydroxylation of
cholesterol is likely to be the rate limiting step in
this conversion.

Studies of Halkerston et al. [4] and Constanto-
poulus et al. [5] dealt with the localisation and purifi¬
cation of the adrenal side chain cleavage enzyme,
while Hall et al. [6] and Toren and collaborators [7]
investigated a similar reaction in testicular tissue.
Tamoki et al. [8] studied the cholesterol side chain
cleavage reaction in ovarian tissue, while Ichii et al. [9]
and Hall et al. [10] presented detailed information
about these enzymes using bovine corpora lutea.

Little is known about these side chain cleavage
enzymes in the rat ovary. Two steroids, progesterone
and 20a-hydroxypregn-4-en-3-one have been shown
to be formed by this organ. Rice et al. [11,12] studied
steroid hormone formation by the rat ovary using
tissue transplanted to the spleens of castrate male
animals. After 4 months these ovaries had the ability
to form in vitro, radioactive progesterone and 20a-
hydroxypregn-4-en-3-one from radioactive acetate.
In the pseudopregnant rat the secretion of pro-
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gesterone and other progestational hormones was
demonstrated [13].

Placental gonadotropins have been used ex¬
tensively to study the functional activity of the
ovaries. The pretreatment of immature rats with
the placental gonadotrophins, PMSG and HCG,
makes.it possible to obtain a group of animals which,
although immature, have, enlarged heavily luteinised
and metabolically active ovaries. Parlow [14], using
such a form of pretreatment, described a method for
the quantitative measurement of luteinising hormone
(LH) depending on the depletion of the ovarian
ascorbic acid in immature rats. It seemed likely that
similarly pretreated ovaries might be useful in the
investigation of other biochemical processes. The
present paper will present results of studies carried
out in vitro on the complex of enzymes involved in
the side chain cleavage of cholesterol in immature
rat ovaries pretreated with gonadotrophins.

MATERIALS AND METHODS

Animals and Hormones

Ovarian tissue was obtained from intact immature
femaleWistar rats. The animals were purchased from
two different colonies, the Small Animal Breeding
Station, University of Edinburgh, and P. Fox, Scien¬
tific Animal Service (Elstree). The animals from both
colonies varied in age from 21 —27 days and in weight
from 30—50 g at the commencement of the pretreat¬
ment.

The hormones used were pregnant mare serum
gonadotrophin (PMSG gestyl: Organon) and Human
chorionic gonadotrophin (HCG pregnyl: Organon).

Other Chemicals

Triphosphopyridine nucleotide (NADP), D-glu-
cose-6-phosphate disodium salt and glucose-6-phos-
phate dehydrogenase were obtained from Sigma
(London). Other chemicals and organic solvents were
of analytical reagent grade. Ethanol was refluxed
over sodium hydroxide and distilled twice before use.

Radioactive Substrate

[4-14C]Cholesterol (15—35 mC/mMole) was pur¬
chased from the Radiochemical Centre (Amersham)
and aliquots were chromatographed by thin layer
chromatography on silica gel G using benzene : ethyl
acetate (4:1, v/v) together with a standard reference
sample (Messrs Organon). The area corresponding
to cholesterol was eluted from the plate with ethanol.
Each batch of [4-14C] cholesterol was "cleaned" in
such a way immediately before use.

Preparation of Ovarian Tissue
Each rat received a subcutaneous injection of

501. U. PMSG followed 72 h later by another

injection of 25 I.U. HCG or of 50 I.U. PMSG. Both
preparations were dissolved in distilled water and the
injections were administered in a total volume of
0.5 ml/animal. As a result of this pretreatment the
ovaries became heavily luteinised within a few days
and varied in weight from 70—100 mg per ovary. The
animals were killed on the 7th day after the second
injection by dislocation of the cervical spine, and the
two ovaries were removed by a dorsal approach. Each
ovary was rapidly cleaned free of fat and superficial
connective tissue and kept in ice for a few minutes.

Preparation of Mitochondria
Within 30 minutes of killing the animals the

ovarian tissue was finely chopped and homogenised
in 5 vol. sucrose (0.25 M) with a loosely fitting all-glass
homogeniser. The homogenisation was carried out
very carefully and no more than four or five passes
were made. The homogenate was centrifuged at
600 xg for 15 min to sediment the nuclei and the
cell debris. The supernatant was decanted and
retained while the sediment was washed with 1 vol.
sucrose (0.25 M) and again centrifuged at the same
speed for another 15 min. The combined supernatants
were centrifuged at 10,000 X g for 20 min to sediment
the mitochondria.

The mitochondria were resuspended in 0.154 M
KC| by hand homogenisation and centrifuged at
10,000Xg for 20 min. This procedure was repeated
three times and after the final "wash" the mito¬
chondria were suspended in 0.154 M KC1 at a final
concentration of^ original wet weight tissue/ml KC1
using a homogemser fitted with a teflon pestle.

Incubation Procedure

The suspended mitochondria were mixed with
phosphate buffer, magnesium sulphate, the NADPH
generating system and radioactive cholesterol in the
proportions shown in Table 1 to give a final volume
of 5.0 ml.

Table 1. Typical incubation mixture
Amount Volume

Mitochondria 15 mg protein/ml 1.00

Phosphate buffer 0.1M, pH 7.3 2.60

Magnesium sulphate 50 pjnoles 0.25

NADP 5 pmoles 0.50

D-Glueose-6-pliosphate 40 [rmoles 0.50

d - G1ucose-6 -phosphate
dehydrogenase 11. U. 0.10

'

Cholesterol 0.25 gC 0.05

The incubations were carried out at 37° for 1 h in
an atmosphere of 95 °/0 02 using a Dubnoff incubator
with constant shaking. The incubation period was
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terminated by the addition of 0.2 ml acetic acid and
freezing.

Extraction and Identification of the Products
The mixture was extracted three times with 10 ml

ethyl acetate followed by one extraction with 5 ml
ethyl acetate. The combined extracts were washed
with distilled water (5 ml), dried by anhydrous so¬
dium sulphate, filtered and evaporated to dryness
under nitrogen or vacuum. Using this procedure 90 °/0
of the radioactive cholesterol added to the incubation
mixture was recovered.

Thin Layer Chromatography
Glass plates were coated as follows: 20 g silica

gel G (Merck) were shaken in a stoppered flask with
50 ml distilled water for 60 seconds. By means of a

Fig. 1. Radioactive scan of a thin layer plate after chromato¬
graphy in chloroform-, ethyl—acetate (8:2, vjv)

Desaga (Heidelberg) applicator the slurry was ap¬
plied in a layer 0.25 mm thick. After drying for
10 min at room temperature the plates were activated
at 110° for 30 min. The dry residue was dissolved hi
small amounts of chloroform and applied on a silica
gel plate prepared as described above.

The first solvent system used was di-isopropjd-
ether : petroleum ether : acetic acid (7 :3:0.1, by vol.).
This solvent system and technique separated 20a-
hydroxypregn-4-en-3-one, progesterone and pregne¬
nolone from cholesterol. The plates were scanned in
a gas flow thin layer scanner [15], the areas containing
the 20a-hydroxypregn-4-en-3-one, progesterone and
pregnenolone were then eluted with ethanol, taken
to dryness and chromatographed again in chloro¬
form : ethyl acetate (8:2, v/v) which gave a more
satisfactory separation of the three compounds.
After the second chromatography the plates were
scanned again for identification of the products (see
Fig. 1).

Gas Liquid Chromatography
For further identification, samples from thin

layer chromatography were analysed by gas liquid
chromatography using the Pye Argon Model. This
instrument was equipped with an argon ionisation
detector and columns were 122 cm long by 0.6 cm in
diameter. The stationary phase was 1 °/0 XE-60 on
80—100 mesh Gas Chrom P. The column temperature
was kept at 225° and the flash heater temperature:
254° with the detector voltage at 1,000 volts. Samples
were introduced on to the column using a solid in¬
jector system [16]. The retention times (tp) of the
substances injected in relation to cholesterol (internal
standard tn 12.0 min) were identical with the relative
retention times of standard pregnenolone (0.75),
progesterone (1.82) and 20a-hydroxypregn-4-en-3-one
(2.0).

Measurement of Radioactivity
The areas on the thin layer chromatography plates

containing the separated steroids were marked out
and scraped into liquid scintillation vials. The scin¬
tillation fluid was prepared by dissolving 4 g 2,5-di-
phenyloxazole and 30 mg l,4-bis-(5-phenyloxazoly-2)-
benzene in 1 litre of dry toluene containing 5 °/0 me¬
thanol. 10 ml scintillation fluid was added to each
vial. Radioactivity of samples was counted in a
Packard Tri-carb Model 314-EX liquid scintillation
spectrometer. No quenching was found.

Recrystallisation to Constant Specific Activity
The radiochemical purity of products of the re¬

action such as [4-14C]progesterone and [4-14C] preg¬
nenolone were determined by recrystallisation to
constant specific activity. The compounds were
eluted from the thin layer chromatography plates
with ethanol, and after addition of authentic pregne¬
nolone and progesterone respectively, crystallisation
was conducted in the usual way from various sol¬
vents. After each recrystallisation samples were taken
for measurement of specific activity (Table 2).

RESULTS

The enzymic assay is based on the conversion of
[4-14C]cholesterol to [4-14C]pregnenolone and to
[4-14C]progesterone. This can be followed by radio¬
active products formed or by substrate disappearance,
or both. In the experiments described here, radio¬
active product formation was used as the end point
of the assay.

Distribution of the Enzyme
It was found that the activity of the cholesterol

side chain eleavage enzyme was located only in mito¬
chondria. This result is in agreement with the findings
of Halkerston et al. [4] who used bovine adrenal and
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Table 2. liecrystallisation of [4-uC]pregnenolone ami [4-liC]progesterone to constant specif ic activity

[4-MC,lJ,rcgnonolone

Stage of purification Crystals Mother liiiuor

Total activity Specilic activity Total activity Specific activity

counts/inin counts/min/nitr younts/min count- ininniy

26,500 1,320
18.536 1.290 9.074 1.188
9,700 1.200 7,084 1.076
6,700 1.180 5,080 1,080

After addition of pregnenolone —

After reerystallisation 1st Aeetone/hexane
2nd Aqueous methanol
3rd Chloroform/hexane

After addition of progesterone
After recrystallisation

1st Acetone/hexane
2nd Aqueous ethanol
3rd Ethyl-acetate/hexane

54,500

33,600
13,784
9,658

[4-14C]Progesterone
2,180

2,000
1,731
1,609

14,307
8,451
6,585

1,037
1,051
1,011

Fig. 2. Electron m icrograph of rat ovarian mitochondria (magnification x 40,000 X 16,000, reduced to M/w)

Hall et al. [10] employing bovine corpus luteum.
However, it does not agree with the observations of
Iehii et al. [9] who found the activity of the enzyme
in bovine corpus luteum in the supernatant fluid.
These investigators used homogenisation with a
Waring Blendor instead of a glass homogeniser. In
order to ascertain whether this type ofhomogenisation
would change the distribution of the enzyme, we car¬
ried out an experiment with aWaring Blendor. Homo¬
genisation with a Waring Blendor at maximum speed
did not change the distribution of the enzyme but
slightly reduced the activity. Accordingly we con¬
cluded that in rat ovarian tissue the cholesterol side
chain cleavage enzymes were located in a cell fraction
isolated under conditions which would support the
view that the sub-cellular fraction was mitochondrial.
An electron microscopic examination of these prep¬

arations used in our experiments confirmed that we
were dealing with mitochondria (see Fig. 2).

Products Obtained

By incubating native mitochondria of intact [i.e.
not hypophyseetomised) immature rat ovaries with
[4-14C]cho]esterol in the presence of an NADPH-
generating system and molecular oxygen three prod¬
ucts were obtained namelyprogesterone, pregnenolone
and 20oc-hydroxypregn-4-en-3-one. Our results are in
agreement with ('banning and Villee [17] who incu¬
bated minced luteinised rat ovary with [7-3H]-
cholesterol and obtained progesterone as the main
product and 20cc-hydroxypregn-4-en-3-one and preg¬
nenolone in smaller amounts. Incubations were car¬

ried out using [26-14C]cholesterol as substrate, and
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neither 20a-hydroxy-cholesterol nor 20a, 22e-di-
hydroxycholesterol, postulated intermediates in the
cleavage of cholesterol [18,19] were found.

Mitochondria were also prepared as described by
Roberts et al. [20] which is a modification of the me¬
thod of Brownie and Grant [21]. Using such a prep¬
aration the same enzymic products were obtained
suggesting that the products of the reaction were of
mitochondrial origin (Table 3). Tris-HCl buffer
(pH 7.3) was compared with phosphate buffer
(pH 7.3) and the results showed that a greater con¬
version to progesterone was obtained when phosphate
buffer (pH 7.3) was used (Table 4).

Table 5. Percentage conversion of [4-14C]cholesterol to [4-uCf-
20a.-Jiydroxy-pregn-4-en-3-one, /4-llC]pregnenolone, 4[-UC]-
progesterone aiul total conversion in unwashed and washed

mitochondria

20a-

, hydroxy- Pregllo- J'ro- Total0111
prcgn-4-en- notour rrstrronr conversion

3-one

Unwashed 1.7 1.3 20.8 23.8

Three times
sucrose

(0.25 M) 1.1 0.4 19.6 21.1
Three times
KC1 (0.154 M) 1.0 0.7 23.5 25.2

Table 3. Percentage conversion of [4-uC]cholesterol to [4-uC]-
20a.-hydroxypregn-4~en-3-one, [4-uC]pregnenolone, [4-uC]-
progesterone and total conversion using two different methods

of preparing the mitochondria

Table 6. Effect of different cofactors on mitochondria incubated
with [4-liC]cholesterol for 60 min at 37°

Preparation
ofmitochondria

(20a-
hydroxy-
pregn-4-en-

3-onc)

Pregne¬
nolone

Pro- Total
gesterone conversion

As described
in this paper 0.6 0.7 6.4 7.7

After Brownie
& Grant [21] 0.5 0.8 5.7 7.0

Table 4. Percentage conversion of [4-uC]cholesterol to [4-14C]~
20oc-hydroxy-pregn-4-en-3-one, [4-UC]pregnenolone, [4-liC]-
progesterone and total conversion using different buffer systems

Buffer

20a-
hydroxy-
pregn-4-en-

3-onc

Pregne¬
nolone

Pro- Total
gesterone conversion

Phosphate pH 7.3 0.8 1.0 19.5 21.3

Tris-HCl pH 7.3 0.5 1.1 13.0 14.6

Studies of the side chain cleavage enzyme in rat
testes mitochondria [7] suggested that the cleavage
enzyme activity could be enhanced by repeated
washing of the mitochondria with sucrose (0.25 M)
which was attributed to the removal of endogenous
cholesterol. Since we wanted to obtain active prep¬
arations we investigated this report to establish
whether this procedure would influence rat ovarian
mitochondria. Mitochondrial pellets were left un¬
washed or washed either three times with 0.25 M
sucrose or three times with 0.154 M KC1. No differ¬
ences were observed betweenmitochondria unwashed,
washed with sucrose, or washed with KC1 (Table 5).
Nevertheless, in order to remove possible contami¬
nating cell fractions etc. we decided routinely to wash
the mitochondrial pellets three times with 0.154 M
KG.

Cofactor
20a-hydroxy-
pregn-4-cn-

3-one
Pregnenolone Progesterone

Percentage of cholesterol converted

NAD+ (3.7 mg)
NADH (3.7 mg)
NADP+ (3.7 mg)
G6P (12.0 mg)
Sodium succinate

(100 moles)
NADP+ (3.7 mg)
G6P (12.0 mg)
NADPH generating
system

(NADP+) (3.7 mg)
(G6P) (12.0 mg)
(G6PD) (I.U.)

0.7 0.2 0.3
0.7 0.1 0.2
0.6 0.1 0.2
0.4 0.1 0.2

1.1 0.1 0.2

0.7 0.7 6.6

1.1 0.6 10.8

Cofactor Requirement
Previous studies have amply demonstrated that

NADPH is an essential cofaetor in the degradation
of the cholesterol side chain in endocrine tissue. It
has been suggested that the soluble enzyme system
requires oxygen and either NADH or NADPH
whereas the intact mitochondrial preparation only
functions with NADPH [22]. In this system NAD+
and NADP+ are ineffective, and no other nucleotides
appear necessary for the cleavage reaction. The likely
source of NADPH in the gonads is the supernatant
which contains dehydrogenase enzymes of the pentose
shunt system.

The results in Table 6 show that side chain

cleavage activity in intact mitochondria incubated
with cholesterol as the substrate requires an NADPH
generating system. The role ofNADPH in cholesterol
side chain cleaeage is an expression of the reaction
involved which is that of a mixed function oxidase.

When glucose-6-phosphate dehydrogenase was
omitted, enzymic activity remained, demonstrating
that luteinised rat ovarian mitochondria Contained
this enzyme. In the presence of glucose-6-phosphate
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very small amounts of NADP+ (0.1— 1.0 p.moles/ml)
are necessary for side chain cleavage activity and
progesterone accumulation. This is shown in Fig. 3
which demonstrates that, in terms of progesterone
production, increasing the NADP+ produced a linear
response in the range 0.1 to 1.0 jrinoles NADP+/5 ml
in a 1 h incubation period.

We studied the influence of increasing the con¬
centration of the NADPH-generating system on the
side chain cleavage activity of mitochondria. The
reaction was conducted in the usual way but the
NADPH concentration was varied. The results are

Fig. 3,

0.26 0.52 1.04

[NADP+](gmoles/ml)
Effect ofNADP+ on progesterone synthesis in rat ovarian

mitochondria

shown in Fig. 4. It will be observed that excess
NADPH inhibited progesterone synthesis while
pregnenolone was shown to accumulate. The work of
Satoh et al. [23] demonstrated that excess NADPH
inhibited the cleavage of the cholesterol side chain
by mitochondrial preparation ofadrenocortical origin.

Influence of NAD+ Added
to the NADPH-Generating System

Incubation of native mitochondria in the absence
of NADPH with NAD+ as cofactor did not produce
a side chain cleavage reaction. Supplementing
NADPH with NAD+ resulted in the accumulation
of pregnenolone with a reduction in the amount of
progesterone. The overall side chain cleavage re¬
action was little altered under these circumstances

(Fig. 5).
NAD+ is a specific cofactor for Zl5-3/hhydroxyst e-

roid dehydrogenase which converts pregnenolone to
progesterone. It is possible that the added NAD in
the presence of an NADPH-generating system is
reduced to NADH by a transhydrogenase and that
this inhibits the conversion of pregnenolone to

0 5 10 15 NADP
0 40 80 120 G.6.P.

[NADP+] AND [G.6.P.] (n.moles/5 ml)

Fig.4. Influence of different amounts of NADP+ plus n-glu-
cose-6-phosphate on mitochondrial conversion of [4-uCJ-
cholesterol to [4-UC]pregnenolone, [4-uG]progesterone and
total conversion. •, conversion to pregnenolone; O, conversion

to progesterone; A, total conversion

12 3 4
mg NAD+/5 ml

Fig. 5. Effect of NAD+ added to the usual mitochondrial side
chain cleavage system, x , conversion to pregnenolone; A,

conversion to progesterone; •, total conversion

progesterone. This may be the reason for the accu¬
mulation of pregnenolone.

Influence of NADH Added to the
NADPH-Generating System

On the other handNADH, likeNAD+, significantly
decreased the conversion to progesterone, but
pregnenolone did not accumulate (Table 7). It may
be that exogenous NADH reduced the endogenous
XAl which is present mainly in the oxidised form
[24] and this in turn inhibits the conversion to pro-
gesterone-alternatively the NADH might reduce the
NADP+ formed after hydroxylation of cholesterol by
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Table 7. Percentage conversion to [4-uC]20a-hydroxy-pregn-
4-en-3-one, [4-liC]pregnenolone, [4-uC]progesterone and total
conversion in control incubation (NADPH) and with NADH

added to the NADPH generating system
20a-

hydroxy-
pregn-4-en-

3-one

Pregne¬
nolone

Pro¬

gesterone
Total

conversion

Control (NADPH) 0.9 i.i 22.5 24.5

plus NADH
3.7 mg/5 ml 0.5 1.6 10.8 12.9
incubation

a transhydrogenase reaction, and the excess of
NADPH formed may inhibit the conversion of
pregnenolone to progesterone.

Reaction in Time

Incubations were carried out at different times
in order to attempt to establish the sequence of
events in this reaction (Pig. 6). Pregnenolone is very

5 10 15 20 25 30
TIME (min)

Fig.6. Time course of mitochondrial cholesterol side chain
cleavage system I, progesterone; II, pregnenolone; III, 20a-

hydroxypregn-4-en-3-one

rapidly transformed to progesterone by ovarian
mitochondria. After 30 minutes incubation, pro¬
gesterone is the mam produce and only small amounts
of 20a-hydroxypregn-4-en-3-one and pregnenolone
accumulate.

Incubations with Pregnenolone as Substrate
The fact that progesterone was found in such large

quantities demonstrated that mitochondria of rat
ovarian tissue contain a Zl5-3/?-hydroxy-steroid-de-
hydrogenase and an isomerase capable of converting
pregnenolone to progesterone. The enzymatic con¬
version of pregn-5-en-3/3-ol to pregn-4-en-3-one, has
been studied quantitatively in homogenates and

acetone powder preparations of bovine corpus
luteum, rat adrenal and bovine adrenal cortex.
It has been demonstrated by several groups of

investigators that the hydroxy-steroid dehydro¬
genases are strongly bound to microsomal fractions
of steroid-producing tissues and NAD+ appears to be
the preferred cofactor. We investigated the activity
of A 5-3/?-hydroxy-steroid-dehydrogenase in mito¬
chondria prepared as described previously. The mito¬
chondria were incubated with pregnenolone in the
presence of different cofactors, the steroids were ex¬
tracted and the ultraviolet absorbing material at
240 mg was measured. The results, shown in Table 8
demonstrated that the dehydrogenase and the iso¬
merase are present in mitochondria of luteinised rat
ovary and that NAD+ is apparently the preferred
cofactor. Incubations without exogenous cofactor but
with pregnenolone as substrate showed that endo¬
genous NAD+ in the mitochondria is capable of
oxidising the substrate.

Table 8. Effect of different cofactors on mitochondrial conversion
of pregnenolone to progesterone

Incubation for 60 min at 37° with 1 mg/ml
pregnenolone

Cofactor Progesterone formed

Hg/ml

None
NAD+ (3.7 mg)
NADH (3.7 mg)
NADP+ (3.7 mg)
NADPH
(NADP+) (3.7 mg)
(G6P) (12.0 mg)
(G6PD) (1 I.U.)

Effect of Sodium Succinate
Studies on beef adrenal cortex mitochondria

demonstrated that the presence of succinate and
Mg++ was essential for pregnenolone synthesis [25].
In our system exogenous Mg++ did not appear to be
essential and sodium succinate could not replace the
NADPH-generating system.

Since the conversion of pregnenolone to pro¬
gesterone is NAD+ dependent it seemed of interest to
study the effect of preincubation with substrates
which are capable of converting NAD+ to NADH.
Mitochondria were preincubated with sodium suc¬
cinate for different periods of time followed by in¬
cubation with NADPH. The side chain cleavage ac¬
tivity in the presence of the NADPH-generating
system was increased by sodium succinate in con¬
centrations of 10- 20 jj.moles per ml of incubation
mixture. The increase was due to an elevated pro¬
duction of progesterone (see Fig. 7).

17
107

20
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Effect of Sodium Fumarate
Fumarate has been claimed to have a special

function in steroid hydroxylation reactions [21,26].
In rat ovarian mitochondrial preparations sodium
fumarate was found to have no effect on the side
chain cleavage reaction when added to the NADPH -

generating system in quantities of 5—40 fimoles/ml
of incubation mixture.

25

20

O ce
cr lu
LU CL

—1 CO
o or
X LxJ
o >

15-

10

o
o

PROGESTERONE

PREGNENOLONE

□
TOTAL CONVERSION

C O
O
in

C to o o
cvi in o

[SODIUM SUCCINATE] (pmoles/5ml)
Fig. 7. Effect of sodium succinate added to the NADPde¬

generating system

Effect of Preincubation of Native Mitochondria
Koritz et al. [27] demonstrated that preincubation

of rat adrenal preparations increased the production
of pregnenolone. In contrast Drosdowski and his co¬
workers [28] showed that preincubation of a rat
testis mitochondrial preparation produced an in¬
hibitory effect. Koritz et al. [27] speculated that the
conditions of preincubation in which the equilibrium
between substrate and cofactor is incomplete affects
the enzymic process in such a way that the substrate:
cofactor combination protects the enzyme complex
either from being destroyed or from functioning
catalytically towards the endogenous cholesterol.
We decided to investigate this "preincubation" effect
and to this end, with appropriate control incubations,
we studied the effect of preincubating mitochondria
in buffer at 37° for varying periods on side chain
cleavage activity. Native mitochondria of rat ovary
prepared in the manner described above were sus¬
pended in phosphate buffer pH 7.3 and preincubated.
The "preincubated mitochondria" were centrifuged
at 10,000 X fir for 20 minutes to resediment the mito¬
chondria. The supernatant was discarded and the
mitochondria were suspended in KC1 (0.154 M) and
incubated for 60 minutes in the presence of an
NADPH-generating system, [4-14C]cholesterol etc.
The results are shown in Fig. 8.

Short periods of preincubation produced a marked
decrease in side chain cleavage activity due to a highly
significant drop in progesterone production. Longer
periods of preincubation, up to 45 minutes, gave

maximal pregnenolone production in the presence of
this decreased overall side chain cleavage activity.

We investigated the possible protective effects of
cofactors during this mitochondrial preincubation. It
was found that preincubation of mitochondria with
the added NADPH-generating system for different
periods followed by incubation in the presence of the
usual NADPH-generating system revealed no sig¬
nificant protective effect of NADPH during the in-
activation which appears to take place during the

15 30 45 60
PREINCUBATION TIME (min)

Fig. 8. Effect of preincubation of mitochondria in phosphate
buffer (pH 7.3). X , conversion to pregnenolone; O, con¬

version to progesterone; A, total conversion

Table 9. Mitochondria preincubated for different periods of
time with and without NADPH, followed by incubation in the

usual way

NADPH

Preincubation present ( + )-
period prior or absent
to 1 li enzymic (—)

assay from pre¬
incubation

Percentage conversion of cholesterol to

20a-
hydroxy-
pregn-4-en-

3-one

Pregne¬
nolone

Pro¬
gesterone

Minutes

Zero 0.9 1.1 22.5

10 + 0.3 0.3 8.0
— 0.2 0.1 6.1

30 + 0.3 2.2 4.7
— 0.4 1.4 4.4

40 + 0.3 4.8 6.0
— 0.3 4.1 4.0

preincubation period. The results are shown in
Table 9. They demonstrate that during the time of
the preincubation progesterone production is de¬
creased. It is possible that NAD+ which is a cofactor
for X-3/3-hydroxy-steroid-dehydrogeiiase is reduced
to NADH. Alternatively, the preincubation may
modify the A 5-3/?-hydroxy-steroid-dehydrogenase and

23 European J, Biochem., Vol. 3
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isomerase necessary for transforming pregnenolone to
progesterone.

Action of Reduced Glutathione (G8H)
and Ascorbic Acid

Since the enzymic reaction appeared to be influ¬
enced by the oxidation-reduction state of NAD+ it
became necessary to investigate the possible effects
of other physiological reducing agents known to be
present in the ovary in high concentrations.

H PREGNENOLONE
I—I PROGESTERONE

H TOTAL CONVERSION

C 0.3 0.6 1.5 3 6 75 15
[GSHJ (nmoles/ml)

Fig. 9. Effect of GSH on the mitochondrial conversion of
[4-uC]cholesterol to [4-uC]pregnenolone, [4-uC]progesterone

and total conversion

25-i

5 20-
_] Ll!
° £
£ I[r a.
CO z

£ Q
o|£ 10

UJ

15-

o

5-

C 0.30.6 1.5 3 6 75 15
[ASCORBIC ACID)(|j moles/ml)

Fig. 10. Effect of ascorbic acid on the mitochondrial conversion
of [4-uC]cholesterol to [d-^C]pregnenolone, [4-llC]pro¬

gesterone and toted conversion

The actions of GSH and ascorbic acid on ovarian
mitochondria side chain cleavage activities were ex¬
plored in three ways: (a) by investigating the direct
effect of GSH and ascorbic acid added to the intact
mitochondria at the start of the enzymic reaction;
(b) by preincubating mitochondria in the presence of
different amounts of GSH or ascorbic acid prior to
the start of the enzymic assay; and (c) by studying
the influence of these two reducing agents added
after preincubation of mitochondria for different
periods of time.

The influence of different amounts of GSH and
ascorbic acid added to the incubation medium on

intact mitochondria are shown in Figs. 9 and 10,
respectively. GSH in small amounts (1—6 [xmolcs/ml
incubation) increased the synthesis of progesterone,
and pregnenolone accumulated in significant quanti¬
ties. At higher concentrations beyond 6 p.moles/ml
incubation GSH inhibited progesterone synthesis
while pregnenolone still accumulated in large
amounts.

Ascorbic acid, added in small amounts, (0.3 jimo-
les/ml incubation) slightly decreased the synthesis of
progesterone, but pregnenolone did not accumulate.
However, at concentrations greater than 6 fxmoles/ml
this substance was a powerful inhibitor of the side
chain cleavage reaction.

GSH and ascorbic acid were added in different
amounts during preincubation of mitochondria in
order to establish if excess of reducing agent would

I I GSH

HI ASCORBIC ACID

20 -|I—

LU
-J
o

(J>
cr 15-

Q: Ll!

LlI CL
I—• 2
CO
11 1 o 10-
_! CO
o cc
X LlI
>
2

o 5-
O
o

M PREGNENOLONE
□ PROGESTERONE
■I TOTAL CONVERSION

C 3 6 12 18 C 3 6 12 18 C 3 6
[GSH] OR [ASCORBIC ACID] (|imoles/ml)

Fig. 11. Rat ovarian mitochondria preinoubated for 46 minutes
prior to the enzymic assay followed by incubation for 60 minutes
in the presence of different amounts of GSH or ascorbic acid

influence the side chain cleavage activity. In amounts
of0.3p.moles/ml incubation neither GSH nor ascorbic
acid had any effect, but when added in larger amounts
(5 umoles/ml incubation) a complete inhibition was
observed.

Mitochondria prepared in the usual way were
preincubated for 15 or 45 minutes in phosphate buffer
pH 7.3. A preincubation period of 45 minutes had
previously been shown to decrease progesterone pro¬
duction and to cause accumulation of pregnenolone.
On the other hand a preincubation period of 15 mi
nutes significantly decreased progesterone without
producing an accumulation of pregnenolone. They
were then incubated for 60 minutes in the presence
ofdifferent amounts ofGSH or ascorbic acid,NADPH
and [4-14C]cholesterol. The results of 45 minute
preincubation periods prior to the enzymie assay
followed by incubation in the presence of different
amounts of GSH and ascorbic acid are shown in

Fig. 11 while residts obtained with preincubation for
15 minutes followed by the enzymic assay in the
presence of GSH and ascorbic acid are illustrated in
Fig. 12.

GSH (3—18 (jimoles/ml), added to the incubation
medium after 45 minutes preincubation of mito-
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chondria, increased both pregnenolone and pro¬
gesterone production. Ascorbic acid (3—18p.moles/ml)
added to the incubation medium after 45 minutes
preincubation ofmitochondria decreased the amount
of pregnenolone but increased progesterone accu¬
mulation. The total side chain cleavage reaction in
both cases was increased when compared with the
control preincubated mitochondria. When mito¬
chondria were preincubated for 15 minutes, and GSH
or ascorbic acid were added to the incubation medium
at the start of the enzymic assay there was a consid¬
erable increase in the accumulation of pregnenolone,
while the amounts of progesterone were the same or
slightly increased. With GSH the overall side chain
cleavage reaction was markedly increased while with
ascorbic acid there was only a slight increase.

monstrated the stimulatory action of 3'5'AMP in rat
adrenal mitochondria while Creange et al. [37]
showed the effect of 3'5'AMP on the conversion of
cholesterol to pregnenolone by rat adrenal mito¬
chondria.

In our experiments luteinised rat ovarian mito¬
chondria were prepared in the usual way and in¬
cubated in the presence of different amounts of
3'5'AMP and the other substances as outlined in
Table 1. The results obtained are shown in Fig. 13.
Thus 3'5'AMP at low concentration (1— 10 jj.moles/ml
incubation) produced little effect on the overall side

. 201

_] o
o cn
a- u
Uj Q_

I I GSH
ASCORBIC ACID

18 24 30 C 15 18 24 30 C 15 18 24 30
[GSH] OR [ASCORBIC ACID1 (n moles/ ml)

Fig. 12. Bat ovarian mitochondria preincubated for 15 minutes prior to
the enzymic assay followed by incubation for 60minutes in the presence

of different amounts of GSH or ascorbic acid

~r

0.5 1 5 10 15
[315'AMPl (jjmoles/ml)

Fig. 13. Effect of 3'5'AMP on the mitochondrial con¬
version of [4-llC]cholesterol to [4-li:C]pregnenolone,
[4-UC]progesterone and total conversion, ^pregnenol¬

one; O, progesterone; ▲, total conversion

It would therefore appear that the action of GSH
and ascorbic acid is different when they are added to
the preincubated mitochondria.

Role of 3'5'AMP
Haynes [29] showed that 3'5'AMP activates

phosphorylase activity in beef adrenal slices. Haynes
et al. [30] demonstrated that 3'5'AMP stimulated
corticosteroidogenesis in rat adrenal. It was shown
that 3'5'AMP enhanced the 11/3 hydroxylation of
progesterone in rat adrenal homogenates [31] and
increased the 18-hydroxylase as well as 11/3-hydroxy-
lase activity in the same tissue [32]. The stimulatory
effect of 3'5'AMP in progesterone synthesis in slices
of bovine corpus luteumwas shown byMarsh et al. [33]
and by Hall et al. [34] using slices of corpora lutea
from non-pregnant cows.

Marsh et al. [35] reported the action of 3'5'AMP
on steroidogenesis in bovine corpora lutea slices while
Sandler and co-workers [36] showed a similar effect
on steroidogenesis in rat testes. The effect of 3'5'AMP
(like the effect of a trophic hormone) may depend
upon the integrity of the cell, tissue slice, or sub¬
cellular particle under study. Roberts et al. [20] de-

chain cleavage reaction but decreased the pro¬
gesterone accumulation and increased the amount
of pregnenolone. At higher concentrations of 15 pmo-
les/ml and 20 (xmoles/ml respectively, the side chain
cleavage activity was decreased.

These results are in agreement with those of
Creange et al. [37] using rat adrenal mitochondria,
and demonstrate that in rat ovarian mitochondria
3'5'AMP enhanced pregnenolone accumulation. We
have been unable to ascertain the mechanism of
action of 3'5'AMP in this system. It has been sug¬
gested that this cofactor activates directly the steroid
hydroxylating enzyme system and influences less the
transport of steroid or cofactor across the mito¬
chondrial membrane. Our results suggest that one of
the actions of 3'5'AMP may be between pregnenolone
and progesterone. This effect could be due to move¬
ment of the pregnenolone out of the mitochondria
and hence away from the d5-3/3-hydroxy-steroid -
dehydrogenase; alternatively this enzyme could be
inhibited by 3'5'AMP. Another possibility is that the
cofactor of the d5-3/?-hydroxy-steroid-dehydrogenase
(NAD+) was decreased by reduction to NADH by
the higher levels of 3'5'AMP.

23*
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Action of other Nucleotides
Several nucleotides structurally related to 3'5'-

AMP were tested. The effects obtained with AMP,
ADP, and ATP at a concentration of 2, 4, 8 umoles/
ml incubation in comparison with 3'5'AMP are
shown in Fig. 14.

The action of all nucleotides is different from that
of 3'5'AMP when used in very high concentrations,
only AMP showed some similarity to 3'5'AMP by
causing increased accumulation of pregnenolone.
It is of interest to note that ADP and especially

ATP were inhibitory at relatively low amounts
(8 p,moles/ml and 4 p,moles/ml respectively) on the
side chain cleavage reaction. The same inhibitory
effect with ATP was demonstrated in shoes of bovine
corpus luteum [35].

tained when immature female rats were injected
initially with PMSG followed three days later by
HCG. Two doses of PMSG three days apart was
adopted as our standard procedure. The animals were
killed about the 10th day after the first PMSG in¬
jection.

Intact immature rat ovaries, pretreated with
gonadotrophins, contain the complex of enzymes in¬
volved in the side chain cleavage of cholesterol. The
enzyme was found to be located in the mitochondrial
pellet and required NADPH and molecular oxygen,
for its activity. Subsequent studies using different
tissues, adrenal, testes, and placenta, have shown
that the side chain cleavage activity is resident in
the mitochondrial fraction [4,7,40].

When a mitochondrial preparation from pre¬
treated rat ovary was incubated with [4-14C]chol-

Fig.14. Effect of 3'5'AMP, AMP, ADP, and ATP on the mitochondrial conversion of [4-UC]cholesterol to (A)[4-llCJ-
pregnenolone, (B) [4-uC]progesterone and (C) total reaction, • m, 3'5'AMP; x , AMP; • •, ADP; A, ATP

DISCUSSION

Administration of PMSG and HCG to the imma¬
ture animal is considered as an ideal physiological
preparation for the study of functioning luteal tissue.
Such a pretreatment, in intact immature rats, results
in gross ovarian enlargement and massive formation
of corpora lutea. Animals bearing such ovaries have
been regarded as pseudopregnant [38]. McKerns [39]
administered PMSG to immature rats and observed
an increase in D-glucose-6-phosphate dehydrogenase
and hence an increased rate of metabolism of D-glu-
cose-6-phosphate by the pentose pathway. This effect
resulted in an increased rate of formation ofNADPH
which is known to be necessary for steroid hydroxy-
lation reactions.

We employed initially different types of pretreat¬
ment. When PMSG was administered to these im¬
mature female rats and followed three days later by
another dose of PMSG, the ovarian weight increased
and reached a maximum size about 10 days after the
first injection of PMSG. The same result was ob-

esterol as substrate, the main product formed was
progesterone together with small amounts of pregne¬
nolone and 20a-hydroxypregn-4-en-3-one. These re¬
sults are in direct contrast to expectation since the
z15-3/?-hydroxy-steroid-dehydrogenase and the iso-
merase which convert pregnenolone to progesterone
have been reported to be present in the microsomal
fraction [41]. If the site of enzyme localisation in the
cell is the site at which the enzyme participates in
the biosynthetic sequence it seems that cholesterol
must reach the mitochondria where it is converted
to pregnenolone, and the pregnenolone formed must
then be transferred to the "microsomes" for the
transformation to progesterone. It is always possible
that the mitochondrial preparations in our study may
be contaminated with microsomes. However, we
washed the mitochondrial pellets several times in
different ways and the preparation of mitochondria
was carried out using two different methods. In both
cases the results were the same. The electron micro¬

scopic examination of the mitochondrial pellet pre-
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pared in our standardised method revealed that the
preparation was essentially mitochondrial. When
these mitochondria were incubated with pregnenolone
as substrate in the presence of different cofactors
(Table 8) the direct conversion to progesterone was
observed. In this reaction NAD+ was the preferred
eofactor. This led to the conclusion that mitochondria
from luteinised rat ovary contain a A 5-3/i-hydroxy-
steroid-dehydrogenase. It is possible that the pre-
treatment which led to the formation of corpora
lutea influenced the endogenous NAD+ (as a cofactor
required for the Zl5-3/3-hydroxy-steroid-dehydro-
genase) or influenced the enzyme directly.

The rate of the side chain cleavage reaction was
studied in vitro, and it was observed that after 5 min¬
utes incubation progesterone was already easily
demonstrable (Fig. 6), a fact which indicates that
the reaction catalysed by the /16-3/?-hydroxy-steroid-
dehydrogenase is an extremely rapid one. Thus the
accumulation of pregnenolone does not occur be¬
cause the latter is rapidly converted to progesterone.

Our results show that NADPH was an obligatory
cofactor for the side chain cleavage of cholesterol.
Analogous results were obtained by Savard et al. [42]
using bovine corpora lutea slices. In our experiments
NADPH was generated enzymatically via glucose-6-
phosphate and glucose-6-phosphate-dehydrogenase.
We observed that exogenous glucose-6-phosphate-
dehydrogenase was not strictly necessary in our
system as the omission of this enzyme did not affect
the side chain cleavage assay (Table 6). It is not
known if exogenous NADP+ passes from the medium
into the tissue as such, or is first reduced to NADPH
in the medium and in this form penetrates the mito¬
chondrial membranes. Exogenous Mg++ions did not
influence the side chain cleavage reaction in rat
ovarian mitochondria in vitro. However, as Mg++ions
influence other mitochondria reactions, we decided
to retain these metallic ions in our incubation
mixture.

The influence of NADPH on hydroxylation reac¬
tions has been studied by several authors. Savard
et al. [42] demonstrated that an NADPH generating
system stimulated progesterone synthesis in bovine
corpus luteum slices. Hydroxylation of progesterone
at Oil and CI8 was stimulated by NADP >plus
glucose-6-phosphate [43] in a soluble enzyme
system prepared from bovine adrenal cortex. We
investigated the action of the NADPH-generating
system and of other nucleotides like NAD+ and
NADH on rat ovarian mitochondria. In our hands,
increasing the concentration of NADPH increased
the conversion of cholesterol to pregnenolone but de¬
creased progesterone accumulation. The overall side
chain cleavage reaction was slightly decreased at
elevated NADPH concentrations. These results sug¬
gest that an excess ofNADPH inhibits the conversion
of pregnenolone to progesterone presumably due to

decreased Zls-3/3-hydroxy-steroid-dehydrogenase ac¬
tivity or a cofactor deficit for this reaction. Alterna¬
tively, excess NADPH may act directly on the 20a-
hydroxylating system of cholesterol, increasing the
accumulation of pregnenolone in some as yet un¬
explained way. When NAD+ was added to the
NADPH-generating system the effect was similar to
that observed with excess NADPH in that pregne¬
nolone again accumulated and progesterone was de¬
creased, the overall side chain cleavage reaction being
unaffected or slightly increased. NAD+ is the pre¬
ferred cofactor for the Zl3-3/?-hydroxy-stcroid-de-
hydrogenase. When it was added to the NADPH-
generating system at the start of the reaction the
NAD+ might be converted to NADH by a trans-
hydrogenase present in mitochondria and this would
inhibit the conversion of pregnenolone to progester¬
one. In order to ascertain this possibility NADH was
added to the NADPH generating system and the
conversion of pregnenolone to progesterone was again
decreased.

Preincubation of mitochondria for different times
also showed a decreased enzymic activity and a
tendency for pregnenolone to accumulate. It is pos¬
sible that during the preincubation period some co-
factors involved in the conversion of pregnenolone
to progesterone (like endogenous NAD+) are reduced,
and hence the observed activity of zF-3/9-hydroxy-
steroid-dehydrogenase is much decreased.

Glutathione and ascorbic acid are reducing agents
of physiological occurrence found to be present in
large amounts in the ovary. Glutathione plays a role
in the regulation of protein disulphide-sulphydryl
interchange reactions. Changes in ascorbic acid con¬
centration might influence the disulphide-sulphydryl
ratios of the ovarian tissue [44]. It is known that
glutathione and ascorbic acid are active mitochondrial
swelling agents [45,46], This swelling, initiated by
glutathione and ascorbate, differs from that induced
by other agents in that it is accompanied by forma¬
tion of lipid peroxides and may proceed to actual
lysis of mitochondria. Apparently the swelling in¬
duced by these agents may cause exposure of the
double bondsof theunsaturated fattyacidsofthemem¬
brane to oxygen with their subsequent autoxidation.
It is possible that the 20a-hydroxylating system of
cholesterol is sulphydryl-dependent, and the enzyme
may be inactivated by the formation of disulphide
bonds. It might then be possible to "reactivate" the
enzyme by reduced glutathione. At high concentra¬
tions of GSH, NAD+ may be reduced to NADH and
this could account for the interference with the con¬

version of pregnenolone to progesterone.
The precise physiological role of ascorbic acid in

the adrenal or ovarian physiology has not yet been
established. Since the original observation by Sayers
et al. [47] that adrenal ascorbic acid decrease in re¬
sponse to ACTH a similar effect on the ovary with
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LH has been demonstrated in immature rats pretreat-
ed with PMSG and HCG [14]. Depletion of ascorbic
acid in such a case indicates either release of this
substance from the ovary via venous blood, as sug¬
gested occurs in the adrenal [48], or utilisation of
ascorbic acid in the process of steroidogenesis. The
strong inhibition of the side chain cleavage reaction
observed with ascorbic in the present studies was
produced by a concentration of this substance which
was within the physiological range. This subject will
be discussed in a subsequent publication.

Studies on the mechanism of action of ACTH on

steroidogenesis in the adrenal cortex have implicated
3'5'AMP as a mediating agent [49]. The mechanism
of action of ACTH on the adrenal cortex was found
to bear certain similarities to that of LH on the

corpus luteum. The presence of 3'5'AMP in bovine
luteal tissue has been demonstrated [50]. Marsh et al.
[33] showed that 3'5'AMP can mimic the effect of
LH and can increase progesterone synthesis in bovine
corpora lutea slices.

Generally two theories have been put forward
regarding the mechanism of action of 3'5'AMP on
the adrenal cortex. One implicates an increased pro¬
duction of glucose-6-phosphate and hence increased
generation of NADPH [30]. The other [32] implies a
mechanism not due to enhancement of NADPH. The
large accumulation of pregnenolone and the sharp
decrease in progesterone accumulation which we
obtained in vitro in the presence of 3'5'AMP suggest
an effect on Zl5-3/3-hydroxy-steroid-dehydrogenase.
We were unable to show any effect of this nucleotide
when exogenous pregnenolone was used as the sub¬
strate in the presence of rat ovarian mitochondria.
This could be interpreted as supporting the theory
that 3'5'AMP may be involved in the transport of
endogenously produced pregnenolone across the
mitochondrial membrane. This would result in

pregnenolone being removed from the possible site
of oxidation to progesterone, and hence the overall
side chain cleavage reaction in the presence of SW¬
AMP is to give an enhanced concentration of pregne¬
nolone and a decreased concentration ofprogesterone.
These results are in general agreement with the ob¬
servation of Creange and co-workers [37], using rat
adrenal mitochondria.
It is not possible at the present time to establish

how any of the chemical agents which modify the
enzymic side chain cleavage reaction actually operate.
However, when the rat ovarian mitochondrial side
chain cleavage enzyme system has been solubilised
and separated into its component entities we should
be better able to investigate how agents such as
3'5'AMP actually function.
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