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SUMMARY

In vitro biochemical properties of steroid-17a-hydroxylase have been studied using rat testes and beef

adrenal microsomes as enzyme sources.

Steroid-17a-hydroxylase has a greater affinity for pregnenolone than for progesterone. Furthermore,
pregnenolone competitively inhibits the hydroxylation of progesterone and vice-versa. The first products
of the reaction, 17a-hydroxypregnenolone and 17x-hydroxyprogesterone inhibit competitively the hy-
droxylation of both pregnenolone and progesterone with a similar efficiency. This paper indicates
that cortisol and androgens are principally synthesized through the so called AS pathway.

INTRODUCTION

The hydroxylation of carbon 17 constitutes the first
specific step of the metabolic pathways leading to the
biosynthesis of glucocorticoids and androgens[1].
Thus, steroid-17o0-hydroxylase, the enzyme respon-
sible, is likely to play an important regulatory role.
Progesterone and pregnenolone are the usual sub-
strates of this enzyme which is detectable only in tis-
sues involved in the production of steroid hormones,
namely the testes, the ovaries and the adrenal
glands[1].

The 17a-hydroxylase requires NADPH and oxygen
as cofactors, is bound to the smooth endoplasmic reti-
culum[2] and is cytochrome P-450 dependent[10].
Most of the published works[2, 3] are devoted to the
study of the overall metabolic pathway and do not
specifically describe the individual enzymes involved
in the biosynthesis of cortisol and androgens[4]. In
particular, very few articles are directly concerned
with 172-hydroxylase[$, 6] and its biochemical and
biological properties.

The preferential use of progesterone or pregneno-
lone as substrates for the 17x-hydroxylase remains a
very controversial question. In fact, the utilization of
either pregnenolone or progesterone as the substrate
determines the exact metabolic pathway leading to
the synthesis of cortisol and androgens. Presently, the
choice between these two possibilities is still an open
question,

Various works[2] support the A4 metabolic path-
way where progesterone is the substrate for the
17«-hydroxylase, while other authors believe that
pregnenolone (the A5 metabolic pathway) is the pre-
ferred substrate[4, 7-9].

The published works usually measure the incorpor-
ation of trace amounts of labelled precursors into the

various pools formed during the enzymatic reactions.
The results obtained with such a methodology are
obviously difficult to interpret and make any quanti-
tative comparison of the enzyme biochemical proper-
ties difficult. Recently, we have described a new assay
allowing a specific and sensitive measurement of both
progesterone and pregnenolone 17a-hydroxylase acti-
vity. During the incubation, the tritium specifically
located on the 17o position is directly and specifically
replaced by a hydroxyl group and incorporated into
the incubation medium as a molecule of tritiated
water. Counting of the tritiated water gives a direct
measurement of the enzymatic activity[12].

This paper will analyze in a comparative and quan-
titative manner the biochemical properties of the
adrenal and testicular 17x-hydroxylase.

MATERIALS AND METHODS

The sources of the reagents and the labelled com-
pounds used in this study have been described
[12-14].

3-(6-chloro-3-methyl-2 indenyl) pyridine (SU 8000},
3-(1,2,3,4-tetrahydro-4-oxo-2-naphtyl)pyridine (Su
9055), 3+(1,2,3,4-tetrahydro-4-o0xo-7 chloro-2 naphtyl)-
pyridine (SU 10603) were kindly donated by Professor
Neher (Basel).

150 g Sprague-Dawley rats were purchased from
IFFA CREDO (Les Oncins, France) and were kept
on standard commercial food UAR A04 (Villemois-
son, France).

Tissular preparation. Beef adrenal glands were col-
lected on ice at the slaughterhouse; the cortical part
was dissected from the medular region and used to
prepare a homogenate. Rat testes were also collected
on ice after decapitation of the animals.
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The tissues were homogenized in 4 vol. of isotonic
KCl using a Potter- Elvejhem apparatus with a Teflon
pestle. The homogenates were centrifuged for 10 min
at 10,000 ¢ the supernatant was centrifuged for lh
at 100.000 g. The microsomal pellets were then resus-
pended in a phosphate buffer (0.15M; pH74) in
order that one ml of the final suspension contains
the microsomes of 2g of wet tissue. These tissular
preparations were kept at —20°C for as long as 2
months without any significant loss of enzymatic acti-
Vity.

Steroid 17o-hydroxyluse assay. [172-*H]-pregneno-
lone{or progesterone) (0.5 uCi. 200 nmol) were
incubated for 30min at 37°C in 1 ml NaKH PO,
0.15M at pH 7.4 containing: | gmol NADP, 5 umol
glucose-6-phosphate, | L.U. glucose-6-phosphate des-
hydrogenase, 4 yumol MgCl, and the 9000¢ super-
natant corresponding to 20mg of fresh adrenal or
testicular tissue.

After incubation, the reaction is stopped by addi-
tion of 1.5ml of a 20% trichloracetic acid solution.
After a short centrifugation (20 min at 2000 ¢g) the
supernatant was distilled under reduced pressure. to
separate the tritiated water from the other com-
ponents of the incubation medium. | ml of distilled
water is counted by liquid scintillation using Instagel
(Packard instrument) as the scintillator. and allows
a direct calculation of the enzymatic activity as de-
scribed in detail in a methodology paper[12].

Protein content of the different enzymatic prep-
arations was determined following the method of
Lowry[ 13].

The enzymatic activities are expressed in nmoles
of substrate transformed per hour and per mg of pro-
tein.
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The different steroids were dissolved in the incuba-
tion medium with the substratc by means of 0.5 mg
of Tween 80.

RESULTS

1. Preferential utilization of pregnenolone as an
enzymatic substrate. Tween 80 was used as a solubi-
lizing agent to introduce saturating concentrations
of progesterone or pregnenolone in the enzymatic in-
cubation. By this means, it was possible to compare
the affinity of these substrates for the steroid 17z-
hydroxylase. Apparent K\ werc measured by the
graphical method of Lineweaver-Burk (Table 1). Very
significant differences were found for the two sub-
strates, the affinity of the microsomal enzyme being
very significantly higher for pregnenolone compared
to progesterone. The same difference was found both
in the adrenal glands and in the testes.

To further study this phenomenon. progesterone
[ 7x-hydroxylase activity was measured in the pres-
ence of increasing amounts of pregnenolone and vice-
versa. The results of this experiment (Fig. ) clearly
demonstrated that each substrate competitively inhi-
bited the hydroxylation of the other one, and that

Table 1. K, values for pregnenolone and progesterone
1 7«2-hydroxylase. Values are given as mean + standard de-
viation (n = 5)

Substrate
Source of enzyme Pregnenolone  Progesterone
Beef adrenal 97 + 9uM 620 + 36 uM
Rat testes 25+ 6uM 100 + 10 uM
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Fig. 1. Inhibition of pregnenolone hydroxylation by progesterone (left) and of progesterone hydroxyl-
ation by pregnenolone (right). Lineweaver-Burk plots: substrate concentrations are given in nmol/m}
and the enzymatic activity is expressed in nmol/h x mg of proteins.
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again pregnenolone was much more efficient in inhi-
biting the hydroxylation of progesterone than the
other way around.

This observation raises the question of whether
there are two different enzymes or a single enzyme
hydroxylating pregnenolone more actively than pro-
gesterone.

2. Inhibitory action of various compounds. In order
to approach this problem we have further investigated
the biochemical properties of 17x-hydroxylase and
particularly the effect of some inhibitors on the enzy-
matic activity.

(a) Thiol complexing agents. The addition of heavy
metal cations such as Hg, Ag or Cu, in the incubation
medium very significantly inhibited the activity of
progesterone and  pregnenolone-17a-hydroxylase
(Table 2). In this respect, other cations such as Pb?*,
Fe3*, AI**, Co?*, Ni** had no effect on 170-hydrox-
ylase activity.

That the effect of HgCl, was mediated through a
modification of the protein thiol functions, was
further supported by the inhibitory effect of several
other thiol blocking agents.

Todobenzoic and parachloromercuribenzoic acids
particularly inhibit pregnenolone and progesterone
17a-hydroxylase. After plotting the inverse of enzyma-
tic activity as a function of inhibitor concentration
(Dixon plots), it seems that these products were com-
petitive inhibitors.

(b) Indenyl-pyridine derivatives. Kahnt and Neher
(1962)[16] have described that a number of indenyl-
pyridine derivatives are inhibitors of the steroid-17x-
hydroxylase. Using our new assay, we were in a pos-
ition to determine more precisely the exact mode of
action of these derivatives. SU 8000, SU 9055 and
SU 10603 inhibited the adrenal gland progesterone
and pregnenolone 17¢-hydroxylase in a competitive
way. The inhibitory constants were calculated (Table
3) and are in the same order of magnitude as the

Table 2. Effect of heavy metal ions and thiol blocking
agents on 17x-hydroxylase. Enzymatic activities are given
in % of the control. A microsomal preparation of beef
adrenal cortex was used as the enzyme source. Concen-
trations given are final concentrations in the incubation

medium

Enzymatic activity

Concen-  Pregnen-  Proges-

Product tration olone terone
— 100 100
HgCl, 10°*M 57 35
1073M 0 0
CuCl, 107*M 77 83
1073 M 35 47
AgNO, 10°*M 75 100
107°M 34 55
Todobenzoic acid 107*M 70 60
107°M 40 30
P-chloromercuri- 107*M 70 35
benzoic acid 1073M 0 0
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Table 3. Inhibitory constant (in nmol/ml) of SU 8000, SU
9055 and SU 10603 for pregnenolone and progesterone
17a-hydroxylase of beef adrenal cortex

Enzymatic

substrate SU 8000 SU 9055 SU 10603
Pregnenolone L6 0.7 1.3
Progesterone 23 2.0 2.1

K; described by Shikita (1967) for the testicular
enzyme of the rat[17].

(c) In vitro action of closely related steroids. Feed-
back inhibition of the first enzymatic reaction of a
metabolic pathway by the end products of this path-
way is a very common mechanism of control in bio-
logy. Thus, the first product, several intermediates,
as well as the end products of the metabolic pathways
were added to the in vitro incubation medium and
their action on the progesterone and pregnenolone
1 7a-hydroxylase was measured. Table 4 shows the
percentage of inhibition of the hydroxylase activity
when the different compounds were added to the
medium at the same concentration as the enzymatic
substrate. In fact, 17-hydroxyprogesterone and
17-hydroxypregnenolone were the only two products
among the products tested displaying a significant in-
hibition of the enzymatic activity.

We were also able to demonstrate that the products
of the enzymatic reaction, the 17-hydroxylated pro-
gesterone and pregnenolone, inhibited the 17x-hyd-
roxylase in a competitive manner (Fig. 2, Table 5).

None of the end products of the metabolic path-
ways affected the hydroxylase activity of the adrenal
glands, as well as that of the testes.

DISCUSSION

In the adrenal glands, the biosynthesis of cortisol
can theoretically proceed by one of the following two
pathways: (a) the A4 pathway by which pregnenolone
is the first transformed in progesterone and then hyd-
roxylated in 17x; (b) the A5 pathway by which preg-
nenolone is hydroxylated in 17« before being isomer-
ized into A4 3keto compounds. None of the data
presently available in the literature rules out the exist-
ence of one of these pathways or establishes their rela-
tive importance. In most of the published works, trace
amounts of substrate were incubated in vitro, permit-
ting only qualitative conclusions. Tamaoki[ 18, 2] and
Inano[19] concluded the existence of only one syn-
thetic pathway, the A4 way.

Fevold[7], on the other hand, demonstrated that
the AS pathway might, in fact, be the most important
one.

With the new assay recently set up[12, 13] we were
in a position to measure in a comparative way, the
affinity of the 17x-hydroxylase enzymatic complex
towards progesterone or pregnenolone. Thus based
on the apparent Ky of the enzyme, it was possible
to demonstrate that the A5 metabolic pathway is
more likely the principal way of cortisol biosynthesis.
The affinity of the 17x-hydroxylase is indeed 4-6 fold
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Table 4. Effect of different steroids on 17x-hydroxylase activity. The different steroids

as well as the substrates were maintaine

d in solution by means of Tween 80

1 7%-Hydroxylation of

Concentration
Product M Pregnenolone  Progesterone

— 100 100
| 72-hydroxypregnenolone 200 59 46
17ax-hydroxyprogesterone 200 87 59
Cortisol 200 100 95

17a-hydroxy-11-deoxycortico-
sterone 200 100 95
1 1-deoxycorticosterone 200 100 95
Testosterone 200 95 94
Androstenedione 200 96 95
Oestradiol 200 98 103

higher for pregnenolone than for progesterone, indi-
cating that 17-hydroxypregnenolone must be an im-
portant metabolic intermediate in the biosynthesis of
glucocorticoids and androgens.

Using a different assay, Fan et al. have reported
identical K,, values for both Progesterone and preg-
nenolone 17x-hydroxylase in human testes. They also
described the existence of a competitive inhibition
between the two substrates, but surprisingly enough.
the K; of pregnenolone on the progesterone hydroxyl-
ation was 4 times lower than the other way around.
These results are obviously hard to compare with our
own experiments, as the methodological approach as
well as the enzyme sources are different.

While progesterone is a final product which itself
displays important hormonal activity, pregnenolone
seems to be exclusively an intermediate in the bio-
synthesis of cortisol and androgens. Thus, pregneno-
lone, after being synthesized from cholesterol in the
mitochondria should be expected to serve as the pre-
ferential substrate for the microsomal 17x-hydroxy-
lase. In fact, Vikho and Ruokonen[4] concluded from
the measure of the testicular steroids that the 3p-
hydroxy-5-ene intermediates are quantitatively the
most important. In addition, Strott et al.[20] found

-1

a greater production of 17x-hydroxy pregnenolone
than 17x-hydroxyprogesterone in the adrenal cortex.
Our results favor the hypothesis that pregnenolone
is the preferential physiological substrate of 174~
hydroxylase and that the A5 pathway should presum-
ably be the normal physiological biosynthetic way
leading to androgens and cortisol. However, in some
in vitro experimental circumstances, progesterone can
also serve as a substrate for the enzyme.

Rather than supporting the hypothesis that pro-
gesterone and pregnenolone 17x-hydroxylase are two
different enzymes, our results on the effects of various
inhibitory agents suggest that there is only one enzy-
matic complex.

A very unspecific inhibitor, like the thiol complex-
ing agents or the more specific inhibitors of steroid
hydroxylase, the ideny! pyridine, affect both the pro-
gesterone and the pregnenolone 17x-hydroxylase acti-
vity in a quantitatively comparable way.

The immediate products of the enzymatic reaction,
17x-hydroxypregnenolone and 17x-hydroxyprogester-
one, also inhibit the enzymatic activity very signifi-
cantly. The great affinity of 17x-hydroxylase for these
compounds (K; = Ky/5) suggests that they may have
a regulatory role in the biosynthesis of cortisol.
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Fig. 2. Competitive inhibition of 17x-hydroxylase by 17xz-hydroxyprogesterone and 17a-hydroxypreg-
nenolone. Dixon’s plots: enzymatic activities in nmol/h x mg protein, steroid concentration in nmol/ml.
Pregnenolone is used as the substrate.
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Table 5. Inhibitory constants (K;) in umol. for the inhibi-
tion of adrenal steroid 17x-hydroxylase by the substrates
and reaction products

Substrate Inhibitor K;
Progesterone 172-hydroxyprogesterone 86
17a-hydroxypregnenolone 25
Pregnenolone 25
Pregnenolone 17a-hydroxyprogesterone 80
172-hydroxypregnenolone 20
Progesterone 45

Further metabolic intermediates and active hor-
mones, have no effect in vitro on 17¢-hydroxylase. It
is thus likely that a 17o-hydroxylase is not the rate
lending support to a direct feedback control by corti-
sol or androgens. The fact that 17a-hydroxypregneno-
lone is a stronger inhibitor than the 17x-hydroxypro-
gesterone supports even more our conclusion if one
considers that pregnenolone is the physiological sub-
strate.
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