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SUMMARY

To determine the intracellular distribution of the 178-hydroxysteroid dehydrogenase, purified micro-
somes, mitochondria, peroxysomes, lysosomes, nuclei and cytosol were prepared. The purity of each
fraction was monitored by marker enzymes. It was found that the 178-hydroxysteroid dehydrogenase
was mainly located in mitochondrial, microsomal and cytoplasmic fractions. Furthermore, it could
be demonstrated that the microsomal enzyme was bound tightly to the membranes of the endoplasmic
reticulum, while the mitochondrial 178-hydroxysteroid dehydrogenase was mainly associated with the
outer membranes of the organelle. Kinetic parameters of the mitochondrial and microsomal 178-hy-
droxysteroid dehydrogenase were compared. K, -values were nearly identical in both enzyme prep-
arations. NADP was more efficient than NAD as cofactor. For the conversion of estradiol to estrone
the optimum temperature was approximately 42°C and the optimum pH 8.0. For the reduction of

estrone the optimum pH was 6.0. Sulfhydry! groups were shown to be essential for catalysis.

INTRODUCTION

It has been known for many years that rabbit uterine
tissue contains a 178-hydroxysteroid dehydrogenase
which catalyzes the oxidation of the 178-hydroxyl
group of both C;g and C,, steroids [1, 2].

Since it is well established that uterine tissue con-
tains receptor molecules which are capable of binding
estrogenic compounds with a low capacity and high
affinity, the metabolism of estrogens in this tissue has
been of particular interest, because the estradiol-bind-
ing capacity of the receptor can be strongly affected
by several possible estradiol metabolites, for instance
estrone.

The purpose of this study was to investigate the
subcellular distribution of 178-hydroxysteroid de-
hydrogenase activity and substrate specificity and
reaction kinetics of the membrane-bound enzyme ac-
tivities of microsomal and mitochondrial fractions.

Studies on a number of mammalian tissues which
contain 17B-hydroxysteroid dehydrogenase activity
have shown that the enzyme activity is localized in
various subcellular fractions [3-8].

EXPERIMENTAL PROCEDURE
Materials

[4-'*C]Estradiol (56 mCi/mmol), [4-'*C]-estrone
(58 mCi/mmol), [4-'*C]-testosterone (58.2 mCi/mmol)
and [4-'*CJ-androstenedione (60 mCi/mmol) were
purchased from the Radiochemical Centre, Amer-
sham, England and shown by thin-layer chroma-
tography to be without contamination. Non-radioac-
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tive steroids were a gift from Schering AG, Berlin,
Germany.

Bovine serum albumin was obtained from Behring,
Marburg, Germany. DNA (thymus), RNA (yeast),
NAD(P), ADP, hexokinase, succinate cytochrome c
(bovine), and glucose-6-phosphate dehydrogenase
were brought from Boehringer, Mannheim, Germany.
The following chemicals were provided by Merck,
Darmstadt, Germany: sucrose, CsCl, EDTA, and
triethanolamine. Triton X-100 was a product of Serva,
Heidelberg, Germany. Reagent grade organic solvents
were re-distilled before use.

Buffersincluded:(A) 10 mM Tris-HCl (pH 7.4), | mM
EDTA, 12 mM mercaptoethanol, 0.25 M sucrose, 20%,
glycerol (V/V); (B) 2.4 M sucrose, ] mM magnesium
acetate; (C) 0.25 M sucrose, 10 mM Tris-HCI (pH 7.4),
25mM KCl, 2mM CaCl,, 24 mM thioglycerol.

Methods

Preparation of tissue fractions. Pregnant hare rab-
bits were obtained from Schering AG, Berlin, Ger-
many. The day of mating was designated as day zero
of pregnancy. The uterus was excised on day 30 (the
activity of the 17f-hydroxysteroid dehydrogenase
reaching its highest value during the time of preg-
nancy), the products of conception were removed, and
endometrial tissue was scraped off with a scalpel. The
isolated tissue was immediately washed in ice-cold
buffer A. Collected tissue was minced finely with scis-
sors and homogenized in 4 vol. (wt./vol.) of buffer A.
Homogenization was performed in an ice-bath with
an Ultra Turrax homogenizer using three 10-s pulses



654

at 110 V (a minimum of 2 min was allowed for wash-
ing between pulses) followed by homogenization with
a glass homogenizer fitted with a Teflon pestle.

The homogenate was filtered through four layers
of "cheese-cloth and fractionated as follows: nuclei
were sedimented at 850 g for 15 min (rotor SS-34, Sor-
vall RC-2), layered on a cushion of buffer B, and re-
sedimented at 60,000¢g for 60 min (rotor SW 25.2,
Beckman ultracentrifuge L2-65B). The precipitate was
washed twice in buffer A, suspended in buffer C to
which 0.25% of Triton X-100 (V/V) had been added,
layered on buffer C containing 2.2 M sucrose (but no
detergent), and sedimented at 60,000 g for 60 min. The
resulting precipitate was designated “purified nuclei”.

Light mitochondria, peroxysomes, and lysosomes
were sedimented from the 850¢ supernatant at
12,000 g for 15min, washed once in buffer A, and
purified according to the method of Brown[9].
Further purification of these fractions was achieved
by sucrose gradient centrifugation (20-60%;, wt./vol.
65,600 g for 4 h, rotor SW 65).

Preparation of submitochondrial fractions was per-
formed by subjecting the washed mitochondrial pel-
lets to controlled osmotic lysis and ultrasonic vi-
bration, followed by differential centrifugation [10].
Microsomes were sedimented from the 12,0004
supernatant at 105,000 g for 60 min (rotor 30, -Beck-
man), washed twice in buffer A, and separated into
rough and smooth particles according to the method
of Dallner et al.[11].

The purity of each fraction was controlled by
marker enzymes. DNA/RNA ratio, or electron micro-
scopy, as described earlier [12]. The 105,000 g super-
natant was designated as “cytosol” and contained the
soluble 178-hydroxysteroid dehydrogenase.

Assay of 17B-hydroxysteroid dehydrogenase activity.
Standard reaction: enzyme activity was calculated
from the formation of ['4C]J-estrone from
[*#C]-estradiol. 0.42 umol/1 [**C]-estradiol (adjusted
with unlabelled estradiol to a final concentration of
100 umol/l) was incubated for 15min at 37°C in
10 mmol/1 Tris-HCI buffer, pH 7.4, containing 0.1 ml
propylene glycol, 500 umol/l coenzyme, 209, glycerol
and enzyme solution (1 mg/ml) in a total volume of
4.1 ml. After incubation, samples were brought into
ice-water and extracted three times with Sml ether—
chloroform (3: 1, V/V). The pooled extracts were eva-
porated under nitrogen and dissolved in 0.5ml of
benzene. An aliquot (50 ul) was removed for liquid
scintillation counting in order to estimate the total
amount of radioactive steroids present in the extract.
The benzene extracts were dried down under nitrogen
and the dry residues were transferred with 0.2 ml
chloroform-methanol (1:1,V/V) to the thin-layer
plates (0.25 mm with fluorescence indicator, Woelm,
Eschwege, Germany) in the system benzene-methanol
(19:1, V/V). Radioactive steroids were located by flu-
orescence absorption of unlabelled standards chroma-
tographed simultaneously. Radioactivity of separated
steroids was quantitated with a radiochromatogram
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scanner (Berthold, Wildbad, Germany) equipped with
a 2n methane gas counter and count integrator.
Counting efficiency for '*C was the same for all
assays. Losses of [!*C]-estrone were calculated from
the recovery of [!*CJ-estrone. The percentage of
radioactivity in each sample was calculated from the
initial radioactivity of [**C]J-estradiol.

Assays of marker enzyme activities. Glucose-6-phos-
phate dehydrogenase (cytosol) was determined
according to Biichner et al.[13], succinate dehydro-
genase (mitochondria) according to Arrigoni and
Singer[14], urate oxidase (peroxysomes) according to
Mahler et al[15], acid phosphatase (lysosomes)
according to Leighton et al.[16]; monoamine (outer
membranes) and adenylate kinase activities (inter-
membrane fraction) were assayed by the method of
Schnaitman et al.[17], glutamate dehydrogenase ac-
tivity (matrix) was determined by the method of Berg-
meyer[18], NADPH-cytochrome-c-reductase (micro-
somes) according to the method of Omura and Take-
sue[19], and cytochrome oxidase (inner membranes)
according to Smith[20].

Determination of DNA, RN A and protein. DNA was
determined by the method of Burton[21], with calf-
thymus DNA as the standard. RNA was determined
by the method of Ceriotti[22], with yeast RNA as
the standard. Protein was determined according to
the method of Lowry et al.[23], with bovine serum
albumin as the standard.

RESULTS

The degree of purity of various subcellular fractions
of pregnant rabbit uterus was determined by the
analysis of each fraction for characteristic marker
enzymes. The resuits are presented in Table 1.

The distribution of the enzyme activities indicated
that the purity of every subcellular fraction was satis-
factory. It should be noted that the purified mito-
chondrial fraction still had a trace of lysosomal and
peroxysomal components and that the microsomal
fraction could not be separated completely from mito-
chondria, lysosomes and peroxysomes. Most of the
17B-hydroxysteroid dehydrogenase activity is located
in the cytoplasmic, microsomal and mitochondrial
fractions.

From Table 2 it can be seen that the specific ac-
tivity of 17f-hydroxysteroid dehydrogenase in rough
and smooth microsomal particles was similar to that
in crude double-washed microsomes. This indicates
that the microsomal 178-hydroxysteroid dehydrogen-
ase is bound tightly to the membranes of the endo-
plasmic reticulum. The activity of NADPH-cyto-
chrome-c-reductase (marker enzyme of microsomes)
in the mitochondrial fraction could be reduced con-
siderably by several washings, while in the microsom-
al fraction the activity stayed nearly the same under
the same conditions. The final microsomal contami-
nation of the mitochondrial fraction was 4.49%,.
(Table 3).
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Table 2. Contents of RNA and protein and specific 178-hydroxysteroid dehydrogenase in the submicro-
somal fractions of pregnant rabbit uterus

RNA Protein 178-Hydroxysteroid dehydrogenase
Fraction (ug/ml) (ug/ml)  RNA/protein (nmol E,/15 min/mg protein)
Crude microsomes 132 321 - 0.041 20.3
Smooth-surfaced 18.7 653 0.029 19.7
microsomes
Rough-surfaced 76.3 481 0.159 20.7
microsomes

The results show the average of duplicate determinations.

Table 3. Specific activity of NADPH-cytochrome-c-reductase in mitochondria and micro-
somes of pregnant rabbit uterus after several washings

Microsomal
NADPH-cytochrome- contamination

Fraction No. of washes c-reductase (%)
Mitochondria 1 53 29

2 32 17.5

3 1.7 9.3

4 0.8 4.4

Microsomes 2 18.3 —

Specific activity is expressed as nmol product formed per 15 min per mg protein. The

results show the average of duplicate determinations.

Table 4. Distribution of marker enzymes and 178-hydroxysteroid dehydrogenase in mitochondrial subfractions

Cytochrome Monoamine Adenylate Glutamate 17B-Hydroxysteroid
Fraction oxidase oxidase kinase dehydrogenase dehydrogenase
Inner membrane 124.8 2.7 2.8 n.m. 2.7
Outer membrane 11.3 53.8 1.3 n.m. 18.2
Intermembrane 1.8 n.m. 68.2 2.8 nm.
fraction
Matrix 0.7 n.m. 5.1 38.2 n.m.

All specific activities are expressed as nmol product formed per 15 min per mg protein. The results show the average

of duplicate determinations. n.m. = not measurable.

The 17f-hydroxysteroid dehydrogenase of mito-
chondria was found to be associated with both the
outer and inner membranes of the organelle (Table 4),
but the activity was seven times higher in the outer

W | 17B-Hydroxysteroid dehydrogenase. nmol E 1/mg protein/ 15 min
Endometrium Myometrium
12 | ] cvtosal 12 |- [] Cvtosol
] i Y V] Mi
ol [} Microsomes 10 L icrosomes
8y - Mitochondria

:

Fig. 1. Specific activity of 178-hydroxysteroid dehydrogen-
ase in various subcellular fractions of endometrial and
myometrial tissue of rabbit pregnant uterus. The results
show the average and range of duplicate determinations.

membrane. An 11-fold increase in specific activity was
achieved with respect to washed mitochondria. The
intermembrane fraction and the matrix did not con-
vert estradiol to estrone.

From Fig. 1 it becomes evident that in rabbit endo-
metrium most of the specific activity of 17f-hydroxy-
steroid dehydrogenase was located in both cytoplas-
mic and microsomal fractions, whereas in myome-
trium the highest values were found in the soluble
fraction.

The transformation of estradiol to estrone by the
microsomal and mitochondrial fractions of pregnant
rabbit uterus as a function of enzyme concentration
is illustrated in Fig. 2. There is a linear relationship
between the amount of estrone formed and the con-
centration of enzyme.

The transformation of estradiol to estrone in both
subcellular fractions as a function of time is shown
in Fig. 3. The formation of estrone was found to be
linear up to 30 min.

When microsomal and mitochondrial fractions
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Fig. 2. Effect of enzyme concentration on rate of estra-

diol-178 oxidation. Microsomal and mitochondrial frac-

tions were prepared from rabbit pregnant uterus. Incuba-

tions were carried out as described under “Experimental

procedure™. Data points shown represent the means of

duplicate determinations; O---0: NAD as coenzyme,
O——0; NADP as coenzyme.

were incubated with estradiol at various tempera-
tures, the enzyme activity increased up to 42°C and
rapidly decreased at temperatures over 50°C.

Rates of estradiol oxidation and estrone reduction
in the range of pH 3.0 to 11.0 are shown in Fig. 4.
Maximal oxidation of estradiol occurred at pH 8.0
for both microsomal and mitochondrial enzyme ac-
tivity; and maximal reduction of estrone at pH 6.0.
The activity of 17f-hydroxysteroid dehydrogenase
varied somewhat with the type of buffer usec.

The effect of increasing concentrations of the suif-
hydryl reagents p-chloromercuribenzoate or iodaceta-
mide on the microsomal and mitochondrial activity
of 17p-hydroxysteroid dehydrogenase was examined
(Fig. 5). At a concentration of 0.1 mmol/l, both p-
chloromercuribenzoate and iodacetamide caused
more than 50% inhibition of the membrane-bound
dehydrogenase activities. When microsomal and
mitochondrial enzyme preparations which had been
pre-incubated in 1.0 mmol/l p-chloromercuribenzoate
were exposed to the sulfhydryl-protecting reagent
dithiothreitol at concentrations of 1.0 or 10.0 mmol/,
prior to the addition of coenzyme and ['*C]-estra-

W | 17B-Hydroxysteroid dehydrogenase; umol E1/mg protein
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Fig. 3. Time course of estradiol-178 oxidation in micro-

somal (1 mg/ml) and mitochondrial (1 mg/ml) fractions of

rabbit pregnant uterus. Data points shown represent the

means of duplicate determinations; O---0O: NAD as coen-
zyme, O——O: NADP as coenzyme.
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Fig. 4. The effect of pH on 178-hydroxysteroid dehydro-

genase activity. The various pH values of the incubation

mixtures were provided by the use of the following buffers:

0.2 M Na,HPO,—citrate buffer [@——@], 0.066 M phos-

phate buffer [O 0}, 0.2 M Tris-HCI buffer [B——®],

0.1 M glycine-NaOH buffer [O0——0Q]. E, = estrone,
E, = estradiol-178.

diol, the inhibition of the dehydrogenases due to
‘p-chloromercuribenzoate could be reversed in part
(Table 35).

MgCl,, ZnCl, and CuSO, inhibited the
17B-hydroxysteroid dehydrogenase to various extents
(Fig. 6).

For further characterization, K, values for the con-
version of estradiol into estrone in the presence of
NAD or NADP were estimated. The K,, value was
calculated from a double reciprocal plot of concen-

W | % control
Microsomes Mitochondrie
P-Cloromercur - P-Cloromercuri -
100 b - benzoate 100 - " ' benzoate
= lodacetamie = lodacetamide
50 50
0 ) 0 i - > S e §
05 1 05 1
(mmo) (mmol/h

Fig. 5. Effect of increasing concentrations of p-chloromer-

curibenzoate and iodacetamide on microsomal and mito-

chondrial 17B-hydroxysteroid dehydrogenase of rabbit
pregnant uterus.
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Table 5. Effect of sulfhydryl and disulfide agents on 178-hydroxysteroid dehydrogenase activity.

17p-Hydroxysteroid dehydrogenase

Microsomes Mitochondria
Addition (% control)
p-Chloromercuribenzoate (1 mM) 1.12 0.78
p-Chloromercuribenzoate (1 mM) + dithiothreitol (1 mM) 36 42
p-Chloromercuribenzoate (1 mM) + dithiothreitol (10 mM) 77 73
Dithiothreitol (10 mM) 108 98
Cysteine (10 mM) 98 91
Glutathione (10 mM) 96 97

The results show the average of duplicate determinations.

tration of estradiol and reaction velocity to be 7.7 x
10~ * mol/1 for the NAD-linked enzyme activity of the
mitochondrial fraction, and 9.1 x 10”5 mol/l when
NADP was used as cofactor (Fig. 9). The V for estra-
diol was determined as 0.17 nmol x min~ ' x mg pro-
tein~! (with NAD as cofactor) and 0.3 nmol x
min~ ! x mg protein~ ' {with NADP as cofactor). The
ratio of the maximal velocity for NADP to that for
NAD was 2.3.

The Ky, values of the 178-hydroxysteroid dehydro-
genase of the microsomal fraction were in the same
range as the mitochondrial enzyme (Fig. 7). The maxi-
mal velocity of the dehydrogenase with NAD was
0.52nmol x min~! x mg protein~!, and for the
NADP-linked enzyme 2.5nmol x min™! x mg pro-
tein~ 1. The ratio of the maximal velocity for NADP
to that for NAD was 4.8.

Aliquots of the microsomal and mitochondrial
17B-hydroxysteroid dehydrogenase preparations were
incubated with !'4C-labelled estradiol-178, estrone,
testosterone or androstenedione. The relative
amounts of oxidation or reduction products of these
steroids were estimated (Table 6).

Testosterone was oxidized by all samples at less
than 859 of the rate of estradiol-178. Both mitochon-
drial and microsomal preparations from pregnant
rabbit uterus reduced androstenedione at a lower rate
(50% or less) than estrone.

DISCUSSION

The subcellular localization of 178-hydroxysteroid
dehydrogenase has been investigated in many tissues

W | 2% control

Microsomes Mitochondria
100 +——e Mg Cl2 100 e Mg Cl2

o Z Cl2 - Zn Clg

=—aCu S04 —aCu S04

05 05

1 1
[mmoi/y [mmoi/f)

Fig. 6. Effect of increasing concentrations of heavy metals
on 17B-hydroxysteroid dehydrogenase.

[3-8]. In human placenta the activity (with estradiol
as substrate) is mainly located in the soluble fraction,
with little activity associated with purified endoplas-
mic reticulum or inner mitochondrial membranes. In
the human endometrium, the activity is distributed
about equally in mitochondrial and microsomal frac-

W | 1/v[umol E1/15 min/mg prolein]"
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0,15
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Fig. 7. Reciprdcal plot of rate of oxidation of estradiol-178
in the presence of NAD or NADP. For experimental
details see text.
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Table 6. Substrate and coenzyme specificity of the microsomal and mitochondrial 178-hydroxysteroid dehydrogenase
of pregnant rabbit uterus under standard reaction conditions

17B-Hydroxysteroid dehydrogenase
(nmol formed product/15 min/mg protein)

Substrate Coenzyme
(100 ymol/l) Product (500 umol/1) Microsomes Mitochondria
Estradiol-178 Estrone NAD 23 0.48
NADP 48 1.7
Estrone Estradiol-178 NADH 0.85 0.31
NADPH 2.6 0.8
Testosterone Androstenedione NAD 0.21 0.18
NADP 0.58 0.23
Androstenedione Testosterone NADH 0.18 0.08
NADPH 0.16 0.11

The results show the average of duplicate determinations.

tions with little 17B-hydroxysteroid dehydrogenase
activity associated with the cytoplasmic fraction [24].

The data obtained in the present study indicate that
there is a 17f-hydroxysteroid dehydrogenase in the
microsomal, mitochondrial and cytoplasmic fractions
of the pregnant rabbit uterus. This intracellular distri-
bution of the 17f-hydroxysteroid dehydrogenase
differs from previous reports of Jiitting et al.[l, 2],
who found that the oxidoreduction between estradiol
and estrone was observed only in the soluble fraction
from pregnant rabbit uterus. The discrepancy on in-
tracellular distribution of this enzyme has not been
clarified.

With regard to submicrosomal distribution of the
human placental enzyme, the present findings clearly
indicate that in rabbit uterus, 178-hydroxysteroid de-
hydrogenase activity was nearly evenly distributed
between the smooth and rough-surfaced microsomal
subfractions. One can assume that the enzyme is ac-
tively synthesized on the surface of the granular endo-
plasmic reticula and then transferred to agranular
endoplasmic reticula. Another possible explanation
would be that the enzyme protein is synthesized on
the free ribosomes instead of the surface of the granu-
lar endoplasmic reticula and that the protein is later
incorporated into both types of endoplasmic reticula.

The distribution of 178-hydroxysteroid dehydro-
genase in the sub-mitochondrial membrane fractions
suggested that this enzyme is associated with the
outer mitochondrial membrane rather than with the
inner membrane fraction. This may thus represent a
redistribution artifact. To elucidate this problem,
quantitative histochemical studies of the activity of
this enzyme in whole tissue preparations are planned.

The present investigation revealed that the rabbit
uterine 178-hydroxysteroid dehydrogenase prefers
NADP to NAD as a hydrogen donor. In contrast
to this, Jiitting et al.[1, 2] reported that NADP gave
a 20% lower activity than an equimolar amount of
NAD. As with other 173-hydroxysteroid dehydrogen-
ase in human placenta[7] and human endome-
trium [24, 25], broad substrate specificities have been
observed for the membrane-bound enzymes isolated
from rabbit uterus. Estradiol apparently is more reac-

tive than testosterone, while estrone appears to be
more reactive than androstenedione with the
178-hydroxysteroid dehydrogenase. The substrate
specificity of our enzyme preparations thus differs
substantially from that described by Jitting et
al.[1, 2] using a 10,000 g supernatant of pregnant rab-
bit uterus. Jiitting et al. found that testosterone was
dehydrogenated at less than 1% of the rate with estra-
diol, indicating that an aromatic A ring appears to
be characteristic of highly reactive substrates.

The biological function of the 178-hydroxysteroid
dehydrogenase in the target organ, the uterus, is still
unknown. It does seem certain than an enzyme which
can interconvert biologically active and relatively in-
active molecules is a potential candidate for an im-
portant physiological regulator role.

It is known that an early step in the action of estra-
diol in the target organ involves the binding of the
hormone to a specific cytoplasmic receptor protein,
followed by a change in the molecular properties of
the hormone-receptor complex, which is translocated
to the nucleus and there associates with one or more
specific acceptor regions in the target cell chromatin.
The specific binding of the hormone-receptor com-
plex to the chromatin induces the novel synthesis of
mRNA, which leads to the synthesis of specific pro-
teins on the cytoplasmic protein synthesis apparatus.

It is possible that the 178-hydroxysteroid dehydro-
genase acts at the target cell level as a regulator
enzyme in the complex estradiol effector mechanism,
in the sense that a large drop in the actual intracellu-
lar estradiol concentration, caused by enzymatic oxi-
dation at the 17B-position, would lead to a decrease
in the “sensitivity” of the target organ to estradiol,
especially since estrone is an effective competitor for
the specific binding region on the receptor protein,
and can displace the estradiol from it [26].
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