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ABSTRACT

TPNH, is oxidized in the presence of testosterone2
or testosterone sulfate and a microsomal preparation from
the liver of female rats. In the presence of inorganic
phosphate, DPN also acts as a hydrogen donor. Evidence
is presented thfit testosterone sulfate is converted pre-
dominantly to the 4,5-dihydro derivative, 3-keto-5a-andro-
stane-~17-yl sulfate.

Steroid sulfates have recently been found to under-
go metabolic interconversions analogous to those predicated
for the corresponding free steroids. Roberts et 51.3 have

35

reported, for example, that 3H-cholesterol S-sulfate,

injected into the left splenic artery of a human subject,

was converted into 3H-dehydroepiandrosterone 35

S-sulfate
without an appreciable change in the 3H/358 ratio. The
presence of cholesterol sulfate in adrenal extracts has
since been demonstrated by Drayer gg.gl.4 in the same
laboratory. Using similar double-labeling techniques,
Baulieu, Corpéchot, and Emiliozzi5 found that 17B-hydroxy-
androst-5-ene-3-yl sulfate was converted in vivo into
dehydroepiandrosterone sulfate without hydrolysis of the
ester linkage. These metabolic pathways may be utilized
in the formation of the 155-3B-hydroxysteroid sulfates

secreted by the adrenal glands.
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The existence of metabolic pathways utilizing ster-
oid sulfates as intermediates requires the participation
of enzymes capable of acting on steroid sulfates. This
necessity suggests that enzymes and tissue extracts now
known to act on free steroids may also act on the con-
Jugated derivatives. Tests of conjugated steroids as sub-
strates for such systems might, therefore, aid in estab-
lishing an enzymic basis for metabolic conversions which
have been or may be observed in vivo. 1In the present study
we have provided evidence that testosterone sulfate is
reduced to 3-keto-5a¢-androstane-17-yl sulfate by a micro-
somal 154—3—ketosteroid reductase in the presence of DPNHy
(plus inorganic phosphate) or TPNH. . Enzyme activity was

2
greater with testosterone sulfate than with testosterone.

EXPERIMENTAL

Materials and methods-- TPNH_, DPNH,, testosterone, 178-
hydroxy-ba-androstane-3-one, “and l7§—hydroxy—5B-androstane-
3-one were purchased from Sigma Chemical Corp. Testosterone
sulfate was prepared by reacting testosterone with chloro-
sulfonic acid-pyridine mixture according to a method’ used
earlier for the preparation of estrogen sulfates. For the
assay of enzyme activity, the free testosterone was added
as a solution in absolute ethanol to give a final concen-
tration of 1% ethanol in the reaction mixtures. Protein
was determined by the method of Warburg and Christian®.
Thin layer chromatograpgy was carried out essentially as
described by Dyer et al”.

Preparation of rat liver microsomeslo-- Liver microsomes
of 2 female rats were obtained by differential centrifu-
gation of a 12.5% homogenate in a medium composed of 8.6%
sucrose, 0.069 M EDTA and 0.02 M Tris at a final pH of
7.0. The microsomes were washed once by homogenizing
briefly in the original medium (10 ml per 1 g. liver) and
sedimenting again at 110,000 x g. The sedimented micro-
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somes were suspended in 20 ml of ice-cold water, homogen-
ized briefly, and lyophilized. The lyophilized preparation
was stored several months in the freezer with little loss
of enzyme activity.

Measurement of enzyme activity-- A suspension of the lyo-~
philized microsomes, prepared just before use by homogen-
izing in ice-cold 0.1 M Tris buffer, pH 7.0 (10 mg micro-
somes per ml of buffer), served as the enzyme source.
Unless stated otherwise, the reaction mixture contained
0.16 M potassium phosphate buffer, pH 7.0; testosterone or
testosterone sulfate, 10-4 M; DPNH,, 10™* M; and microsomes;
in a total volume of 3 ml. The activity was measured in a
Beckman DU spectrophotometer at 25°. The decrease in
absorption at 340 my in 6 minutes served as a measure of
DPNH, or TPNHy dehydrogenation. A control without steroid
subs%rate was run with each experiment to account for the
DPNHy or TPNHp oxidized by endogenous substrates. The
activity was then obtained by subtracting the change in
optical density without steroid from change in optical
density with steroid.

The decrease in absorbancy at 240 mp of diluted
samples of reaction mixture served in % similar way as a
measure of the hydrogenation of the A™-3-ketosteroid
group. At designated time intervals, a 0.1 ml aliquot of
each reaction mixture was pipetted into 0.9 ml ice-cold
distilled water. At the end of the incubation period these
diluted samples were read at 240 mp against a water blank
and ziro—time control. The molar absorbancy of DPN was
takenl3d as 6.22 x 1 and that oi testosterone sulfate at
240 my was found to be 1.38 x 107.

RESULTS

The effect of phosphate on steroid reduction with DPNHo,--

The microsomal reductase hydrogenated both testosterone
and testosterone sulfate in reaction mixtures containing
DPNH2 and inorganic phosphate but was inactiﬁe when Tris
was substituted for the phosphate buffer (Fig. 1). Ac~
tivity with both testosterone and testosterone sulfate
increased as the phosphate level was increased from 0.03 M

to 0.16 M (Fig. 1). 1In additional experiments (not shown)



48

STEROIDS 5:1
090— — 1 —— | T
T t———, ..,
-t —¢ N
= 085 .\\ 4 k- .\.\ ~2 -
g Ny o 3 \ "\
= 050k 3 \ N3
tf(lBC%; ~~5 4 F . -
a [ N\,
o |
< orst 4 L N\ 3
i (A) TESTOSTERONE (B) TESTOSTERONE
- SULFATE
O 1 2 34 5 6 O 1 2 34 5 6
MINUTES MINUTES

Fig. 1-- The activity of microsomal £>4-3- ketosteroid
reductase with (A) testosterone and (B) testosterone sul-
fate in Tris and in various concentrations of phosphate
buffer. Microsomal protein, 0.56 mg/ml. Curve 1, in

0.067 M Tris, pH 7.0. Curves 2, 3, 4, and 5 in 0 03, 0.066,
0.10 and 0.16 M potassium phosphate buffer, PH 7.0, respec-
tively. In separate experiments, 1% ethanol in reaction
mixtures run with testosterone sulfate as substrate did not
influence the reaction rate. Other details of the procedure
are described in the Experimental section.

with TPNH2 as hydrogen donor, inorganic phosphate was
not required for activity. Similar pyridine nucleotide
specificity was shown previously for testosterone reduction

in this system by Staudinger and Leybold:!'1

With both ster-
oid substrates, the reaction rate with DPNH, and 0.16 M
phosphate was approximately equal to the rate with TPNH2
and Tris buffer. The initial reaction rate was propor-

tional to the concentration of microsomal protein up to a
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level of one mg per ml.

Comparison of testosterone and testosterone sulfate as

substrate-- Testosterone sulfate was reduced more rapidly
than testosterone (Figs. 1 and 2). The greater activity
with testosterone sulfate was especially evident in the
pH range 5.5 to 7.0 (Fig. 2). The Km values for testos-
terone and testosterone sulfate in the presence of DPNHz

and 0.16 M phosphate,pH 6.0, were 3.3 x 1074 M and 0.9 x

4

10" " M, respectively.

Stoichiometry~- To ascertain that testosterone sulfate

served as the substrate of the microsomal reductase, the
establishment of the relationship between DPNHy oxidized
and testosterone sulfate reduced was desirable. The de-
crease in optical density at 340 mp due to DPNHy; oxidation
and the decrease in optical density at 240 mp occurring
with the saturation of the 4,5-double bond of the A%-3-
ketosteroid12 were followed in the same reaction mixture
(see EXPERIMENTAL). The results (Fig. 3) indicate that
approximately one mole of DPNHg was oxidized per mole of
testosterone sulfate reduced. Such a relationship is to
be expected 1f the dihydroderivative is the major reaction
product. Recently, Schriefers et 51.14 have shown that
about 90% of the cbrtisol and cortisone reduced by rat
liver microsomes was converted into the 4,5-dihydro
derivatives.

Identification of the product of testosterone sulfate

reduction-- The product was identified by thin layer
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Fii' 2-- The influence of pH on the activity of microsomal
D2-3-ketosteroid reductase with testosterone and with
testosterone sulfate. Microsomal protein, 0.56 mg/ml;
DPNH,, 1.67 x 10-4. Other details of procedure are de-
scribed in the Experimental section.

Fig. 3-- Utilization of DPNHy and testosterone sulfate in
the presence of the microsomal A 4_3-ketosteroid reductase.
Microsomal protein, 0.9 mg/ml; total volume, 4 ml. Other
details of procedure are described in the Experimental and
Results sections.

chromatography of the free steroids liberated by solvolysis
of purified ethanol extracts of the reaction mixture. To
obtain enough free steroids for identification, the volume
of the reaction mixture was quadrupled over that used in
the stoichiometry experiments (Fig. 3). Immediately after
all of the reactants were mixed, and while the tube was

still in ice, halif of the reaction mixture was removed and
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extracted with 4 volumes of methylene chloride to remove
any free steroids. The aqueous layer was then deprotein-
ized with 4 volumes of ethanol and centrifuged to yield an
ethanolic solution of the steroid sulfates. The remaining
half of the reaction mixture was incubated at 25° for 15
to 20 minutes and extracted in the same way. The two
methylene chloride extracts gave essentially the same ab-
sorbancy at 240 mu, indicating that no significant accumu-
lation of testosterone had occurred during the incubation.
Neither testosterone nor its hydrogenated derivatives were
detected on thin layer chromatograms (see below) of the
methylene chloride extracts.

The ethanolic extracts were evaporated to dryness
under vacuum. The residues were dissolved in a small vol-
ume of water and extracted with ether. The steroid sulfates
were then extracted from the water layer with water-satur-
ated n-butanol. After removal of the butanol under vacuum,
the residue was solvolyzed in five ml of dioxane containing
5% trichloroacetic acid at room temperature overnightls.
The dioxane solution was diluted with one ml of water, neu-
tralized to pH 7.0, and the dioxane removed under reduced
pressure. The residue was taken up in 1 to 2 ml of water,
which was then extracted with three volumes of methylene
chloride. After the methylene chloride extract had been
separated and evaporated under vacuum, the residue was dis-
solved in about 0.05 ml of ethanol. A ten pl aliquot of

each ethanolic solution was applied to the silica gel G
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chromatoplates. Standard solutions of testosterone and both
the 5a- and 5B-isomers of 17B-hydroxy-androstane-3-one in
ethanol were applied along with the experimental samples and
zero-time control on the same plate. The chromatograms were
developed in two solvent systems: (A) ether:chloroforn,

1:9 and (B) benzene:ethyl acetate, 1:19. The developed

9 and heated

plates were sprayed with sulfuric acid reagent
at 90° for the development of colored spots. The Ry value,
color, and fluorescence of the spots obtained with the in-
cubation mixtures resemble closely those obtained with the
authentic steroids and also agreed well with published
valuesg- The resulis (Table 1) indicate that the product
formed from testosterone sulfate is the sulfate ester of
178~hydroxy~5a~androstane-3-one and clearly eliminate the
58~-isomer as a significant product. Earlier experiments
14,20 pave identified the 5z-isomer as the product of the

reduction of free 454—3—ketosteroids by the microsomal

systen.

DISCUSSION

4-3-—ketosteroid reductase preparations

Microsomal o
such as that described here are known16 to act on 4&4-3-
ketosteroids with various kinds of groups at Cl7. In view
of the lack of specificity implied by these results, it is
perhaps not surprising that a £>4—3-ketosteroid which is

17

esterified at C is also reduced. We found, however,

that testosterone sulfate is a better substrate than free
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THIN LAYER CHROMATOGRAPHY OF

STEROIDS
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1
SOLVOLYZED REACTION PRODUCTS®

Benzene:ethyl

Ether:chloroform

-acetate (1:1) (1:9)

Compound Rg Color Fluor.®? Ry Color Fluor.
Standards
178-hydroxy-5a- 0.66 green- blue 0.36 brown- gray-
androstane-3- yellow yellow green
one
178-hydroxy~58 0.60 brown- violet- - - -
androstane-3- violet yellow
one
Testosterone 0.50 blue yellow 0.27 green yellow
Complete reaction mixture.C
Area No. 1% 0.50 blue yellow 0.29 violet- yellow

green
Area No. 2***xx (0,67 green- blue 0.37 brown- gray-
yellow vyellow green

Complete reaction mixture + 17B-hydroxy-5a-androstane-3—oneq

Area No. 1% 0.50 blue yellow 0.29 violet- yellow
green

Area No. 2*¥¥¥¥%%; g7 green- blue 0.37 brown- gray-

yellow yellow green

Complete reaction mixture + 178-hydroxy-58-androstane-3-one?

Area No. 1% 0.50 blue yellow - - -

Area No. 2%***x (.66 green- blue - - ~
yellow

Area No. 3*** 0.60 brown~ violet- - - -
violet yellow

a- Procedure given in RESULTS section.

b- Fluorescence under ultra-violet light.

Area 2 was not detected in zero-time controls.
17a~hydroxy-5a-androstane-3-one and 178-hydroxy-58-andro-
stane-3-one standards were cochromatographed with ali-
quots of the complete reaction mixture. The 58-isomer
was clearly separated from the reaction product, whereas
no evidence of separation was observed with the Sa-isomer.
Asterisks show relative intensity of color.

C~
d-
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testosterone. This finding suggests that other conjugates
of Ck#—S-ketosteroids may also be effective substrates and
emphasizes the possibility that such conjugates may play a
role in vivo in the conversion of 1;4—steroids to ring-

saturated derivatives. Double-labeling experiments of the

3 5 and their coworkers

kind used by Lieberman and Baulieu
will be required to determine whether this in vitro potenti~
ality finds significant expression in intact animals.
Previous studies in this 1a.box'9,1'.ory7’17"19 have
shown that certain conjugated steroids and related com-
pounds competitively interfere with the activation of var-
ious enzymes by their cofactors. Diethylstilbestrol diphos-
phate inhibits the activation of pyridoxamine-oxaloacetic
transaminase by inorganic phosphatelg. Our studies of the
microsomal reductase, which were initiated with the thought
that similar interference might occur in the activation of
the reductase by inorganic phosphate, have provided evidence
that at least one conjugated steroid is not an inhibitor
but is instead a substrate. This result does not exclude
interference by conjugated steroids that cannot act as
substrates. Further experiments are planned to test the
interaction of other conjugated steroids with A>4-3-keto—

steroid reductases of rat liver.
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