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SUMMARY

»
-

Mulfiple.forms of 178-hydroxysteroid dehydrogenase (178-HSD) have been -
1denti¥ied‘in’the cytosol of feﬁaTe rébbit 1iver.1 Three of these enzyme
forms (I, fI and I11) have been purified from liver cytosol of the 8-week-o1d
rgbbit by a prqcedure invoiving'affinity chromatography aﬁd chromatofocusing.

These enzyme forms appear to be charge jsomers since fhey differ in their

isoelectric points, have similar molecular weights and have no subunit struc-

ture. A1l of the purified forms catalyze the oxidation of 17§-hydrox&steroids
in ‘the presence of NADP® but not NAD. .Activity toward C1g stdroids is hi gher
than that toward Cig steroids. These enzyme forms also exhibit 3a~hydroxy-
stetéid dehydrogenase (30-HSD) activity toward Cyg steroids, activity toward

B -androstane substrates being higher than that'éoward Sa-éndrostane substrates.
Kinetic analysis ﬁith the éubstrates testosterone and etiocholanolone indicateé
a competitive inhibition pattern suﬁporting the presence of a common active

site for the 'two substrates)

The enzyme forms I.and Il havé considerable sf}uctqral homology as
1ndicated_by‘the}f amino acid compositions and by peptide mapping. :%hese
enzyme forus have the -same amino-terminal residue and carboxy1-permina1
pgptide pattern. énzyme forms I and IT also have'§1p11ar.re1ative activities
toward a variefy of 3o~ and 178-hydroxysteroid substrates. Although enzyme.
form IIT is structuraldy similar to forms I and II, it dif?ets from these
enz&mes at the amino;terminal of the protein. Enzyme form III also differs

in its relative activity towar& the 3q- and 17B—hydroxysteroid substrates.
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s The multiple forms of thé soluble 178-HSD of female rabbit liver are

+ age-related. The enzyme pattern oPtained by chromatofocusfnglé}ffers |
among rabbits at the ages of 28, 35, 42 and 49 days. A single major form_ ‘
(II1Y) of the §b1Ubfe,17B-HSD is present in the 1ive% qf'thé 28-day-old

. female rabbit. This enzyme, which is more acidic th;n any of the enzyme
forms preﬁent in the 8-week-o01d rabbit, has been purifiqd and compared to )

_ % the enzyme forms I, II and III. Although enzyme form ITIV has the same

Ml s . : . .
amﬁno~termina1 amino acid residue as enzyme form III, it is more homologous
to enzyme forms I'and II in terms of its peptide map and relative substrate

specificity.
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1) Trivial and syétematic Mames of st

Fa

-Bndrogtanedione
Androstenedione
Androsterone
Dehydroepiandrosterone
5a—Dihydrotesfosterone
Epitestosterone
17a-Estradiol
17B-Estradiol

178-Estradiol 3-glucuronide

—

Estriq]

Egﬁrone : -
Etiocholan-3,17-dione
Etiocholanolone

Testosterone

GLOSSARY ™~ . -

-

r . .
eroids:

¢ [

Sa-Androstan-3,17-dione
4-Androsten-3,17-dione
‘SaaAndrostap-Ba—o];17-one
5-Androsten-3g-01-17-one
5a-Androstan-178-o]-3-on;
4&Anéfosten-17a-01-3;one
1,3,5(10)-Estratrien~3,17u-dio]’
1,3,5(10)~Estratrien-3,178-diol

17g-Hydroxyestra-1,3,5(10)-trien-
3y1-g-D-glucopyranosiduronic acid

. 1,3,5(10)-Estratrien-3,16¢,178-triol

1,3,5(10}-Estratrien-3-01-17-one
5g-Androstan-3,17-dione

Ss-Androstan-Ba-oT;l7—oné

47Androsten-178-ol-3-one
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L 2) Structural fomnlée of some steroids,:including

‘\tho,se whic? are used
as substrates: i _ .
v ' . R _R]
178-Estradio] H. — O
. 17a-Estradiol Ho - OH
Estrone H .=
* v My
\"

. _& ~

Epitestosterone ---0H

Testosterone —0H

Androsj:enedione =0

i,

) . R R
¢ Androsterone : --=0H =0
Androstanedione © =0 =0

5a-Dilydrotestosterone =0 --OH

¢

N
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Bj Abbreviations and symbols:

Bis.
Ci
DnP-F

" d.p.m..

DTT ~

HSD

LKy

mA

mol
MW
n

NAD, NADH

NADP, NADPH

: i_
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» R R
Etiocholanolone ---0H =.
Etiocholan-3,17-dione . =—0 =0
N,N1-methy]enePisacry]amide
curie (2.22 x 10'2d.p.m:) x

1-fluoro-2,4-dinitrobenzene
_disintegraﬁjons per minufe
dithiothreitol
acceTeration/ﬁye to gravity
- hydr%xysteroid dehydrogenase
inhibitor constant
micro (10"6)
mi1li (1073)
milliampere
molar
A
mole
molecular weight : -
nano (10'9)

nicotinamide-adenine dinucleotide
(oxidized and reduced forms)

nicotinamide-adenine dinucleq;ﬁde phosphate
(oxidized and reduced forms)

il 4

A



NBT

nm

-pl
PMS
PPO
SDS.
TEMED

‘t.1.¢.

Tris

W

Vmax

v/v

w/v
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' nitroblue tetrazolium salt

" nanometer or millimicron

pico (10'12)
isoelectric point
phenazinekmethosu1fate
2,5-dipheny10x5€o1e
sodium dodecyl sulfate

NN N

-tetramethylenediamine
thin-layer chromatography
2-amino~2—hydroxymethy1propane-1,3-8101
ultraviolet

voltage

max%mum velocity

by votlume

weight in volume
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CHAPTER I
INTRODUCTION

A) General Introduction

In mammalian tissues steroid hormones are secreted by endocéine glands
and travel in the blood stream to their target organs. These hormones are in- ‘
volved in a variéty of biological actions in their target organs, such as
sex differentiation, the maintenance of pregnancy and the regulation of
energy utilization and electrolyte balahce.‘ Steroid hormones also play a
role in controlling the growth of certain tumors of the breast and prdstate
§1and. A1thou§h the regulation of steroid hormenes is ﬁfiméri]y at the
level of their biosynthesis through the action of bituitary peptide hormo-
nes, the metabolic processes for the {nactivation and removallof steroid’
hormones are also important in regulating the level oflthese hormones in
the body and therefore affect hormonal action on target tissues.

The }etabolic transformations of steroid hormones occur principally
in the 1iver and kidney and include the following: 1) interconversions of
sBecific hydroxyl and carbonyl functions on the steroid skeleton and side
chain by pyridiné—ﬁuc)eotide-]1nked hydroxysteroid dehydrogenases
2) reductions of steroid double bonds by A-reductases which require the
participation of pyridine nucleotide; 3) hydroxylations of primary,
secondary and tertiary carbon atoms in reactions requ%red NADPH and mole-
cular oxygen: 4) conjugation of steroids with sulfate or Qlucuronide
residues.

The designation hydroxyﬁteroid dehydrogenase (ketostercid oxidoreduc-
tase} ha§ been widely adopted for the group of enzymes which catalyze tﬁe

interconversion of hydroxyl and carbonyl functions on the steroid skeleton
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and side chain. The position and steric configuration of.the reacting
group is conQenient]y designated by an appropriate prefix. These reactions
require pyridine nucteotides as hydrogen carrier and may be formulated
according to the following equation:

Hydroxysteroid + NADP. (NAD+)-————————= Ketosteroid + NADPH (NADH) + H
Dehydrogenases which act on 3a-, 38-, 6a-r68-. Ta-, 78-, 1la, 118, 120-,
15¢-, 158-, 16a-, 168-, 17a-, 178-, 20a~-, 20R- and 21-hydroxysteroids have
been‘identified.

Since chemical modification at C-17 of.androgens and estrogens éan
affect their biological activity, the 17-hydrox§steroid dehydrogenases {17-HSD;
EC 1.1.10 have a potentially important role in regulating the physiological |
action of estrogenic and androgeﬁic steroids. As a consequence considerable
attention has been directed to these enzymes with regard to their chemical
and physical properties and their.function in mammatian tissues. fhe ‘
17-HSD consist of the 17a- and 17é-HSD groups based on the stereospecificity
of the ehzymatic reaction at C-17 of the steroid substratés. 17a-HSDs
catalyze the interconversfoﬁ of the 17-keto and 17a-hydroxysteroids while,
178-HSDs catalyze the interconversion of_the 17-keto and 17B8-hydroxysteroids.

The rabbit is an appropriate model for studies on the structure-function
relationships of.the 17-HSDs since estrogen metabolism and 1ikely androgen
metabolism as well, involves in part the‘conversion of 17g-estradiol to.the
inactive 17q-epimer. Both 17a- and 178-HSDs are present in a number“1 of
rabbit tissues. Previoﬁs studies in our 1abgratory have characterized theﬁ
17a-HSDs of liver and kidney. The studies described in this thgsis were -

o

therefore undertaken to characterize the 178-HSD of liver in order to

1 d
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compare &mgs éctivity to the 17a-HSDs and to establish the role of this

enzyme in estrogen and androgen metabolism in the rabbit.

I
B) Literature Review of 17-Hydroxysteroid Dehydrogenases

1. Tissue distribution

-

The presence of ITB-HéDractivity has been-dgcumented in a variety of
maﬁmalian tissues. 178-HSD activity is present in the ovary (Renwick and
Engel, 1967), testis (Inano and Tamaoki, 1974) and placenta (lLanger and
Engel, 1958). Thé enzyme activity is also presented in the hormone-
responsive tissue; such as the uterus (Ryaﬁ and Engel, 1953) and ventral
prostate (Hussein and Xochakian, 1968).- Moreover, 178-HSD activity has
been demonstrated .in tissues such as liver and kidney (Aoshima and
Kochakian, 1963), skin (Davis g}_gl,,]gj?; Hodgins et al., 1982) and lung
(Milewick et al., 1978).

Fo]éerd and James (1982) studigd the 178-HSD in human subcutaneocus
adipose tissue homogen?te. They found that the reduction of estrone occurred
more readiiy in this gissue.a]though 178-estradiol was also a substrate.
They postulated that the adipose tissue could be an important site of _
periﬁheral 17B-estradiol production in particular in postmenopausal obese
women where ovarian estradiol production is greatly diminished.

Faréhjng et al. (1982) have recently observed a 178-HSD in the mucosal
homogenates'of rat and human small intestine which converts testosterone
to the biologically inactive androstenedione. The estimated total 178-HSD
activity of the rat small intestinal mucosa was considerably greater than
both testis and lung, suggesting that the small intestine might make a
significant cqntribution to the peripheral oxidative metabolism of testos-

terone. This could explain the ineffectiveness of oral testostercne

N

-

S
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replacement which had been previpust attributed to.hepafic metabolism of
testosterone. | | ' Y
The pyr{dine nucleotide specj{jcity of the 178-HSDs can vary among
tissues i the same species and among the same tissues iﬁ different species.
178~HSDs of rabbit tissues are typical examples of this variation.
Hasnain and Williamson (1975) examined the tissue distribution of the NAD+-
and NADP+-dependent 178-HSD activities in the rabbit and showed that
178-enzyme activity was present in the homogenates,of liver, kidney, small
intestine, 1arge intestine, sp]eenvand uterus. Moreover, the 178-enzyme
activity of the liver and large intestine exhibiteq a preference for NADT,

while NADP+ was the preferred cofactor in the kidney and small intestine.

\

2.  Subcellular distribution and pyridine nucleotide specificity

Studies on the subcellular stt;ibutioh of the mammalian 178-HSDs have
shown that in general these enzymes are located either in the microsomal
or the soluble fraction of the cell, indeed some tissues hgve 178-HSD acti-
vity in both of these subcellular fractions (Williamson, 1979). |

In the majority of tissues, NaDT s the preferred cofactor for thé micro-
somal 178-HSD activity and NADP+ is the cofactor for the soluble enzymé
activity. Examples of the microsogal 178-HSD activities which prefer NAD+
as cofactor jnc]ude those of the dog prostate {Hussein and Kochakian, 1968),
human endometrium (Pollow et al., 1972a,b,e), rat skin (Davis et al., 1972)
human forehead skin (Hodgin gﬁ'gl., 1982}, guinea pig Tiver (Aoshima_and' .
Kochakian, 1963) and human liver (Littman et al., 1971). Examples éf

soluble 17B-enzymes which prefer NADP+ as a cofactor include those of

rabbit Tiver (Williamson, 1979}, chicken 1iver (Renwick and Engel, 1967),

L)
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guinea pig liver and kidney (Aoshima and Kochakian, 19635 and human main
axillary skin (Hodgin et al., 1982).

This relationship between subcellular distribution andopyridine
nucleotide specificity of the 178-HSD is not stricfly followed in all
species and tissues. Inano and Tamoki (1974) have purified a hADP+—depen—
dent 178-HSD from the microsomal fractién of porcine testi; and-an NAD+J
dependent 178-HSD activity has been identified in the solubie'fraction of

)the sheep ovary (Kautsky and Hagerman, 1970; Michel et al., 1975). Recent{y
Kochakian (1982a,b) examined the 178-HSD of the liver and kidney of the
_§du1t hamgter. NAb+ was the preferred cdfactof for the soluble activity
of both tissues and the liver microsomal activity while NADP+ was the
preferred cofactor forzihe kidney microsomal enzyme. . 178-HSDs that can
utilize either NAD" or NADP' as cofactor have also been reported. The best
example is the soluble 178-estradiol dehydrogenase of human placenta.
Karavolas et al. (1970) determined the kinetic constants for both pyridine

nucleotides and the values for maximal velocity obtained with NADP+ were

70% to 80% of those obtained with NAD .

3. Physical and chemical properties of ]78—hydr6xysteroid dehydrogenase
The 178-HSD that has been examined most throughly in terms of ‘its
physical properties is the soluble 17g-estradiol dehydrogenase of human

placenta.

(a) Molecular weight and subunit structure

A dimeric structure for the human placental 17g-estradiol dehydrogenase

has been suggested by various molecular weight determipation experiments.

Burns et al. (1971) showed that this enzyme sedimented as a single
A
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band by SDS-polyacrylamide gel electrophoresis, corresponding'to‘a molecular
weight of approximaterIBSESbO. Ultracentrifugation of the enzyme in the -
presence of 20% glycerol gave a molecular Qeight of 67,000 suggestimy that
in solution the enzyme exists as a dimer (Burns et al., 1971). Ultracen-
trifugation of the enzyme in the presence of 8 uM 178=esfradipl-gave a mole-
cular weight of 68,000 (Burns g}_glﬁ?éﬁgjz). Jarabak and Street (1971) _

" obtained a subunit molecular weight of 35:000 d? SDS-polyacryiamide gel
electrophoresis, when the native enzyme Preparation was first reacted with
‘the cross-1inking agent dimethyl-suberimide, in adaition to a second pfotein
band with é molecular weight 6% approximately 73,000. Jarabak and Street’
I (1971) also obtained.va1ues in the range of 72,000 when tﬁey used different
.methods, including gel filtration, sedimentafion coefficient in ordef‘to
measure the molecular weight of the placental enzyme, 17B8-estradiol dehydro-
genase. —

Studies have been carried out to establish whether the dimeric form’

’

of the enzyme consists \of simiJar subunits. 'Burngngg_gl. (1972) have shown

idenfical in their amino acid.composition and the
amino acid sequences 1 ends for a distance of at least
five residues are similqr. Moreover, pep mappingfstudies on the

Eﬁyaotryptic digests of thexepzime revealed only six different cysteinyl .
peptides from a total of twelve cysteineresidues (Pons gﬁ_gl},\]977). Each

L Tl

subunit of thejenzymeﬁgii\shown to h§ve an essential cysteine residue in
its active site. & ' _— _ " -

The molecular weights of a number of other I7B;HSDS have been determined.
Sucrose density gradient centrifugation of the 178-HSD of sheep ovary gave

a molecular weight of 104,000 for this enzyme (Kautsky and Hagerman, 1970).
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There was no evidence of monomer-polymer intercénversian,-althou
equilibrium has been found with ‘the human:placentél’173-estra 701 dehydro-
genase, Two values fo# the moleculaf—weight of the 17B-HSD f}om.human red blood
blood cells have Eggn reported. Jacobsohn and,Hdchberg (]968{ obtained

the value of 75,500 estimated by gel filtration and emponing the same
techniqqe,:Mulder gz;gl, (1972) obtaiﬁed a value of 64,000. Poil&& et ail. -

{1976a) determined the molecular weight of the 178-HSD of human secretory

endémetrium to be 50,000 to 54,000 by gel filtration. _ égiéx\

A number of 178-HSDs have molecular weights similar to that of the
‘subunit of the humap p1acegig] 178-estradiol dehydrogenase. The mélecu1ar
weight of the microsomal NADP+-17B-HSD of;pofcine testis was estimated as
35,500 from gel filtration data (Inano and Tamacki, 1974). This value is
coincident with that for 178-HSD of rabb%t liver cytosol {Thaler-Dao g;_gl;,
1972} and guinea pig kidney (Liu and Kochakian, 1972a). Nqne of these
enzymes appea} to have subunit structures. Renwick et al. (1981) purified
two %orms of 178-HSD of chicken liver cytosd]. The molecular weights of:
‘the two forms were 43,000 and 97,000 as determined by SDS-polyacrylamide

-

gel electgpphoresis.

e

(b) pH ogﬁimum
~The pH optima of various 17g-HSDs show striking similarities. For
examp]e‘the'i7B-HSD of rabbit liver (Tﬁaler-Dao et al., 1972) and chicken
liver (Rehwiék and Engel, 1967) exhipit broad pH optima ranging from 9.0
to 9.5. The guinea pig kidney 178-HSDs have pH optima from 9.4 to 10.2
-(Liu and Kochakian, 1972q) and similarly thé 178-HSD from human erythrocytes
is optimally active within ava range of 8.5 to 10.0 (Mulder et al., 1972).

Human placental 17B-estradiol dehydrogenase also exhibitsa pH optimum at

G ;
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pH 10.0 (Langer and Engel, 1958). An exception to this alkaline pH optimum
is the miérosomal 178-HSD of porcine testis which has a pH optimum between
6.5 and 7.5 (Inano and famaoki,‘1974).

0ften, the pH optimum of the 178-HSDs differs for the oxidations and
reductions. = Jutting et al. (1976), in studjes on the 178-HSD of rabbit
uterus, oBserved that the pH optimum for the gnzymatjc oxidation of 178-
estradiol to estrone was pH 9.5 and fo?ﬂfeduction of estrone to 178-estradiol
was 6.4. In another studj, Breuer and Dahm {1964} showed that the oxidation 2
of testosterone to androstenedione by a partially purified soluble 178-HSD
of rat kidney was maximum at pH 8.7, whereas the reverse reaction was

Sy
maximum at pH 6.6

(c) Substrate’specificity

The substrate specif%city of the 178-HSDs has been studied in a variety )
- of mammalian species and tissues. These studies Léve revealed that there

is a broad variation in specificity depending on the species and/or tissues
that are the sources of the enzyme. Therefore this review will not attempt

to discuss the specificity of all 17g-HSDs but will describe examples of
enzymes that exhibit high specificity and others that are less specific.

The possible physiological significance of Ehis substrate specificity will

also be discussed.

The so1ubfe human placental 178-estradiol dehydrogenase has been exa-
mined most extensively in £erm§ of substrate specificity. Langer et al.
(1959) showed that the enzyme had an absolute stereochemical specificity for
the 178-hydroxy] group and that it did not react with the following substi-
tuent§ on steroid molecules: 3a-hydroxy, 3B-hydroxy, 3-keto, 1la-hydroxy,
I]B—hydroxy, 160~-hydroxy, 168-Hydro§y and 21-hydroxy. ‘They noted also

that an unsubstituted phenolic hydroxyl group at C-3 was not essentiat.
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Although some nonbehéeﬁoid steroids were acted upon slowly, an aromatic A
or B ring or both appeared to be characteristic of highly reactive substrates.
The most feactive substrate was 178-estradiol and the regative rate of
testosterone oxidation was less than 1% that of 178-estradiol. Because of
this high activity toward 178-estradiol, this enzyme was -called 178-estra-
diol dehydrogenase or EDH. | .

Engel and Groman (1974) showed that 16c-hydroxyestrone was readily
reduced to estriol in the presence of NADH or NADPH, while estriol was ﬁot
a substrate for the 178-estradiol dehydrogenase. They concluded that one
of the physiological roles of placental 178-estradiol dehydrogenase was 1o
carry out the final step in estriol synthesis. The inability of estriol to
be oxidized by the enzyme could be due to the formation of a nonreactive-
complex, probably a consequence of the steric effect exerted by the oxygen
function at b-]G (Blomquist et al., 1981). A similar irreversible reaction
catalyzed by 178—9strad101 dehydrogenase is its interaction with 18-hydroxy-
estrone. The placental enzyme is unable to catalyze the oxidation of
18-hydroxy-~17g-estradiol whereas 18-hydroxyestrone is readily reduced
(Findlay and Breuer, 1974).

The ovarian 178-HSD has been studied from sheep (Kautsky and Hagerman,
1970; Michel et al., 1975), human (Pittaway et al., 1977), rabbit )
(Davenport and Mallette, 1966; Rodway and Rahman, 1978) and in immature
mouse (Lerner et al., 1972). In all of'these species, the enzyme activity
is relat1ve1y specific for estrogens and minimal act1V1ty is detected with
androstened1one dehydroepiandrosterone, testosterone and androstenediol as
substrates (Pittaway et al., 1977). The 178-HSD of the mycmetrium from

rabbit uterus {Jutting et al., 1976) and human endometrial microéomes (Ryan
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and Engel, 1953; Tseng et al., 1981) oxidize 17g-estradiol at a rate mych
higher than that observed with testosterone as substrate.

Leinonen (1982) studied 17R-estradiol oxidation in the human testis
in order to characterize a potentially important physiological regula-
tory step in the action of estradiol on testicular steroidogenesis.
Administration of 176-estradibl is known to inhibit testicular androgen
production (Kalla et al., 1980). 17p-Estradiol was shown to be metabo] ized"
to estrone, a metabolite with lower estrogenic activity, in a reaction
requiring NAD*. This reaction was not inhibited by testosterone to any
great extent. Leinonen {1982) suggests that in the human testis }he oxida-
tion of 17R-estradiol to the weaker estrogen prevents the deleterious
effe¢t of this hormone on androgen biosynthesis. On the other hand,
17@-oxidation of testosterone by testicular 178-HSD required a diffe-
rent coenzyme (NADP+), had a different pH optimum and was inhibited by
178-estradiol and testosterone. This data suégésts that in the human
testis different.enzymes catalyze the oxidation of ]7B—e51radio1 and
testosterone (Leinonen, 1982). ‘

In the rat testis, the presence of two distinct 17g-HSDshave been
described, one Tocated in the ipterstitial tissue and the other in the
seminiferous tubu]qf (Murono and Payhe, 1976). These two enzymes catalyze |
the reduction of androstenedione to testosterone, have different pH
optima, Km values and respond differently to testosterone and its'Su—
métabo]ites. The interstitial tissue enzyme is inhibited by testosterone
and its 5a-reduced metabolites and 178-estradicl. 0On the othef hand, tes-
tosterone and 5a-androstan-3u,178-diol activate the 178-HSD activity in se&?l

niferous tubules and So-dihydrotestosterone in high concentrations inhibits this



-11-

enzyme activity. The different effects of testosterone and its S¢-metabo-
Tites on the 17g-HSD activities of the interstitial and seéiniferous
tubules led Murono and Payne {1976) to postulate that the testosterone
biosynthesis in the rat testis might be regulated Tocally in the two testi-
cular compartments without any diréct involvement of the pituitéry gonado-
trophin’ hormones. ‘

The 178-HSDs of liver and kidney generally exhibit a broader substrate
specificit _thgn that observed with this enzyme in endocrine tissues. .For
examp]e stjgies with human and guinea pig liver hqve shown that bath C]B
and C,q steroids are substrates.for,the 178-HSD of these tissues (Joshi et
al., 1963; Littman et gl.; 1971; Blomquist et aT., ]§81). Thaler-Dao et al. (1972)
* resolved thréé 178-HSD activities from ra?Ejt liver cytosol and partially
purified two of these enzymes. One of the enzyme activities utilized NAD+
or NADP+ as cofactor and catalyzed the oxidation of both testosterone and
178-estradiol. The other‘enzyme required NADP+ and had higher aétivity
toward testosterone than Ifs-estradiol. This enzyme activity also possessed
30-HSD activity and to lesser extent 3B-activity with substrates of both the ¢
5a- and 5B-androstane series. It.was suggested that a single protein was
responsible for both the 178- and 30-HSD activities. Renwick et al. (1981)
were able to purify two soluble NADP+-1inked 17B-HSDs from chicken liver
with molecular weights of 43,000 and 97,000. The Tower molecular weight
form was the more active toward 178-estradiol and C]9 steroids were poor
substrates.

The soluble 178-HSD of guinea pig kidney is the best characterized
enzyme of this tissue. Purification of the enzyme activity by Liu and

Kochakian (1972a,b) indicated the presence of several soluble 178-HSDs in
{

‘
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this tissue. A171 of these enzymes exhibited dual pyridine nuc1eotige speci-
ficity although higher activity was obser;ed with NADPY than with NADY. With
steroid substrates, highest activity was obtained with testosterone, only
a trace of enzyme activity was observed with.]78-estrad101.. The 50~ and
5B-reduced C]g steroids we;e also substrates.

178-HSD activity toward both estrogens and androgens has been demon-
strated in the blood of several mammalian species. Enzyme‘activity caéa]yzing
the'interconyersion of androstenedione and testosterone in the peripheral
venous blood of the human, sheep, dog and rabbit has been observed
(van der Molen and Groen,«1968). A 17B-HSD catalyzing the.intérconversion
of']7B-estradio1 and estrone has beén detected in the peripheral blood of
pregnant woman early in gestation (Plotti et al., ]912). The 17B8-HSD
activity of human erythrocytes has a broad substrate specificity and
catalyzes the conversion of both androgens and estrogens with a 17g-hydroxyl
group ot 17-oxo group. In addition, the sU]faté derivatives of estrone,
17gvestradiol and dehydroepiandrosterone are also substrates.

Milewich et al. (1982) showed that, in the human 1ymphocytes the major
androstenedione metabol}zing activity was 178-HSD. These authors suggested
that in human, lymphocytes were a potential site of peripheral metabolism

~ of androstenedione to more potent androgens.

(d) Bifunctional enzyme activity .

Studies in a number of purified 178-HSDs have shown that these enzymes
may catalyze oxidation-reduction at more than one positibn of steroid
f
substrates. For example, four forms of a 17B-HSD purified from crude

extracts of Pseudomonas testosteroni have been shown to possess enzymatic

attivity toward both 38- and 178-hydroxysteroid substrates (Schultz et al.,
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1977a). The evidence suggested that in each of the forms, both the 3g- and
17B-activities were assoc1a€3d W1th the same prote1n mo]ecu]e

In an early study, Purdy and co]]eagues (1964) reported. that the 17g-
estradiol dehydrogenase and 20q-HSD activities of the human placenta were
indistinguishaﬁ]e in their physical properties. They possessed the same
degree of stability in glycerol solution, the same heat inactivation and
the same degree of inhibition by R-hydroxymercuribenzoate. These authors
also obtained kinetic evidence that supported the assumption that 17g-estra-
diol dehydrogenase and 20u~HSD represented a bifunctional enzyme activity
on a*single protein. This early study has been confirmed by étrick]er and
Tobias (1980; 1981a,b), who were able to purify an enzyme from human
placental cytosol that possessed both 17g8-estradiol dehydrogenase and
20a-HSD activities, with a ratio of specific activities of about 100:1
respectﬁye]y To evaluate whether cata1ys1s of the estrogen and progestin
substrates occurred at a single active site on a single protein or at two
different sites, alkylation studies using 16a~bromoacetoxyprogesterone were
carriéd out (Stricéﬁer et al., 1981). This affinity alkylating steroid
bound at the enzyme active site, inactivatdd the enzyme in an irreversible
and time dependent manner and éaused a loss of both 178- aﬁd 200-activities.
Strickler et al. (1981) showed by affinity radioalkylation studies using
16u[2'-3H]bromoacetoxyprogesterone that 2 moles of steroid were bound per
mole of inactivated enzyme dimer. Amino acid analysis of the acid hydro-
lyzate of radioalkylated enzyme showed that 16c-bromoacetoxyprogesterone
djcarboxymethylated a histidyl residue at the active site. These results

were identical with those reported for this enzyme when 16a[2'-140]brom0—
acetoxyestiradiol-3-methyt—ether was used as the alkylating agent {Tobias
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?’ and Strickler, 1981). These studies clearly deﬁonstrate that the catalysis
' of estrogen and progestin substrates could be occurrihb at a single enzyme
active site. Tobias et al. (1982) also demonstrated the bifunctional aiti-
vity of human placental 178-estradiol dehydrogenase u;ing the affinity”
labels 178[1-(R)-1-hydroxy-2-propyny1] androst-4-en-3-one {a-HPA} and"
178[1-oxo-2-propyny1] androst-4-en-3-one (OPA). OPA was a substrate and a
very.rapid irreversible affinity a]ky1afor in the absence of NADH and
caused simultdneous inactivation of the 178- and 20u-activities in a time
dependent manner which followed pseudo-first order kinetics. The enzyme
was protected against OPA inactivation by the substrates, estrone, 178-e§tra—
diol, progesterone and 20a-hydroxyprogesterong. On the ofhér hand,
incubation of o-HPA in the absence of cofactor did not result in inactivation
of the enzyme. - When a-HPA was enzymatically oxidized to OPA in the
'présence of NAD+, jdentical time-dependent, irreversible inactivation of
both the 178- and 20a-activities was observed. Tobias et al. (1982)
concluded that the simultaneous inactivation of both 178~estradiol dehydro-
genase and 20o-HSD activities by OPA and by enzymatic oxidation of a-HPA
clearly demonstrates the bifunction activity of the single enzyme active
site of the human placental 17B-estradiol dehydrogenase.
Bifunctional enzyme activity has also been reported for the 178-HSD
of human endometrium (Tseng and Gurpide, 1979) and rabbit ovary (Rodway
and Rahman, 1978} and liver (Thaler-Dao et al., 1972). Morevoer, bifunc-
tional enzyme activity is not restricted to 178-HSD. 3é~ and 20B-HSD

activities have been observed jn Streptomyces hydrogenans. Different

studies have shown that both activities are due to one enzyme (Edwards

and Orr, 1978; Sweet and Samant, 1980, 1981; Sweet et al., 1980).

L}

-
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(e) Heterogeneity of mammalian 178-hydroxysteroid dehydrogenases

The purification of 178-HSDs from a variety of tissues and species
has revealed the heterogeneity of this enzyme. The first indication of the
isozymic nature of a 178-HSD of mammalian origin was demonstrated by

.po1yacrylam1de disc gel electrophoresis of the cytosol of guinea pig kidney
by Liu and Kochakian (1972a,b). When gels were stained for 176-HSD activity,
three strong and two weak bands which possessed both NAD'-NADP™ -1inked )
178-HSD activities were observe&? E1ggtrobhoresis at a series of gel
concentrations indicated that the enzyme forms were charge isomers rather
than size isomeré. Shen and Kochakian (1978) have iso]ated some of thé
muitiple forms of the guinea pig kidney 178-HSD by an extensive combination
of anion and cation e;change chromatography. The amino acid composifion,

Km values and coeﬁz&me and substrate spgcificities of all but one of the
enzyme forms were very similar. .

One major and six minor 17B—hydroxy C]gfsteroid'dehydrogenases have
been purified from male adult guinea pig liver by a combination of gel
filtration and ion exchange chromatography (Kobayashi and Kochakian, 1978).
The amino acid compositidns, Km values and substrate specificities indécated
two separate groups of enzymes. The first group was specific for 5B-andro-
stanes series and could utilize either NAD+\or NADP as cofactor. The
second group was specific for Sa-androstanes and NADPT .

Isoe]ectric focqéing of the soluble 178-HSD f}om ﬁorma] human endome-
trium and endometrium carcinoma. indicated a heterogeneity of the enzyme
(Pollow et al., 1976a,b). The enzyme. from normal human endometrium yielded
three enzymatically active bands with either 178-estradiol or testosterone

as substrate. In contrast, the activity patterns from endometrial carcinoma
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consisted pf 2, 4_or‘7 bands of enzyme actiQity, depending on the §Epstrate
(17g8-estradiol or testosterone) and the cofactor (NAD+ or NADP+). This
finding indicated that in normal and neoplastic endometrium, the 178-HSD
existed in different molecular forms. |

Inano et al. (1980) séparated two forms of the porcine testicular
]fE-HSD by isoelectric focusing. This heterogeneity did not appear to be
due to protein methylation or the preseﬁce of carbohydrate on the protein.
The two enzyme molecules were very similar in their amino acid composition.
The two enzymes were also immunologically similar. More recently, Inano
et al. (1981) separated thé\porcine testicufar 178-HSD into at least three
distinct bands of enzyme activity, by polyacrylamide gel e1ectrophoresi;a‘
The heterogeneity was mainly due to difference in net charge of the enzyme
forms and not a difference in the molecular size.

Engel and Groman {1974) subjected the human placental 17R-estradiol
dehydrogenase, a dimeric enzyme, to isoelectric focusing in 20% glycerol
on polyacrylamide gels, between pH 4.0 and 6.0. >They obtained a pattern
of three prominent and two faint bands upon staining for protein or enzyme
activity. Isoelectric focusing carried out in the presence of 8 M urea
revealed the presence of three protein bands. Engel aﬁd Groman (1974)
concluded that there were three different monomers of the enzyme present in
unequal_amounts that could interact to form six dimers in the native enzyme.
Heterégeneity of the 178-HSD has also been observed in the rabbit and chicken
Tiver (Thaler-Dac et al., 1972; Renwick et al., 1981).

(f) Mechanism of reaction

The kinetic parameters for the inte#%etion of steroid substrates and

Pyridine nucleotides with a number of 178-HSDs have been used to establish

<
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the molecular mechanism of the eniyme reaction. Warren and Crist (1967)

—

carried out a kinetic analygis of the site specificity of purified human
placental estradioll178-dehydrogenase in terms of cofacfor (NAD+ and NADP+) ‘
"and steroid substrates (178%estradiol and estradiol 3-sulfate). This ana-
lysis indicated that both 178-estradiol and estradiol 3-sulfate bound at a
single active site. NAD' and NADP® had an active site in common and a
second NAD+ binding site of Tower binding affinity was also present.

Warren and Crist (1967) postulated an ordered mechanism in which either
steroid or cofactor bound first to the enzyme. The steroid and cofacpor
formed a ternary complex with the enzyme before the catalytic step occurred
-(bi bi mechanism).

Betz (1971) investigated the reaction mechanism of_human placental
estradiol 17B8-dehydrogenase by measuring the rate of isotopic exchange
between substrate-product pairs while varying the concentrations of
un1abe]ed reactants (Betz, 1971)." He found that either the steroid o%
nucleotide formed a binary complex with the enzyme.  This data was consis-
tent with a random addition of substrates to the enzyme in contrast to an
ordered méchanism in which the biﬁding of one substrate was prerequisite ‘
for the binding of the second. In contrast to the initial velocity studies
of Warren and Crist.(1967) no abortive ternary ‘complex of enzyme and two
oxidized or two reduced substrates werenoted. The results of Betz (1971)
are supported by an affinity labelling study by Pons et al. (1973) which
showed that NADP+ exerted a protective effect against inactivation of enzyme
by the oxidi;ed steroid inhibitor iodoacetoxyestrone and NADPH prevented
" the inactivétion by the reduced inhibitor iodoacetoxyestradiol. Apparently,
neither the ternary comb]exes 1'odoacetoxyestrone-enzyme-NADP+ nor iodoaceto-

N
xyestradiol-enzyme-NADPH were formed. -
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Michel et al. (1975) carr{ed out a kinetic study of the reaction
catalyzed hy fhe ]ZB-HSD of sheep ovéry, in the presence of different
concentrations of coenzyme and substrates. *The data obtained suggested
a compulsory order mechanism.with the binding of NAD" as the .first substrate.
This mechanism was supported by the observation that the binding of the
coenzyme enhanced the affinity of the ovarian enzyme for the steroid
substrates by 2- to 30-fold. This effect was not observed with the
placental enzyme.

Further\§tudies on the méchanism of the 178-HSD reaction have involved
an examination of the stereospecificity of hydride transfer from the
pyridine nucleotide coenzyme io steroid substrates. Jarabak and Talalay
(1960) carried out the reaction with 178-estradiol and NAD(P+)—nicotinamide-
4-3H. The placental 178-estradiol dehydrogenase was a "B" stereospecific
enzyme, meaning that the enzyme transfers hydride betwegn thelsubstrate .
and the g8 (Pro-S) side of the dihydropyridine ring. This was subseqﬁent]y
confirmed in studies by Warren et al. (1967).

Groman et al. (1975} used affinity labeling of the 17g8-estradiol
dehydrogenase with bromoacetoxyestrone to study the stereospecificity of
hydride transfer. They observed that, treatment of.the inactivated enzyme
with (45)-[4-2H]NADH resulted in the formation of covalently bound
[178—2H]-estradiol-178, which was released by hydrolysis and identified
by gas chromatography-mass spectrometry. When (4Rj-[4-2H]-NADH was used,
deuterium was not transferred. This experiment also illustrated that the
normal stereochemistry of hydride transfer was preserved for both partners

even when the enzyme was covalently bound to 11gand.rﬂ
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(g) Studies on the active site of the soluble human placental

178-estradiol dehydrogenase

Affinity labeling has been used extensively to study the active site
and the mechanism of action of 178-estradiol dehydrogemnase. Affinity
labels are substrate analogs or competifive inhibitors which react speci-
fically and irreversibly with amino acid residues at the active site of
an enzyme. Direc£ evidence for binding of an affinity label at the active
site of an enzyme would be obtainedlif, following covalent modification,_
the enzyme could catalyze its normal chemical reaction by using its
qova]ent]y bound 1igand as a substrate. Steroids are ideal carriers of
reacti?e groups that can form covalent bonds with amino acid residues in
proteins. Their rigid skeletons and the fact that reactive groups can
be attached to them at known positions and with known stereochemistry

.permit them to be used as probes of high precision for the delineation
of the geometry of binding sites on a protein molecule.

A number of modified estrogens have been synthesized and used as labels
for 178-estradiol dehydrogenase in different laboratories. Thesé alkylating
steroids have been radiolébe]ed either on the steroid skeleton or on the
side chain, Examples of such reagents include: 3-bromoacetoxyestrone
(Groman et al., 1975), 16a-bromoacetoxyestradiol 3-methyl ether (Chin and
Warren, 1975), 12B-bromoacetoxy-4-estrene-3-17-dione (Warren et al., 1977),
4-bromoacetoxidoestrone 3-methyl ether (Bhatanager et al., 1978), 3-iodoacetoxy-
estrone and 16a- and 16B-estroneiodoacetate or bromeacetate (Pons et al.,
1976).  Some representative structurai formula of these modified steroids

are provided in Appendix II.
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Groman et al. (1975) showed that incubation off173}estradiol dehydro-
genase in the presence of excess 3-bromoacetoxyes£rone at pH 6.5 résulted
in rapid inactivation of the enzyme. The inactivation was accompanied by
incorporation of 1 mole of 3-bromoacetoxyestrone per mole of enzyme sub-
unit.. The covalently bound estrone couid still be reduced by'NADPH with -
the same stereospecificity, both for the steroid and for the coenzyme, as
noncovalently bound estrone. Groman et al. (i975) state that this. property
of the modified enzyme demonstratés its catalytic competence, i.é. the ability
of an enéyme'to catalyze its normal reaction with a covalently bound substrate.

Chiikand Warren (1975) studied the inactivation of 17g-estradiol
dehydrogenase by 16a-bromoacetoxyestradiol 3-methy] ether and they were
able to identify a histidyl Eesiqye in the catalytic region of the active

site of the enzyme. 17g-Estradiol, NADH and NADPH slowed the rate of .

.inactivation. The protective effect of the pyridine nucleotide was inter-

preted ﬁs resutting from cofactor induceq.ghanges in the enzyme steroid Gy,
binding site. When the enzyme wa;'{qgét{vatéd with iGa-bromoacetoxyestradiol
3~meth¥1 et .., anfino acid analysis bf acid hydrolyzates revealed the
presence gf both 3-carboxymethyl histidine and 1,3-dicarboxymethyl histiaipe.
Comparison of enzyme samples that had been inactivated to the g}tent of
28 or 51% indicated that, as inactivation proceeded, the total amount of
~carboxymethyl histidine decreased while, 1,3-dicarboxymethyl histidine
indreased, suggesting that the former was convefted to the 1attgk by a
secand.afkylation step. .
It was reported eariier by Pons et al. (1973a,b) and Boussioux et al.

(1973) that two cysteiny? residﬁés and one histidyl residue~were Iécaped

t or near the binding site when 178-estradiq] dehydrogenase was inactivated

by 3-iodoacetouyestrong (IAE) and that the histidyl residue was nbt essential
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for enzyme activity. Chin and Warren (1975), suggestéd that the histidine
residue i&entified by Pons et al. (19f3b) pou1d be 1oc§ted near position 3
of the bound steroid and was a different residue from that which Chin and
Warren (1975) 1dent1f1ed near position 16 of the bound steroid.

More recent1y Murdock and Warren (1982) isolated a s1ng1e carboxymethyl-
histidine-bearing peptide from the steroxd binding site -of human placental
178-estradiol dehydrogena§e when'the-gpzyme was inactivated with 3-bromo-
acetoxyestrone. The alkylﬁtion df this peptide was markedly increaéé& in
the presence of cofactor and a secénd carboxymethyl histidine-bearing
peptide was also isolated. Murdock and Warren (1982) suggested that the
first pept%de was actually at the catalytic site and that cofactor binding
oriented the steroid or moved the histidy) residue closer to the steroid
in the active site. The second peptide was either a second histidyI:
bearing region that was moved closer to the reagent binding region of the
steroid or it was derivéd from the first‘peptide by chemical modification,
i.e. deamination, cyclization or incomplete hydrolysis during the puri fi-
cation process.

Murdock et al. (1982) identified two histidyl residues at the éctive
site of hﬁman placenta1.178—estradio1 dehydrogenase. They conducted the
affinity 1ébe]ing studies at pH 6.3, where considerably "less cjsteinyl
alkylation was noted and histidyl residues were better detected.
126-(Bromo[2-14C]acetoxy)-4—estrene—3,17-dione and 16c-{bromo 2—3H acetoxy)-
estratriene-3,178-diol 3-methyl ether were used as affinity labeling steroids.
Both of-thgﬁfazye substrates andtinactivated-the enzyme in a time depénd;nt,
1rrevers1b1e manner. When samples of the enzyme 1nactivated with these two

affinity labeling steroids were submitted to acid hydrolysis, both yielded

1-(carboxymethyl)-histidine, (3-carboxymethyl)histidine, 1,3-bis(carboxymethyl)-

4§

-



-22-

r,'h\histidine, S-(carboxymethyl)cysteine, aswell as small amounts of (carboxymethyl)
lysine. When the two inactivated enzyme samples were combined, reduced,
carboxymethylated and hydro]yzed with trypsin, three radioactive (carboxy-

14C and 3

methyl) histidyl-bearing peptide fractions containing H were iso-
lated. One of these peptides contained only ],3—bie(carboxymethy1)—histidine,
the second peptide contained only 3-(carboxymethyl)-histidine and the third
only 1-(carboxymethyl) histidine. Papain digestion of each of the three
isolated peptides produced two suﬁpeptides bearing the []4C] carboxymethylated':

" and the other bearing the [3H] carboxymeth}fated histidyl residue. Murdock
and coworkers (1982) concluded that the higtidy1 residue eerboxymethy1ated

at position 3 by 123—(bromo[2-]4C]acetoxy)-4—estrene-3,17-dione was diffe-
rent from the one carbe&hethy]atee by 16a-(bromo[2-3H]acetoxy)-estradio]
3-methyl ether, and therefore might be at a different region of the active
site Furthermore, the 3-{carboxymethyl)-histidyl- bear1ng peptide generated
by affinity labeling with-128-(bromo[2- 4C]acetoxy) -4~estrene-3,17-dione
had identical mob1]1ty on e]ectrophores1s with that of the 3—(carboxymethyT)
histidyl-bearing peptide geﬁerated on affinity labeling with 3—(bromo[2-14c]
lacetOXy) estratrieﬁ?l17—pne. Thus it appeared that the histidyl residue .
alkylated by both .of these steroids was located in the upper-A-B-ring
region of the steroid, some distance from the site of the catalytic event
Therefore, a topographic map of the steroid-binding site was proposed in which
two histidyl residues were present. One is affinity labeled by 12g(bromo
[2—]40]acetoxy)—4-estrene~3,17—dione,vand the other by 16a-(bromo[2-3H]
acetoxyestratriene-3,178-dio] 3-methyl ether, and neither residue‘ﬁas .

p%npointed at the site of the catalytic event.
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* 4. Regulation of 178-hydroxysteroid dehydrogenase

(a) Development and sexual differentiation

The 178-HSD activity in some tissues of mammalian species has been
shown to be age-dependent. Bongiovanni and Marino (1972) examined the
enzyme activity in Tiver tissue homogenates of rabbits at various develop-
méntal stages. While 178-HSD activity was absent in fetq] rabbit liver
(30 to 33 days of gestation), it was present in the Tivers of young
(20-day-o1d}.and mature animals (17- to 19-montﬁs;old).

| Baldi and Charreau (1972) studied the 178-HSD activity in rat submaxil-
lary glands in relation to the sex and age of the animal. The rate of
conversion of testosterone to androstenedione was higher in the female
gland than in the male. This higher activity was not observed when
17B-éstradio1 was the substrate. Androstenedione production from testos-
 terone was maximal during fetal 1ife and decreased gradually with increasing
age of the animal. Baldi énd Charreau (1972) suggested that the sex
differences in the 17B-HSD activity were ré1ated to histological and
functional differences in the tubular ducts of the submaxil]ary glands.
These ducts were taller and more columnar in adult male rats than in
females. Since these histological changes were causgd by testosterone,
the diminished oxidation of this androgen in the submaxillary glands of -
the male rat would lead to a greater effect of testosterone on the male
gland.

In some species and tissues the age-dependent development of 178-HSD
is accompanied py a sex specific differentiation of this enzyme acfivity.
Ghraf et al. (1975a,b,c) investigated the development and sexual differen-
tiation of 173-HSD activities in the liver, kidney and gonads of rats

ranging in age from 15 to 120‘days. In all organs investigated, 178-HSD
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activity was found in both the cytoq?asmic and microsomal fractions. The
~activity was very low in-the microsomal fract®wof the kidney and in the ,

cytosol of the testis. In all of the tissues'§tudied, the enzyme activity

of at least one of the subcellular fractions displayed an age-dependent

development, reaching significént1y higher levels in 60-day-old anima]s.'

The only exceptionsrnoted were the cytosol of the adrenal, the microsomes
.of the kidney and the cytosol of female liver, in which no-increases in
ﬁeniyme activity we;e observed. 17g-HSD activities in the kidney, adrenal
and gonads were significantly higher {h'fema]e rats than in male rats‘
whereas the enwyme activity in the cytoso] of male Tiver was higher than
fhat observed ?fmzﬁé\cytosol of female liver. -

In studies on the golden hamster, Furubayashi et al. (1982) showed
that in the testisﬁmigrosomal 178-HSD activity was found to be equally
distributed between tubules and 1nterstitia1 Eissues in immature animals.
In adult tgstis this activity was approximéteiy 10 times that found in
immature testis. Similar observations were made by Inano et al. {1967)
and Ghraf et al. (1975c) in studies on the 178-HSD of rat testis. The
activity of 178;HSD in the tissue increased gradually up to the 50th day
aftér birth and then increased markedly by the 60th day. This increase
of 178-HSD activity appeared to be correlated with the growth of accessory
organs during this period.

Macartney and Thomas (1969) showed an age-dependent increase in the
conversion of estrone to 178-esfrédio1 in rabbit uterine preparations.
The tevels of this 178-HSD acfivity in the myometrium of the immature

<

rabbit were increased by injection of 17B-estradiol.
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(b) Hormonal regulation

The effects of castration and/or hormone administration on 17g-HSD
activity has been examined by a number of investigators. Kochakian et al.
(1973) have reported that the activity of 17B-hydroxy-clg-steroid dehydro-
genase of the male guinea pig kgdney cytosol was decreased after castration
and restored by testosterone treatment. The difference in activity was
attributed to the diSappearange and appearance of ;n enzyme form detectable-
by substrate staining of/po]yacry]amide gel electrophoresis. However, in
more recent studies, Shen and Kochakian-(1978), could not confirm this gel -
pattern although they did observe a decrease in the 178-HSD activity after
castration. Shen and Kochakian (1978) showed that the soluble and micro--
somal 17B-HSD activities of female guinea pig kidney were very low for
several hydroxy—C19—steroids. The administration of testosterﬁne induced
a gradual increase in the 17B—hydroxy-C]9-steroid dehydrogenase activity
of the cytosol but not the microsomes to the normal male kidney level after
50 days. In contrast, the liver did not respond to the testosterone
treatment indicating that the regulation of the liver enzyme in the female
of guinea pig is under a different regu]atory mechanism than the kidney
enzyme.

IA other studies on the hormonal regulation of 1TBQHSD activity,
Thaler-Dao and Breuér (1974) studied. the gonadal factors regukating the
178-HSD activity in rat liver cytosol. In adult animals, tﬁe enzyme acti-
vity was about 60% higher in male than in female rat liver. The 178-HSD
activity was low in young animals of both sexes and it gradﬁaliy increased
between 20 to 90 days cof age. The[fTﬁe géﬁFSe of the development of enzyme
activity during maturation revea]éd a difference between male and female

animals. In females, 17B-HSD activity reached a plateau of 100 days,
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whereas, in males, the activity was st1]1_increasing after six months.
When female animals were gonadectomized, the time course of deve]opment of
enzyme activity was almost identical with that observed in ma{e rats.
Thaler-Dao and Breuer (1974) concluded that female hormone might have a
repressive effect on the activity of the 178-HSD in adult rats. Further
evidence for the "repressing effect" of 178-estradiol was proyided by
variations of the activity of 178-HSD during the estrus cycle in rats where
high enzyme activity was obéerved during metoestrus and diestrus and Tow
enzyme activity during p}o-estrus d15=t9 increase secretion of estrogen
during this period (Thaler-Dao and Breuer, 1974). In contrast 178-estradiol
has been veported to have a stimulatory effect on 17B-Hsb activity of rabbit
uterus (Jutting et al., 1967; Macértney and Thomas, 1969).
Lax et al. (1974) and Ghraf et al. (1975b), examined the role of the

- gonads and the hypophys{s in the regulation of the soluble 178-HSD of rat

liver. Activ{ty was significantly higher in intact male rats than in female
.rats and was not-aecreased in the male by castration. Hypophysectomy or
adpinistration of 178-estradiol to male rats decreased the enzyme activity ~_
to the female liver level, whi]é gonadectomy or testosterone administration -
to female rats increased the soluble hepétic 178-HSD activity to the male
level. These authors termed the enzyme in rat liver cytosol as “estrogen
dependent", since gonadectomy of male animals had no effect on the enzyme
activity. Ghraf et al. (1975a) conducted similar studies on the soluble
178-HSD 6f rat kidney and concluded that this activity was androgen
dependent. In intac£ animals, enzyme activity was higher in fema]és than
in males. Castration of the male rat increased the activity to the %ema]e

level, an effect reversible by administration of testosterone. The

-
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administration of testosterone to ejther intact or ganodectomized female
animals decreased the enzyme activity to the male level. In male and
female rats, hypophysectomy resulted in a decrease 1n.the 173—H§D activity
of the kianey to levels far below thét observed with intact animals and no
sex difference in the activity wa§ observed.

In other studies on the hormonal regulation of 178-HSD activity,
Hansson (1982) ﬁbserved that the administration of testosterone; 11-oxotes-
tosterone, and dihydrotestosterone to juvenile rainbow trout Saimo
'gairdnerii increased hepatic 178-HSD activity. Furthermore, 178-estradiol
diminished the effect of testosterone on ]7§—HSD activity. In male trout,
the liver microsomal 178-HSD 1nﬁreased significantly during the late
stages of sexual maturation. The quantitative differences in 1iver micro-
soma’l 17B-H§D activity between female fish and male fish may be related to
different levels and/or types of steroid hormones in the plasma. The
marked increase in 178-HSD observed in liver microsomes from andrééen-"
treated fish indicated that the testicular androgéns, testosterone and
11-oxotestosterone, account for the high 17B-HSD activity in fish. Further-
Vmore, since 178-estradiol -seemed to suppress the testosterone-induced

178-HSD activity, HamSson (1982) concluded that the iow 1eve]lqﬁ this enzyme
'activity in female fish when compared with that in male fish may be;

related to high plasma levels of 17B-estradiol known to be presen£ in the
female. Hansson (1982) also noticed that the effgcts of hypophysectomy

and testosterone togefher on the 178-HSD activity were greater.than that

of each treatment alone, which suggesfs that at least some of the testos-
terone effects are direct and independqpf of the hypophysis gland. These

results are in constrast with the situation in the rat where the hypophysis
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has an obligatory role in the steroid hormonal control of hepatic steroid
metabolism (Lax et al., 1974; Ghraf et al., 1975b).

Musto et al. (1972) observed that the 178-HSD activity in the mouge
testis was increased by treatment with prolactin. The hereditary sterile
dwarf male mouse; which is deficient in prolactin while having normal levels
of LH and FSH was used in this study. The dwarf male mice were treated
with prolactin by implantation of a normal mouse pituitary gland under the
kidney. The 17B-HSD activity in the testis homogenate 1ncféased up to 244%
that of the control animal, while, subcutaneous injection of prolactin .
increased enzyme activity to 186% thaf of the control animal. These
authors suggested the possible involvement of this hormone in sexual matura-
tion. _

‘In studies carried out by Murono and Payne (1979) hypophysectomized
immature rats were treated with LH or FSH to assess the role of these
hormones on the activity of testicular steroidogenic enzymes during sexual
maturation. Enzyme activity was decreased after hypophysectomy. Treatment
with LH increased 178-HSD activity 1.5-fold, while treatment with FSH
stimulated the enzyme activity for more than 2-fold. fhis result was in
agreement with an earlier hypothesis by Payne et al. (1977) which éuggested
- =that the increase in 178-HSD éctivity.during sexual maturation may be
requlated by FSH and that this mighf be one mechanism by which FSH increases
testicular responsiveness to LH.

Kondon et al. (1980) dstimated the 178-HSD activity in ovaries of the
androgen-sterilized adult rat. They observed that the enzyme activity
decreased significantly 6 days following hypophysectomy and was stimulated

by FSH treatment but not by LH or 178-estradi6él,—~These results confirmed
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an earlier study by Fukuda et al. (1979) which showed that in ovary homo-

genates of the immature rat, the 17B-HSD was regulated by FSH but not LH.

5. Clipical applications and implications

The soluble human placental 178-estradiol dehydrogenase has transhydro-
genase gctivity due to the dual pyridine nucleotide specificity of the
enzyme (Ta]alay and Williamson-Ashman, 1958). This transhydrogenase
activity has been used in the routing clinical determination of estrogens
ejther 6n plasmal extracts or directly on urine without extraction (Nicolas
et al., 1979). The enzymatic assay makes use of the transhydrogenase
function of the human placental 178-estradiol dehydrogenase whereby trans-
hydrogenase activity is directly related to the estrogen concentration,

The specificity of this method is based on the selectivity of the human
placental 17g-estradiol dehydrogenase whfch is hfgh]y specific for Cig
steroids. Moreover, the transhydrogenase activity of the enzyme has a
higher‘specificity than the dehydrogenase activity since estradiol 3-sulfate
or 3-glucuronide are not subgtrates for the transhydrdgenase{ This method
measures the total of estradiol plus estrone in biclogical fluids. Estradiol
aloné can be determined by reactipg the estrone contained in the sample

with hydraziné, to form the hydrazone which is not a substrate for the

~

transhydrogenase reaction. The sensitiﬁity of the méthodﬁnas reported to

. be hear 10 picogram in the plasma.

The activity af the 17B8-HSD in the serum of pregnant women has been

examined for possible diagnostic value in disturbed pregnancies since it
originates almost exclusively from the placenta and the foetus (Lubbert,
1977). The enzyme activity is first observed in the 7th and 8th week of

gestation and generally increases with the progression of gestation. The

r
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activity of the 17g-estradiol dehydrogenase is highest at the expulsion
of the placenta and then rapidly decreases. In normal twin births, enzyme
activity is considerably higher than in single births. In acute damage of

the placenta, the serum enzyme activity increases while in chronic damage

' the activity decreases {Lubbert, 1977).

Studies 'on normal endometrium at different phases of the menstrual

, cycle have shown that progesterone and synthetic progestins reduce the level

of 178-estradiol réceptors in the tissue and increase the activity of

178-estradiol dehydrogenase (Gurpide et al., 1977). 'Thé 178-HSD activity
is low in the proliferative endometrium and it is higher in fﬁe secretory
endemetrium. This result could be anticipated since progesterone appears

to be necessary for the induction of this enzyme activity."fgherefore, an

_incréase in 178-HSD would lower the 178-estradiol concentration in the

tissue. This could be one mechanism by which progestins might act as
antiestrogens. |

178-HSD has been detected in some human breést cancer cells (MacIndoe
and Woods, 1981). Characterization of the enzyme indicated that the intra-
cellular location,Atémperature and pH optima, cofactor requirements and
apparent substrate affinities wenzgeneﬁa]ly simifar to those described for
several other mammalian systems. The presence of 178-HSDs, aromatase,
Sa-reductase and 3a-HSD activities in estrogen-dependent human breast cancer
cells suggest —the possibility that hormonal regu]aéion of these cells might
be mediated in part by intracellular estrogen and/or androgen metabolism.

A congenital deficiency of testicular 178-HSD has been shown to
contribute to male pseudohermaphroditism (Saez g}_gl:,'1971, 1972;

Pittaway et al., 1976; Viridis et al., 1978). In general, male pseudoher-

maphroditism (MPH) is due to abnormal testosterone synthesis, abnormal
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|
testosterone metabolism or defective androgen receptors in the target organs.

Some common features of (MPH) patients include ambiguitj of internal or
external genitalia and incomplete masculinization. Because of the marked

~ ambiguity of the external genitalia at birth, these patients are frequently
raised as féma]es. The incomplete masculinization may be accompanied by‘

~ gynecomastia (breast' development) at puberty (Saez g;_gl,; 1971, 1972;
Akesoda et al., 1977). Akesoda et al. (1977) and Pittaway et al. (1976) |
studied the 17g-HSD deficiency in MPH apd found tha£ there was a marked
elevation of plasma androstenedione and low plasma testos;erone. Further-

more, incubation of testis slices with androstenedione or testosterone

N

..

demonstrated the enzymatic defect.
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CHAPTER II
~ MATERIALS AND GENERAL
_ ' METHODS
A) Materials
1. Isotopically labeled compounds

[1,2-3H (N)] Androstenedione (SA, 41.0 Ci/mmol), [1,2-3H (N)] andro-
sterone (SA, 40.8 Ci/mmol), [1,2—3H (N}] dehydroepiandrosterone (SA, 40.2
Ci/mmol), [1,2-3H (N)] dihydrotestosterone (SA, 50.5 Ci/mmol), [1,2-3H (N)]
epitestosferone (SA, 50.0 Ci/mmol), [1,2—]4C] ethanolamine hydrochloride
(SA, 6.3 mCi/mM), [1,2-3H (N)] etioého]anoh&ne (SA, 45.0 Ci/mmol),

, 1731[6,7—3H(N)]estradio1 (SA, 40.0 Ci/mmol), [6,7-3H'(N)]-estr0ne (SA, 44.0
Ci(mmol), and [7_3H (N)] testbsferone (SA, 25.0 Ci/mmol) were purchased

from New England Nuclear, Lachine, Quebgc. '[1~14p] Acetic anheride (SA,
115 mCi/mmol) and I—FIuoro-2,4-dinitro[3,5-3H] benzene (SA, 26.0 Ci/mmol)

were purchased from Amersham Corporation, Oakville, Ontario.

2. Unlabeled steroids

‘Androstenedione, epitestosterone, 17c-estradiol, 178-estradiol, estrone,
testosterone, 5a-dihydrotestosterone, androstanedione, etiocholan-3,17=dione
were obtained from Sigma Chemical Co., St. Louis, Missouri.

) 3

Androsterone, and 5oc-androstan-38,178-diol were purchased from Research

Plus Steroids Lab. Inc., Denville, New Jersey.

3. Coenzymes

NAD+, (Grade 111 from yeast) and NADPT (mono sodium salt) were purchased

from Sigma Chemical Co., St. Louis, Missouri.

¥
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4. Chromatographic and electrophoretic chemicals

Sphadex G-75 superfine grade, Polybuffer exchanger PBE 94 and
Polybuffer 74 for chromatofocusing were obtained from Pharmacia Fine
Chemical, Montreal, Quebec. Matrex Gel Red A was purchased from
Amicon Co., Lexington, Massachusetts and Ampholyte pH range 5-7 from }
LKB, Sweden (distributed by F1sher Scientific Co. Ltd., .Ottawa,Ontar1o).

Acrylamide, bisacrylamide and TEMED were from Bio-Rad Laboratories,
Richmond, California. Ammonium persulfate was obtained from Fisher
Scientific Co. Ltd., Ottawa, Ontario.

Silica gel (Kieselgel N) was from Macjerey Nagel & Co., Germany.

5. Protein standards, enzymes and related -compounds

Ribonuclease, chymotrypsinogen A, aldolase and ovalbumin (molecular
weight calibration kit) were from Pharmacia, Montreal, Quebec. Bovine
serum albumin, coomassie brilliant blue R-250, NBT and PMS were from

Sigma Chemical Co. » St. Louis, Missouri Ketodase {B-glucuronidase)

[P

T owas from General Diagnostic, Warner- Lambert Co., Morr1s P1a1ns, New

dersey. Papain was from Worthington Biochemical Corporation, Freehold,
New Jersey. Dithiothreitol was obtained from Chemalog Chemical Dyna-
mics Corporation, South Plainfield, New Jersey. SDS {sequanal grade)
was from Pierce Chemical Co., Rockford, IlTinois. Urea (ultra pure)
waé from Schwarz Mann, Orangberg, New York. e-DNP-L-Lysine HCI wés
from United States Biochemical Corporation, Cleveland, QOhio.

6. Scintillation fluor and fluids

PPO was purchased from Kent Laboratories Ltd., Vancouver, British

Columbia. Aquasol-2 was from New England Nuclear, Lachine, Quebec.

-//
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7. Buffer salt$ and solvents

. A1l salts and solvents were of high purity preparations or of reagent
grade. They were purchased either from Fisher Scien?ifﬁp Co., Ottawa,

Ontario or from Canadian Lab. Supplies, Ottawa, Ontario.

B) General Methods '

1. Preparation of radioactive substrates

Radioactive steroids obtained-from commercial soufqes were monitored
for purity by t.].c.,(§i11ca gel N) in behii;éu- acetone {4:1, v/v).
173-[6,7~3H] Estradiol 3-glucuronide (EBGA) was prepared by incubation of
]73—[6,7—3H] estradiol {specific activity 40 to 55 Ci/mmol) with rabbit
liver.microsomes in the presence of UDP-glucuronic acid under the conditions
described by Collins et al. (1968, 1970). The reaction mixture was
extracted first with benzene or ethyl acetate tb remove the free steroids
and then witﬂPg;E;;Tscetate after the aqueous Tayer had been adjusted to
ﬁh 2.0, with TN HC1, to extract ]78-[6,7—3H] estradiol 3-glucuronide.
Final purification of thg substratg was achieved by t.1.c. (silica gel.N)
in benzene-ethanol-methylethyl ketone-water {3:3:3:1, by volume).
- For eniyme assays, the stock solutions of the radioactive steroids
were diluted with radioinert steroid in methain to give a final specific
activity of 4.5 uCi/umol., The final steroid concentration was 0.1 umol/m1.
These stock solutions were stored in the freezer, but warmed-to room

temperature before use.

o«

2. Assay for dehydrogenase activity

-—

For assays with ﬁydroxysterbid substrates, the incubation mixtures
containad the following: steroid substrate, 3 nmol in 30 ul of mekhgﬁol;

3
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[NADP ", 0.5 ymol in 2 m] of 0.1 M glycine-NaOH buffer, pH 9.5 and enzyme
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fraction, 1-100 uyl. The toté] volume was made up to 3 m1 by the addition
of 0.15 M KC1. Samples were incubated 'at 37°C for 30 minutes. Tﬁe ampunt
o?'enzyme added to each incubation mixture was adjusted so that the extent
of substrate oxidation was Tess than 40%. Control incubations in which
the enzyme was omitted were also carried out.

Foh assays with ketosteroid substrates, the conditions and the concen-
trations were the same as above except'that the cofactor used Qas.NADPH and
0.1 M Tris-maleate buffer, pH 7.6, was bsed in place of glycine buffer.

Incubations were terminated by extraction of the steroid substrate
and pmt from the incubation medium with 5 ml of ethyl acetate. The
ethyl acetate layer was_removed and evaporated to dryness under a stream-
of nitrogen. In incubations with ]73-[6,7-3H] estradiol 3—g1ucuﬁonide,

N th? steroids were extracted with ethyl acetate aftéi.adjusting the incuba-
*ti&n mixtures to pH 2.0‘with TNRCT. The ethyl acetate layer was removed and
evaporated to dryness under a stream of nitrogen. The steroid conjugates
were then hydrolyzed by incubation with Ketodase (1000 units), in 3 ml of
0.1 M sodium acetategbuffer, pH 5.0, overn%ght in an indybation chamber
maintained at 37°C. The free steroids were then extractled with 5 ml of
benzene and the benzene layer evaporated underastream of nitrogen.‘ The
recovery of.incubated radioactivity after extraction br e ction and
hydroaysis was greater than 80%. . <THQL

Appropriate radioénert steroid standards (10 ng) were‘;dded to each
ethyl acetate or benzene residue in a small volume of methanol and the \.
mixture was then separated by t.1.c. (si]ica gel N) in the solvent system

benzene-acetone (4:1, v{v). The t.1.c. was carried out on 20 x 10 cm

/
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‘ plates coated with 0.25 mm of silica gel N. The plates were activated in
an oven at 110° for 3 hours before use.” After development, the plates
Qere allowed tq air dry.‘ The steroids were then detected by spraying the
plates with a solution of 20% sulfuric acid in ethanol followed by heating
the plates for 5-10 minutes af 110°C. The spots were then scraped off the
thin layer plate into scintillation vialg and 0.4 ml_methanol was added to
each via ; en ml of schti]lation fluid toluene containing 40 mg PPO

(2,5-diphenyl oxazol) was added to each vial and the radiocactivity was

measured in a liquid scinti]]atidﬁ counter (Searle Mark III).

3. Expression of enzyme activity and protein determination

.The percent conversfon of substrate {(A) to product {(B)‘was calculated

by the formula dpm (B) x 100. Enzyme activity was expressed as
dpmy(A) + dpm (B)

units/ml or units/mg protein. One unit of activity is defined as the amount

. of enzyme catalyzing the oxidation or reduction of 1 pmole of steroid
substrate per minute ?nder the specific conditions of the assay.
Protein concentration was determined by the coomassie blue method

(Bradford, 1976).

4, Crude enzyme preparation

A1l procedures for the puri?ication of the 178-HSD were carried out
at 0-4°C. A female New Zea]andlwﬁite rabbit was sacrificed by cervical
distocation. - The liver was removed and immersed in an ice cold solution
of 0.15'M KC1.~ The ga]1b1édder was removed, the 1iver'was minced with
sciséérs anq a 20% (w/v) hompgenate was prepared in 10 mM Tris-HC1 buffer,
pH 8.0, containing 0.15 M KC1, 0.5 mM dithiothreitol (DTT), using a Sorval
Omni-Mixer for-one minute at maximum speed. The homogenate was centrifuged
at 10,000 x g for 30 minutes in a Sorval RC2-B centrifuge and the super-

natant obtained was centrifuged at 105,000 x g'for 90 minutes in a

y

"
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Beckman ultracentrifuge. The 105, 000 X g supernatant (designated as
cytosob in this thesis) was concentrated by ultrafiltration in an Am1con
Diaflo apparatus eqﬁTBped with a YM-10 membrane. The concentrated sample
was left at 4°C overnight to remove any dissolved nitrogen. Any -fnsoluble

material was removed from the fraction by centrifugation (105,000 x gq)

prior to gel filtration on Sephadex G-75.

5. Sephadex G-75 (superfine) gel filtration

The concentrated enzyme fraction obtained after ultrafiltration was
appiied to a 5 x 95 cm cb]umn“of Sephadex G-75 (superfine), that had been
previously equilibrated with 10 mM Tris-HCl,”pH 8.0, 0.5 mM DIT. The
¢olumn yas_e]uted with the same buffer at a giow rate of 20 ml/hour. Ten

‘1 fractions were collected and assayed for 178-HSD activity. Protein was
monitored at 280 nm. Fractions having 17g-HSD activity were pocled and
concentrated by ultrafiltration. Insoluble material was removed by centri-

fugation {10,000 x g).

6. Affinity chromatography

e

An affinity column (1.5 x 40 cm) of agarose immobilized Procion Red
HE3B was equilibrated by waﬁhing with ten bed volumes of 10 mM Tris-Hél-
0.5 M DTT, pH 8.0. The enzyme fraction was applied to the affinity column
at a very slow rate of 6-8 m{/hour. Subsequeht elution was carried ouf'at
a flow rate of 15 m]/hour

The column was eluted: first with 150 m1 of 10 mM Tr1s-HC1 0.5 mM DTT,
pH 8.0, containing 1 mM EDTA and 5 mM MgC]Z, followed by a ‘600 ml linear
gradient of NaCl from 0-1 M in 10 mM Tris-HC1-0.5 mM DTT, pH 8.0, -containing
1 mM ERTA and 5 mM MgC]2 and then by a 200 ml linear gradient of NaCl from
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1-2 M in 10 mM Tris-HC1-0,5 mM DTT, pH 8.0, containing 5 mM Mold,. Finally
the column was eluted with ?6 ml of 2.5 M NaCl in 10 mM Tris-HC1-0.5 mM DTT,
pH 8.0, containing 10 mM Mg 12 to elute 178-HSD activity. Fractions

(3.6 mi} were collected and assayed for 17¢- and 17éiHSD activities. The
fractions having 178-HSD activity (2.5 M NaCl) were p06;ed, glycerol was
added to give a final concentratfon 20% {v/v) and the fractién was concén—
trated by ultrafiltration. The concentrated sample was dialyzed against two

changes of 4 Titers of 10 mM Tris-HC1-0.5 mM DTT, pH 8.0, containing 20%

glycerol and then centrifuged (10,000 x g) to remove insoluble material. ty '

<

7. .Chromatofocusing chromatography

The fraction containing 178-HSD activity was{app]ied to a column
1 x 40 cm) packed with Polybuffer Exchanger PBE 94' that had been previously
equilibrated with 10 mM imidazole-HC1 buffer, pH 6.15, contaiﬁ?hg 0.5 mM
DTT. The column was then eluted with a so)ution of Polybuffer 74 prepared
in the following manner: 50 ml of the Polybuffer 74 was first adjusted to
pH 5.15 with 1 .N HC1 and then diluted to 400 ml1 with dea}eated distilled
water. DTT was added to give a final concentratfon of 0.5 mM. Elution of
the column with this Polybuffer 74 solution.was carried out at_g flow rate
of 15 ml/hour, 1.5 ml fréctions were collected and assayed for 178-HSD
acffvity: 70 monitor the pH gradient developed during elution of the co]umn‘
appropriate samples of the eluant were placed in an ice bath and the pH was
measured within two hours of collection using a pH metsr (FisherlAccuﬁet
model 520) fitted wifh a combination microelectrode (Brinkman Instruments).

Fractions comprising each peak of enzyme activity were pooled and concentrated

by ultrafiltration. The concentrated peaks were each again subjected to
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chromatofocusing unher the same conditions described above except the

column size was 1 x 10 cm, and the eluting volume of Polybuffer solution

was 100 ml. Fractions comprising each peak of enzyme activity were pooled
./"EHE\Ebncéntrated by ultrafiltration. j : !

To remove Polybuffer from each pooled fraction, So]id ammonium sulfate

was added to each to give 100% saturation. The sample wa§ kept at 4°C for

2 hours. The pregipitate was collected by centrifugat%on, washed twice

with a saturated ammonium sulfate solution and then dialyzed against distilled

water to remove any remaining ammonium sulfate. * |

This procedure to remove Polybuffer was only necessary for samples

required for amino acid analysis, peptfde mapping, carboxyl-terminal and

amino-terminal identification.

8. Po]yatry1amide gel electrophoresis
Po]yacry1émide gel e]ectrophorggli‘fiﬁ/carried out as described

by Davis (1964). The acrylamide monomer concentration was 10.5%. The gels
(0.6 x 9 cm) were pre-run for 45 minutes at a current of 3 mA/tube. The
buffer used for e1ectrobhoresis was 0.02 M Tris, 0.2 M glycine pH 8.3.
Bromopheno] blue (0.01%) was useg as the tracking dye. With all protein
samples except the ]OS’OOO.X g supernatant fraction, glycerol was added
(20% final concentration, v/v) to increase the sample viscosity. Electro-
-phoresis was carried out at 4°C at an initia]‘curfentrof 2.5 mA/tube until

the tracking dye had travelled to within 0.5 cm of the gel bottom,

9. Protein staining -

The gels were first fixed in 12.5% trichloroacetic acid for 30 minutes
in a water bath at 65°C and then stained with 0.2% aqueous Coomassie bril-*

liant blue R-250 in 45% ethanol-10% acetic getd for 301@inuté§ at 65°C.
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Destaining was carried out first in 25% ethanol-10% acetic at 65°C for 30

minutes and then at room temperature overnight. -Gels were stored in 10%

acetic acid.

10. Isoejectric focusing polyacrylamide ~gel electrophoresis

Isoelectric focusing in polyacrylamide gel was carried out according
to Heyes and Wellner (1969) with some modifications. Polyacrylamide gels
(0.6 x 9 cm) were prepared from a solution containing'tﬁe foi]owing:
acrylamide (8%, w/v}, N, N-methylene bisacrylamide (0.24%, w/v), ampholytes
LKB 40% w/v, pH 5-7 (5%, v/v), ammonium persulfate (0.024%, w/v) and
N,N,N',N'-tetramethylethylenedianine (0.24%, v/v). The gels were placed .
in a gel electrophoresis chamber, the upper compartment (cathode) of the
electrophoretic.apparatus contained 0.02 M sodium hydroxide while the lower
compartment (anode) contained 0;01 M phosphoric acid. Prior to application
of the protein sample, the gels were pre-run under constant voltage for
15 minhtes at 200 V followed by 30 minutes at 300 V and finally for another
30 minutes at 400 V at 4°C.‘ This was carried out in order to remove tbe '
excess of ammonium persu]fate.‘ Following the pre-ﬁun, the sodium hydroxide
solution was removee from the top compa;tment and the surface of the gel
was rinsed with distilled water. Protein sample, containing 20% glycerol
(at fiﬁa1 cohcentration) was appiied to fhe top of the ge1s and overlayed:
with sodium hydroxide. Viscous samples such'as the 105,000 x g Supernatant
fraction were applied without addition of glycerol. ® Iscelectric focusing
was carried out under cohstant voltage at 400 V for 30 minutes followed
By 3-4 hours at 500 V. The pH gradient was determined by slicing the gel in
one c¢m sections, p1acjng each section in bne ml ofdristilled water at 4°C

and measuring the pH of the solution. /
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11. 17B-Hydroxyster6id dehydrogenase activity in isoelectric focusing

polvacrylamide gels

Protein fractions subjected to isoelectric focusind eIectrophoregis in
po?yacry]émide ge1§ were, stained for i?B-HSD activity by the method of Lau
et al. (1982a). In this procedure, gels were First equilibrated in o'.i '
g]ycine—NabH buffer, pH 9.5, for approxjmately 30.minutes at 22°C (Gabriel,
-1971). Each gel was then placed in 15 ml of staining solution containing
. the following components:LIS umol NADP+, 0.27 umol phendnzine methosulfate
- {PMS), 5 pm01 nitroblue tetrazolium (NBT) and 925 umol glycine-NaOH buffeﬁ;
pH 9:5. To this mixture, 6 umol of steroid substrate dissolvéd in 0.8 ml
‘methanol Qas added. For control gels, ihe steroid substrate was omitted.
The stainiﬁg reagenﬁ also contained 2 mM sodium’cyanide to inhibit cyanide
sensitive superoxide oxygen dismutase {S0D). ;he above staihing mixture was
prepared under subdued 1ight at room temperature. The gels were incubated
in-the staining mixture in the dark at 37°C. Enzyme activity was detected
by the™formation of purplish-blue diformazan band(s). Gels were incubated
until a band of suitable intensity was obtained. The gels were then removed
and washed throughly with distilled water. The gels were scanned with a
Gilford 240 spectrophotome%er equipped with a linear transport-attachment
at a wavelength 540 nm and a slit widfh 0.25 mm. The scanning speed was
0.5 cm/minute and the }ecording chart speed wds 0.5 1nch;minute.  Ge1s were

stored in 7.5% acetic acid in the dark.

12. Sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis
Acrylamide gels (10%) were prepared as described by Weber et al. (1972)
in 0.6 x 8 cm internal diameter glass columns. For molecu]?r weight determi-

nation, the following protein standards were used: ribonuciease (M, 13,000},
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chymotrypsinogen A {MW 25,700),”h1do]ase (MW 40,000), "ovalbumin (MW 45,000)
and bovine serum albumin (HS 68,000).' These protein standards as well

as the protein samples (approximately 100 ug) were mixed with 1 ml of 0.0I‘M
sodium phosphate, pH 7.0, containing 1% SDS and 1 mM DTT and heated in a
boiling water bath for 3 minutes. Aliquots of the treated protein sampies
(2-10 ﬁg protein) were mixed with a small volume of g]yéero] to increase
the viscosity of the sample and applied tp the gel with 3 pl of tfacking
dye {0.1% bromophenol blue in 0.01 M phdsPhate buffer). Electrophoresis
was carried out at room temperature at an initia]‘current of 4 mA/tube for
about 30 minutes and then at 8 mA/tube until the d&e front had reached the
bottom of the gel. After electrophoresis the length of each gel_aﬁd the
distance to the centre of the dye band on each gel were measured. Staining
was qarried out in a solution containing 0.25% Coomassie brilliant blue
R-250-45% methanoi-9% acetic acid for two hours at room temperature. }he
gels were destained in a solution of 25% methanol 7.5% acetic acid by the
diffusion method at room temperature. After destaining the length from

the top of the gel to the stained protein bands were measured and the

mobility of each band calculated accordingly by using the equation:
' ' o

‘Mobilit _ Distance migrated by protein X Length of gel before staining
Y < Distance migrated by tracking dye - Length of gel after staining
: -

Gels were stored in 7.5% acetic acid.

13. Amino acid composition

Protein samples (approximately 100 ug) were dialyzed against distilled
. wifer and lyophilized. Protein samples wefé subjected-to performic acid

metffionine residues in the protein samples to the more stable derivatives

idation by the method of Hirs (1956), in order to oxidize cysteine and
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cysteic acid and methionfne sulfone respectively. The oxidized protein
samples were lyophilized and solubilized in 2 m1 of 6 N HCl containing 1 mM
R-mercaptoethanol and 1 mM phenol in a heavy wall pyrex tube. The samples
were subjected to hydrolysis in vacuo, at 105-110°C for 16 hours. The
hydroiysate was lyophilized. The amino acid analysis was carried out
.using a Durrum D-500 single column multisample amino acid analyzer equipped
with an automatic integrator. Amino acid analysis was carried out by .

Dr. M. Yaguchi of the National Research Council, Ottawa.

14. Amino sugé} analysis

Amino sugar analysis of the 17g-HSD was carried-out using the enzyme
fraction obtqipgd from the affinit} chromatography column (1 mg) as we11'as
each individualﬁform of the purified enzyme (0.4 mg). The enzymes were
dialyzed against distilled water and then Tyophilized. Hydro]ySis was
carried out under the same conpitions previously described except 4 N HCI
was used and the sample was digested for 5 hours at 105-110°C. Amino sugar

analysis was carried out by Dr. M. Yaguchi of the National Research Council,

Ottawa.

15. Peptide mapping .

In'order to obtain peptide maps %f the small quantities of 178-HSD
multiple forms, the proteins wé;e firsf acetylated with [1-]4C] acetic
anhydride and the peptides generated by proteolytic digestion and separated

by electrophoresis were detected by autoradiography.

a) Labeling procedure and enzyme digestion

f?ﬁ*<§§ Protein acetylation was carried out by the method described by Kap]aﬁ\

. i
et al. (1971). Each lyophilized protein sample (approximately 400 ug) was

L)
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first dissolved in 1 ml of 8 M urea previously acidified to destroy any
cyanate ions formed. The miiture was transferred to a reaction vessel and
sodium borate was added as a buffer. The pH was adjusted to 9.0 with 5N
KOH. Acetonitrile (200 ul) containing 0.2 mCi of [1-]4C] acetic anhydride
(specific activity 115 mCi/mmol) was added to the reaction mixture in two
equal portions at 10-minute intervals. Théﬁreaction mixture was stirred
throughout the procedure and a:pH of 9.0 was maintained using a pH-stat
with.5 N KOH%as?i%trant. Unlabeled acetic anhydride (20 nl) was then added
to theﬁ}ééctﬁonjmiﬁtUré‘in four equal portions at 10-minute intervals.
After acetylation, each sample was acidified with concentrated HC1.
Acetylation of bovine serum albumin was carried out as described above
by using unlabeled acetic anhydride. One mg of the unlabeled acetylated
. bovine serum albumin was added to each [14C] acetylated sample in order to
1imit procedural losses during subsequent sieps. The acetylated éample was
placed ina pre-soaked dialysis tubing and dialyzed against several changes
of distilled water‘un§i1 no radioactivity was detected in the dia]yzgte.
The sample was 1yophi1ized and then dissolved in 1 ml of 0.5%
ammonium bicarbonate.. An aliquot of each sample was then digested for 6
hoyrs at 37°C with papain in the p;;;;;ce of B-mercaptoethapo]-(so ul).
Thé amount of papain used for digestion was equivalent to 10% of the total
| protein content of the sample. The digestion was terminated by freezing '
and the frozen sample was 1yophi1iz¢d. Ammonium bicarbonate was removed
from the lyophilized sample by adding 2 ml of dist{11ed water followed by

lyophilization. This last step was performed twice.
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b) High-voltage electrophoresis

The proteolytic digest of each gcety]ated sample was dissolved in a
small volume of pH 6.5 buffer (acetic acid-pyridine-water, 0.3:10:90, by
volume) and spofted as an approximately 3 cm Band, 20 cm from the anode on
a sheet of Whatman 3 mm chromatography paper. A drop of‘a mixture of the
dye markers xylene cyanol FF and e-Dnp-lysine-HC1 was also spotted along
the origin 1 cm from the edge of the paper chromatography. The fluorescent
markers dansyl arginine and dansyl sulfonic acid were also aphlied to_the
sheet along thé entire length of the origin. The sheet was then buffered
and the first dimension electrophoresis was carried out in the pH 6.5 buffer
at BOOOIV for 45 minutes. Peptides were detected by autoradiography.

Electrophoresis of each prétein sample in the second dimension was
carried out By cutting out the strip of radioactive pept{des obtained from
the first dimension electrophoresis and stitching this strip to a sheet of
Whatman 1 mm paper (45 x 56 cm), 15 cm from the anode end. The dye markers
were applied as described before and electrophoresis was carried out at
pH 2.1 (acetic acid:formic acid-water,.4:1:45, by volume) at 3000 V until
the e-Dnp-lysine-~HC1 marker had migrated 15 cm from the origin.

The band of peptides designated as neutral after the second dimensional
electrophoresis was cut and stitched onto a sheet of Whatman 1 mm paper 20 cm
from the anode end and electrophoresis was carried out at pH 3.5 (water-
acetic acid-pyridine, 19:1:0.], by volume). For better resolution of the
neutral peptides, a longer run (approximately 90 minutes} at 3000 V was

necessary.
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¢) Autoradiography

After electrophoresis, the chromatogram was air dried. The midpoints
of the dye markers plus other identification marks was made with radio-
active ink and the electrqphoretogram'placed under an x-ray film between
folders. This was stored in the dark under even pressure overnight or for
a few &ays. After development, the radioactive markers werg used to align

the film with the origin electrophoretogram. - -

'16. Amino-terminal identification

: 1
The identification of the free amino-terminal amino acid for each of

‘_._'5 .
the multiple forms of the 17B-HSD was carried out according to the method -.
of Kaplan et al. (manuscript in preparation). Figure 1 shows the-outline

of the procedure used in amino-terminal identification.

aﬁ‘Preparatjgn of EBHJ Dnp-protein

A protein sample (150-250 ug) was dialyzed against distilled water and
Tyophilized in a tube with screﬁ-cap top. A 8 M urea (250 ut, pH 2.0) was
added to the protein sample. After 10 minutes, sufficignt solid sodium
bicérbonate was added to a final concentrat:o\r\ of 5%.

Acetonitrile (50 ul) containing 50 uCi of [BH] Dnp-F (specific activity
26 Ci/mmo1) was added to the sample with vigorous stirring. A clean glass
bead (0.3 mm in diameter) was added and the reaction mixture was placed on .
a wrist-action shaker for 16 hours at 22°C in the dark. The sample was then
fullyreac£ed with unlabeled reagent bj adding 25 ul1 of a solution of 56%

. Dnp-F in acetonitrile and reacting fora further 16 hours under the same

conditions as described above. |

>
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FIGURE I

) S .
General Qutline of the Procedure Used in Ident;\iﬁ‘cation of the Amino-
-Terminus of the Multiple Forms of Soluble 17B-Hydroxysteroid Dehydrogenase

of Female Rabbit—Liver

In stép 1, undiluted [3H] Dnp-F is added in acetonitrile to the protein in
8 M.uréa. The partially dinitrofbenylated protein is reacted with excess

| Qn]ébe]ed‘ﬂnp;F (stgp 2). Dnp-albumin in 8 M urea is added as carrier and
precipitates along with the labeled protein on ether extraction (step 3).
A mixture of an-[f4c1 amino acids containing an equal number of disinte-
grations per minutes (dpm) for each amino aﬁid is added to the protein
pribr to acid hydrolysis (step 4). In step 5, ether extractfon separates
the labeled Dnp-amino acid into ether soluble and water fractions. Thg
ether soluble fraction is adsorbed to a silica gel 606G column and eluted
with basic chloroform to remove the Dnp-OH (step 6). The labeled Dnp-amino
acids from the ether phase are separated by two-dimentfona1 thin layer

) chromatégraphy (2-D TLC, step 7) and those from the aqueous phase by a

~ combination of TLC and high voltage electrophoresis (HVE:\iiep 8).
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PROTEIN
Y (1) trace label with [3H]an-F in 8M-urea

(%4 Dnp-PROTEIN (partially dinitrophenylated)
(2) full- reaction with unlabeled Onp-F
¢ (%] Dnp-PROTEIN (Fully dinitmpher;y'lateq) .
Dnp-ALBUMIN :

»

LT m—

{(3) ether extraction

‘ ETHER PHASE [%4] Dnp-PROTEIN (precipitate)
_(Dnp=-F, Dnp-OH & by-products)

Dnp-'

C] AMINT™ACID MIXTURE —
v {4) ac‘lld hydrolysis

Cu1/0'%] Drp-AMING ACIDS (also

radiocactive Dnp-OH & mD-NHZ)
. .

Dnp-AMING ACID MIXTURE ﬁ

(5) ether extraction

- A
ETHER PHASE-. : AQUEOUS PHASE |
-JJ\is) $111¢a gel 606 column j}a) TLC, HVE (pH 2.1)
E*H2/0'%C) Dnp-ARGININE
3M1/0Mc1 di-Dp-HISTIDINE &
[h1/1'¢1 Dp-0H [H1/0'%) Dnp-AMING ACIDS : |
¥ l (7) 2-D TLC ' . .

INDIVIDUAL [H3/14cInnp-AMING ACIDS
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b) Precipitation of [3H] Dnp-protein p

Dnp-atbumin (2 mg) in 8 M urea (250.u1) was addeq to the fully reabted:\\
Dnp-protein and the final volume was adjuste? to 2 mT‘with distilled water.
The solution was éther extracted (3 x 5 ml1) to remove Dnp and other ether
soluble by-products. The brecipjgated Dnp-protein was separated by centri-
'fugation énd washed with'disti1]ed water (3 x 1 ml) to'remﬁve any residual
“urea. Finally the sample was washed twicgﬁwith_acétone and dried under a

stream of nitrogen.

c} Preparation of an-[lch amino acid standards

N

A standard [14C] amino acid mixture containing aspartic acid, serine,

glutamic acid, proline, g1ygine, alanine, valine, methionine, isoleucine, ;-»J——:fm\\
leucine, tyrosine, phenylalanine, histidine, I&Sine and arginihe all with !
r :

a specific activity of 10 mCi/mmd1 and methionine (specific activity 13.5
‘'mCi/mmQ1) was prepared so that the individual ahino acids had the identical
number of counts pex, minute (cpm). ;;is mixture was reacted with an excess ¥
of Dnp-F. For exazj;g, 20*u1 of the []4C] amino acid standard (2000 cpm)
was made up:to 100 pl with 5% sedium biéarbonate. Unlabeled 50% Dnb-F in

acetonitrile solution (5 ul} ﬂés added and reacted as previously described.

1Y

d) Isolation of LSH/]4C] labeled amino-termini

. The an—[14C] émino.gcid standarﬁ mixture (2000 cpm of each amino aciq)
-was added to the dried E3H] an:protefn sample. The sample was hydrolyzed .
in 6 N HC1, in vacuo, at 110°C for 16 hours. To tﬁa hydrolyzate, a solution
(10 ul) containing 1 ug of each Dnp-amino acid (unlabeled) was added. The
“hydrolyzate was transferred to atube with a screw-cap top and extracted with
ether (3 x 5 ml}. -The ether phase contained most of the amino écid deriva-

-

tives as well as free Dnp-OH released during_the acid hydrolysis while the

4
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agueous phasé egp;ained Dnp-arginine, e-Dnp lysine, O-an-fyrosine, '
imidazol-Dnp-histidine and, usually, di-Dnp-histidine. ' \\\\%\\

The eﬁher_so]ub]g Dnp®amino acids were separated from the excess
Dnp-0H and bnp-NH2 by the method of Steven (1962). A silica gel G type I
(60-200 mesh) column (0.5 x 8 cm) was equilibrated with basic chlorofor
(chugroform saturated with 0.067 M sodiumdibasic phosbhate). Thedrie;m\\\k‘_*’
ether soluble Dnp-extract was' dissolved in 100 pl of basic chioroform
so]utionzif the sampie was not completely soluble, 50 pi of 95% ethanol
was added). The artifacts and* the by-products were elute# by basic chlo-
roform. The Dnp-amino aéid derivatives were then eluted with 3/&1 of 80%
acetone, 0.2% acetic acid. The e]uaté\aas dried under a stream of nitrogen.
To-remove traces of sodiumdibasic phosphate salt, the dried sample was
solubilized in 0.5 ml of 6 N HC1, ether extracted (3 X 2‘m1) and dried undér
a stream of nitrogen. '

Dnp<amino acid derivatives were solubilized in 50 ul of 95% ethanol
and sepéfated by descending two dimensional chromatography on silica gel )
plates (Eastman 20 x 20 cm) by the method of Kaplan et at. (1978). Chréﬁa-
tography in the fir;; dimension was carriéd gut dsing the upper phase of a -
solvent‘sxstem containing toluene-pyridine-2-chloroethanol-0.8 M ammonfa,
(100:30:60:66, by volume). The so]véﬁt system benzene;pyridine—a¢etic
acid, (80:20:2, by vo]umé) was used for the second dimension. The chroma-
togram was subsequently air dried and Dnp-amino acids spots were visualjzed
under U.V. Tight. Each Dnp-amino acid was separated from the silica gel
by, first scraping the area of the plate cohtaining an-aﬁino‘acid'and
drawing up the material under vacuum into a pasteur pipette plugged loosely
with d]ass wool. Dnp-amino acid was eluted off the pasteur pfpette with

e

3 ml of 80% acetone containing 0.2% acetic acid into scintillation vials.

-~

=<f:) J
.
.
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. were éluted of

. -5]-
The eluate was evaporated and the residue was counted in Aquasol-2 with an
LKB Rackbeta scintillation counter, set up for double label counting of~3H

and 14C.

The‘aqueousfphase of the acid hydrolysis containing Dnp-arginine and
mono-side chain Dnp-derivatives of histidine, lysine and tyrosine was
1yophilized and-then chromatographed on silica gel 60G thin layer plates

(0.5 mm thickness), fin a solvent system n-propanol-ammonia, (70:30 by

‘vo1ume).‘ Dnp-arginine and di-an-histidine were spotted gs~standards. The

thin layer plate was developed as previously described using the Gelman
descending ch%;T;fographic chamber. Dnp-arginine and di-Dnp-histidine bands
he silica gel as descriped above and dried down.

‘ The procedure deSCfibed above did not resolve Dnp-arginine and e-Dnp-
lysine. The following steps were carried out to separate these two amino
acid derivatives. The an-arginine‘and e;an-lysine,was:further reactgd
with unlabeled Dnp-F as previoys]y described and the resulting di-Dnp-lysine
was extracted with ether (3 x 5 m1). The aqueous phase from this ether
extraction, as we11 as the di-Dnp- ~histidine samp1es were dried down and
desa]ted using a Porapak Q co1;9n (Ne1dérw1eser 1970) and pur1f1ed by .
electrophoresis. Prior to this electrophoresis, a small amount of standard
an arg1n1ne or di-Dnp- h1st1d1ne was added to the appropr1ate sample in

order to fac111tate the detection on the e]ectrophoretogram Each sample

was subjected to high voltage e1ebtrophoresis oh Whatman 3 mm paper chroma-

togfaph} at pH 2.1, (acet1c acid-formic ac1d-water 4:1:45, by volume),

i

1500 v for 3 hours on a Phetograph flat- p1ate apparatus. \\‘\,‘
The zones containing an—argin1ne amy di-Dnp- -histidine were each eluted
separately, with 10 mM ammonia and assayed |for radioactivity as previously

described.

3
.
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17. Comparison of carboxyl-terminal peptides of the purified 178-Hydroxy-

steroid dehydrogenase multiple forms

THe carboxyl-terminal peptides of the puf{fied multiple forms of
178-HSD weré compared using a medification of the method described by
Duggleby and Kaplan (1975).

Each protein sample (400 ug) was dissolzed in 2 ml of acidified 8 ﬁ
urea. Potassium chloride (100 ug) was added and the sample was stirred for
30 minutes. The pH of the sample was adjusted to pH 4.75 using 1 N KOH and
200 'ul of ethanol containing 50 uCi of [],2-14C]-ethano1amine hydrochioride
(specific activity 6.3 mCi/mM) was added. The coupling agent} 5 mg of
1-ethyl-3- (3—d1methy1—ahinopropy1)—carbodiimide (Pierce Chemical Company,
.Rockford, IT1inois, USA) was added and\the,feaction mixture was stirred.for

30 minufés at room temperature. This step was repeated twice. Unlabeled
ethanolamine (5 ul1) and 10 mg of carbodiimide were added and the reaction
mixture was stirred for 30 minutes. Finally, a last addition of carbodiimide
(10 mg) was made and the reaction continued for 30 minﬂtés.u The pH for

the reaction mixture was maintained at 4.75 thfoughout the entire procedure
by using a pH stat w1th 1 N KOH as titrant. _ |

Albumin (2 5 mg) was added to the reaction m1xture - to precipitate the

radioactive protein - and each protein sample was placed in pre-soaked’
Hﬁa1ysié tubing and diélyzed against several changes of distilled water
(6 litres) until no radicactivity could be detected in the dialyzate,
Papain digestion of the derivatized proteins was performed in OiS%
{w/v) ammonium hjcarbonate’at 37°C for 8 hours, using an enzyme to protein

ratio of 1:10 by.weight: Digestioh was terminated by lyophilization. ///':

A
o
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The pept1de mixture for each prote1n sample was dissolved in 100 ul
of pH 4.4 buffer, (pyridink- acetic acid-water; 6:10:120, by volume) and
applied as‘a 3-cm wide band on Nhatman 3 mm chromatography paper, together
w1th the markers taurine and g]yc1nam1de (50 nmo]/cm) The peptide mixture
 was subjected to electrophoresis at pH 4.4 for 2 hours at 1500 Vona
Pherograph flat p1éte apparatus. The e1ectrophoretogram was dried and the .
strip, containipg the rqdioactive‘peptides and the two markers was stitched
onto a full sﬁeet of whatman 1 mm and subjected to'se;ond dimensional
.e1ectrophoresi§ at pH 2.1 buffer (formié acid-acetic acid-water; 1:4:45,
by volume) for 45 minutes at 3000 V. The electrophoretogram was autoradio-
graphed to locate the radioactive peptide (as deséribed in the peptide
mapping) and then gipped in a solution of cadmium-ninhydrin to locate the
two markers (taurine and glycinamide). The peptideé falling on the line
joining the position of taurine and glycinamide are the carboxyl-terminal

fﬁ;ptides {(Duggleby and Kaplan, 1975). -
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PURIFICA;}bN OF THE 178-HYDROXYSTEROID DEHYDROGENASE FROM THE LIVER CYTOSOL
A | OF 8-WEEK-OLD FEMALE RABBITS

The cytosol prepared from female rabbit liver homogenates was assayed
for both 17a- and 178-HSD activities in the presence of'NADP+as coenzymeé.
Table 1 shows the_eﬁzyme activities toward the estrogen substrate, 178-
estradio]l and the androgens, epitestosterone and testosterone.lThe enzyme
activity toward these subs$rates decreased in the order:epitestosteron§>

testosterone > 17B-estradib1.

1.  Sephadex G-75 (superfine) gel filtration

The’ 178-HSD activit; eluted as a single peak on gel filtration of the
concentrated cytosol fraction on a column of Sephadex G-75 superfine (Fig.
2). A1.5 fold Purification of the 17B-HSD was achieved (Table 2) and 83%
of the total activity was recovered. This fraction also contained the

17a-HSD that was present in the cytosol fraction.

2. Affinity chromatography

Further purification of the 178-HSD activity was carried out by affinity
chromatograph} on agarose imﬁobi]ized Procion Red HE3B (Amicon .Corp.) which
has been shown to specifically bind NADP+—dependent dehydrogenases (Natsdn
et al., 1978 ;Inano et{ al., 1981). Figi 3 shows a typical elution pr&%ile
far the 17a- and 178- HSD activities obtained by ‘this purification step. -

A portion of the 17a- and 17B-HSD activities was not retéined on the affi-

njty column and was eluted with the major_protein peak in the washing

‘buffer. This activity represents approximately 8% of the total 17B-HSD

activity and 5% of the total 170-HSD activity applied to the affinity chroma-



-55-

Table 1

17-Hydroxysteroid Dehydrogenase Activity of
Female?Rabbit Liver Cytosol

Substrate Enzyme Activity (nwunits/mg protein) Total Units
Testosterone - - 560 5.30
" 17g-Estradiol 60 . 0.57
Epitestosterone 685 6.84
L

‘The cytosol of rabbit Tiver-was assayed for 17-HSD activities as described
in General Methods. For the assay with tgstdsterone and epitestosterone
the cytosol was diluted 10 fold and 3 ul was used. With the substrate

17g-estradiol 2.ul of the cytosol was assayed. The steroid concentration

. N
. was T uM and the assay was c;rried out in 67 mM glycine-NaOH buffer pH 9.5.
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Figure 2

Sephadex G-75 (superfine)- Column Chromatography of the Soluble 178-Hydroxy-

L4

steroid Dehydrogenase of Female Rabbit Liver.

The‘concentrated cytosgl fraction (50 ml) was applied to a column of
Sephadex G-75 (superfine), 5 x 50 cm. The equilibrating and eluting
buffer was 10 mM Tris-HC1-0.5 mM DTT, pH 8.0. 10 ml Fractions were
collected and 2 Wl aliquots were assayed for 178-HSD activity with the
~ substrate testosterone (e). - Protein was measured by absorption at 280

nm (@)
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Figure 3

Affinity Chromatography of the Soluble 17B-Hydroxysteroid Dehydfogenase
of Female Rabbif/&jyer._ ™ '

The pooled eluate from the gel filtration step was concentrated to

30 m1 by ultrafiltration and'app]ied at a flow rate 6-8 ml/hour to a
celumn of agarose immobilized Procion Red HE3B (1.5 x 40 cm) previously
equilibrated with 10 mM Tris-HC1-0.5 mM DTT, pH 8.0. The column was
eluted first with 10 mM Tris buffer, pH 8.0, containing 0.5 mM DTT,

1 mM EDTA and 5 mM MgC]2 (150 m1), followed by a NaCl Tinear gradient
from 0-1 M in the same’buffer (600 m1) and a second NaCl linear grad-
ient from 1-2 M in the same buffer without EDTA (200 m1). Finally the
column was eluted with 10 mM Tris buffer, eH 8.0, containing 2.5 M
NaCl, 0.5 mM MgC]é. The flow rate was 15-20 ml/hour and 3.6 ml frac-
tionsieere collected. Aliquots (2 u]) of the column fractions were
as@eyed for 17a—'(l) and 17B-HSD activities (e) with epitestosterone

“and testosterone a$ substrates respectively.
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tography column. The majority of the 17a-HSD actiyity was eluted with a -~
linear NaCl gr&dien£ from 0-1 M. "Trace amounts of‘17B—HSDwere eluted with
this gradient.- A second linear NaCl gradient from 1-2 M eluted the remaining
170-HSD enzyme dctivity. The 17B-HSD adtivity was then e]uteduwith 2.5 M
NaCl1-10 mM MgCl,.

Table 2 summarizes the recovery of 17a- and-17B-HSD activities.during
the fir;t th'purffication steps. Affinity chromatography resulted in an
almost complete. separation of the 17a- and 178-HSD activities, 75% of the
17a-activity applied to the column was eluted with the first sait gradient,
‘whereas approximately 80% of the 178-activity was eluted with 2.5 M NaCl-

10 mM MgCl,. Affinity chromatography resulted in a 5.4- and 95-foid increa;:.
in the specifiéﬂgctivity of the 17a- and-178-HSD activities resbéctive]y.

As §hown in Fig. 3, a portion of the 178-HSD activity was not retained .
on the affinity chromatography column and was eluted with the major protein -
peak in the washing buffer. The re;u1ts shown in Table 3-indicate that this
fraction containé ;he NAD+-dependent 178-HSD activity present in the cyto-‘ .
sol and gel filtration fractioﬁs. ﬁAD+-dependent 17B-H§D activity was
absent in the 2.5 M NaC1-10 mM MgCl2 fraction of the affinity chroma;ography

column which contained only NADP+-dependent 178-HSD activity.

3. Chromatofocusing chromatography

17B-H§D activity fluted from the afffnity chromatography column with
2.5 M NaCl was stabilized by the addition of glycerol (20% fin;7 concentration
by vo1Ume) prior to concentration by ultrafiltration and desalting. It was
found that iﬁ the absence of glycerol considerable 178-HSD activity was lost
during the desalting procedure, In_the presence of glycerol, a small amount

of protein precjpifate formed but essentially 100% of 17g-HSD activity was

retained.
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Table 2

Recovery of the Soluble 17-Hydroxysteroid Dehydrogenase

Activities of Female Rabbit Liver During Purification

) 170~-HSD 178-HSD
Step - " Total Specific Total Specific Total
. . Protein  Activity Units Activity Units
{gm) (munits/m (munits/m
protein? proteing
Cytosol ‘ :

(105,000 x g) 9.98 0.68 6.84 - 0.56 5.30
Sephadex G-75 - 5.36 1.07 5.72 . 0.80 - 4.30
Affinity N ' ";’

Chromatography . . )

Washing buffer 1.72 0.31 0.78 0.19 0.41

0.0 - 1.0 M NaCl 1.76 3.25 3.77 0.19 0.22

1.0 - 2.0 M NaCl 0.10 4.10 0.40 1.58_ . 0.15%

2.5 M NaCl- ' _ i -

10 mM MgCI2 0.06. - 1.50 0.08 53.0 _ 3.0 «
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Table 3 . 2

§eparation of the Soluble NAD+- nd NADP+-Dependent-

178-Hydroxysteroid Dehydrogenase Activities of Female Rabbit Liver

Purificatiofi Step Specific Activ{ty (nlunifs/mg protein)
< ¢ - NADP" . ; NAD"
“Cytosol “(105,000 x g 0.56 0.23
supernatant) '
\ 1
Sephadex G-75 0.80 . : 0.31
Affinity Chromatography'
- washing buffer e 0.20 - 2.82
- 17g-HSD Fraction . 53.0 ' 0.0
178-HSD activity was measured using tes sterone as suBstraté From the
cytoso] fraction, 0.3 yl and 4 ul were assayed in the presence of NADP and
‘NAD respept1ve1y. The enzyme aliquots used from the other fractions were ~
adjusted according1y= The concentrations of hoth substrate and coenzyme were
1 uM and 167 1M respect1ve1y The asgsay was-tarriedvout_in 67 mM glycine-
NaOH buffer pH 9.5. a _ - .
\
n
N
. '&%;{}‘ . ~
‘ Voot AR
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Chromatofocusing chromatography of the 178-HSD fraction gave the enzywe
activity pattern shown in Fig. 4. Three enzyme activities were,réso]ved
by -this procedure and wére'designated as enzymes I, II and III with isoelectric
points of 5.60: 5.45 and 5.35 respectively. Each of the enzyme peaks was
pooled as marked in Fig. 4 and each pooled fraction was concentrated by
ultrafiltration and subjected to po]y;cry1§m%de disc gel electrophoresis.
When the ge1slwere stained for protein considerébie cross contamination among . .
thé enzyme peaks was evident. Therefore each peak was agaip subjected to ‘
chromatofocusing under the same conditions and the results are shown in
Fig. 5. The fractions of each peak were pooled and concentrated by ultra-
filtration. ' ' '

The purity of eth form of the 178-HSD 'was established by polyacrylamide \)
disc gel electrophoresis (Davis, 1964) and SDS-polyacryiamide gel electro-
phoresis (webérlgg.gl,, 1972). The electrophoretic profiles of isolated
enzymes I, II and III are presented in Fig. 6. ‘' By these two methods the
enzymes were shown to be homogeneous, single bands being observed when the .
polyacrylamide gels were stained for protéin. The molecular weights were
determined using SDS-polyacrylamide gél e]ectrpphbfesis by comparison of the
'mobility of the purified enzymes with proteins of known molecular weight.
Molecular weights of 3?,000, 40,000 and 39,000 were estimated forsthe forms,
I, 1I and fII‘respective1y~(Fig. 7). s N

| The recovery and specific activity of the soluble ]78-@50 of female

rabbit liver throughout the purification procedure is sumha#ized in Table 4.

The combined activigges of the forms I, II and III was apprgxXimately 11% of

the total 178-HSD activity present in the cytosol.



Figure 4 S

Chromatofoc&sing Chromatography of the Solub1e'17BlHydroxysteroid Dehydro-

genase of Female Rabbit Liver.

The desalted 17B~HSD activity fraction of the ‘affinity chroma;ng{Sphy'

in 20% glycerol was concentrated by ultrafiltration and then applyed t% a

chromatofocusing chromafography column (1 x 40 cm) packed with PBE -94

Polybuffer Exchanger previously equilibrated with 10 mM imidazole-HCl, 0.5 mM

DTT, pH 615. Protein was eluted with Polybuffer 74, pH 5.10 (diluted 8
times with deaerated distilled water) and 1.5 ml fractions were collected.
An aliquot (2 ul) of every third fraction was assayed for 178-HSD activity

toward testosterone. The pH of every tenth tube was measured.

\

!

——
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\\ ' Figure 5

ReiéLromatofocusing of Peaks I, II and III of thé 178-Hydroxysteroid

Dehydrogenase of Female Rabbit Liver Cytosol.

\ .

Each separated peak was concentrated by.ultraf11tration and chromatofocuséd
under the conditions described #n Fig. 4 except thét a smaller column

{1 x 10 cm) was employed.
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Figure 6

Polyacrylamide Gel Electrophoresis of the Purified 178-

Hydroxysteroid Dehydrogenase. :

Electrophoresis and protein staining were'éarried out as
deafribed in General Methods'(p.sg ) in 10.5%_acryiamide
gels. 10-20 ug of protein were applied to each gel.

Gels a, b, and c represent‘enzymes I, II and I{I respec-

tive]yl

p, £
/T
\ |
Y, -
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Figure 7

SDS-Polyacrylamide Gel Electrophoresis of the Purified 178~ Hydroxy-

_steroid Dehydrogenase. -

-
-

. .

" SDS-polyacrylamide gel electrophoresis was carried out:as describe
in General Methods (p.41 ). 5-10 ug protein was applied to each

gel. ‘Gels a, b and ¢ répre§ent enzymes I, II ﬁnd III'respective1y.
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Table 4 - .

s
Y b ]

Purification of Female Rabbit Liver Soluble

178-Hydroxysteroid Dehydrogenase

\
[
Step N " Protein Total Enzyme Specific Activity fold
(mg) Activity (Units} (punits.mg/protein) purification
. a
]
Cytosol (105,000 x g 9980 5.3 560
supernatant) T
Sephadex G-75 5360 4.3 800 1.40
gel filtration '
Affinity Chromatography 57.0 . 3.0 53,000 9??0
Chromatofocusing
Chromatography
Enzyme I 340 0.30 386,000 690
. JSSF
Enzyme 1] - ?1.3 0.10 _ 121,000 216 .,Ef
Enzyme 111 6.3 0.20 333,000 595
N
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4. - Ispelectric focus1ng po]yacry]am1de gel elqﬁtrophores1s of the mu1t1p1e

formg of 178~ -hydroxysteroid dehydrogenase o¥]fema1e rabb1t 11ver

Since it is possible that the forms of the f&ﬁﬁ1e rabbit Tiver 178-HSD
observed on chromatofocusxng could have been fonned dur1ng the purification

procedure the enzyme fract14d’obta1ned at each step of purification was

'mon1tored for thg presence of multiple forms of the 178-HSD. Fig. 8 shows

N, ¥

densitometric scan9ﬂ$r1ﬂﬂrﬁglyacry1amide gels of the enzyme fractions at

. each step in the purifigation procedure staindd for 178-enzyme activity with

the substrate testosterone. At least four bands of énzyme-activity are
present'in the "initial cytosol fraction (?ig. 8b). Three of these enzyme -
activities have very similar pl's while oné form is considefably‘more-acidic.
The pI's of the 4 forms of the 178-HSD were determined.Eo be 6.30, 6.20,

6.05 and 5.05. - ‘

A colourless band with a pl close to that of the acidic form of the
17B-HSD was observed. | This band appears as a trough in.the densitometric
scan (Figs 8g-and d) and ﬁs 11ke1y due to a cyanide- 1nsens1t1ve superox1de
d1smutase (SOD) act1Xl£y (We1s1ger and Fridorish, 1973) The action of S0D
activity. has been shown to inhibit the reduct1on of n1trob1ue tetrazo]dum
(NBT), thus preventing the formation of the purplish-blue d1forma2an and
bausing instead the formation of an achromatic band (Beauchamps and
Fridorish, 1971). , |

A1l forms of the 17B-HSD weré present after gel R&iltration &Fig. BC).

The acidic form was not retained on the” affinity chromatography column and

- was present in the washing buffer (Fig 8d) { The cyanide:?nsensitive S0D

was also present in the washing buffer and 11ke1y produced the minor peaks

that appeared on either side of the through 1n the dens1t0metr1c scan.
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Finally, isoelectric focusfng pp1yacry1amidé gel electrophoresis of the
fraction retained on the affinity chromatography column shows the three
less acidic forms of the 178-HSD (Fig. 8e). | -

. The re%i]t's'irﬁig. 8 show that the multiple forms of 178-HSD present
in cytosol f;apifon are recovered during purificatidn and' no additional
or artifactufaisfdfﬁs of the enzyme aré produced by this'purification pro-

cedure.

¢
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F{éure 8//};

Ispelectric Focusing Polyacrylamide Gel E]ecirophoresis\of the Soluble.

178-Hydroxysteroid Dehydrogenase of Female Rabbit Liver Dufing the Stigg .

.
-

Electrophoresis and substrate staining were carried out as déscribed in
General Mefhods (p.40° ). Each enzyme sample waS“diafyzed_against 10 mM
'Q;s-HCl-O.S mM DTT, pH 8.0, to remove any salt and approxim;le1y 2000
uunits of enzyme activity toward testosterone was app]iéd:to each gel.
Focusing was carried out initially at 400 V for 30 minutes and. then at

500 V for 3.5 hours. Each gel was scanned from the top (cathode end) to
the bottom (anode end). Densitometric scans are shown fo? the 178-HSD .
activities.of the cytosol (b), gel filtration fraction {c), affjnity'column
wash fraction (d) and the affinity column 2.5 M NaCl fraction (e). Gel (a)
is a control gel of the cytosol siajned in the dbsence of the substrate

testosterone.
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" DIscussIoN ) ‘ Tl '

The resu]tg of the presenf studies ciear]y demonstrate that tbe NADP+-
dependent soluble 17a- gﬁg 178-HSDS 6f female rabbit 1iver are distinct
enzymes. This bgnfinns the earlier work of Hasnain and Williamson (1974)
and contrasts tﬁé work of’Ball and Breuer (1970). These investigators had
Conc]udedﬁfhat‘a single enzyhe was responsible for both 170~ and 178-HSD
qctivities in rabbit liver cytosol. ~6§§t{nct 17a- and 178-HSD activities
have also been demonstrated in,chicken.livér (Renwickiand Eﬁgel, 1967).

The specific.binding properties of thé affin%ty gel Procion Red HE38 - »
were used in the present’studies to purify the 178-HSD from the rabbit Tiver
cytosol. This affinity gel-has a higher affinity f&r NADP+—dehendent .
dehydrogenases t%ah for NAD+-dependent dehydrogenases. (Watson et al., ]978).
I.Chrqmatography of the re]atively crude 17-HSD on this gel both separaped ’
and partially purified the»T?;f.and 17B-HSD activities KFig. 2). fhe high
retention of 178-HSD on thé affinity column is consistent with high speci-‘
ficity of this activity for NADP' (Table 3).

Three forms of the 178-HSD of female rabbit liver cytosol were resolved
by chromatofocusing, a prgparative protein separation methoq‘that separates
the proteins according to their isoelectric points (Sluyterman, 1982).
Therefbre the multiple forms of 178-HSD of the female rabbit liver cytosol
are charge isomers. The molecular weights of these multiple forms are ail
. within £ 3% of the average-mo]ecg1ar weight of 38,700, evidence against
their being size isomers. The majority of the multiple forms of guihea pig
kidney {Liu énd Kochakian, 1972a and b; Shen and Kochakian, 1978) and guinea
pig Tiver (Kobayashi and Kochakian, 1978) and the multiple forms of porcine |

testicular 178-HSD (Inana et al., 1981) have also been shown to differ in



w S
2 the net electrical charge rather than molecular\gize. "The moleenlar'wejghts
. of the guinea pig and porcine testis'énzymes,estimEted as 31,000 to 3&,000 b
hy disc ge1 electrophoresis, are s]ight1y lower than the average value of ’
- 48, 700 found in th1s study for three forms of the 173 HSD of female rabb1t
11ver cytoso]. The 178-HSDs of female rabbit Jiver, guinea p1g 11ver and
kidney'and porcine testis do not appear to have subunit'structure, e11m1na;
t1ng the poss1b111ty that the multiple forms might ar1se from a combination
of non identical subun1ts Howeven human p]acenta1 176 estrad1ol dehydro-

genase has been shown to have a d1mer1c subunit structure, the subunit

molecular we1ght eing approx1mate1y 34,000 (Burns et al., 1971 and 1972).

tetrapéric composition has been reported for the 3(17)B HSD of
L ..
Pseudomona$~testa§teroni (Schultz et al., 1977a, b). " The- nat1ve enzyme is

beligved to be for&ed by a combination-of two subunits having s1m11ar mole-
'cu1ar we1ghts but different amino acid compositions. The active forms -of

' the 3(17)8-HSD‘0f Pseudomones testosteroni, which exhibit both 38- and 178-HSD

activities are t&e two subunits within the tetrameric structure. In con-
trast, the active form of the human placental 178-estradiol dehydrogenase is
_the dimej (Pons et al., 1977). .
Theé molecular heterogeneity of the so]ub]e 178‘HSD Qf rabbit Tiver could.
result from multiple genes, postsynthet1c mod1f1cat1on of thehB;oteﬂn‘or f_
conformation changes (Kaplan, 1968; Epstein and Schechter, 1968). It is
unlikely that the mu]tiple-forms of ' 178~HSD of- female rabbit liver eytosol
are art1facts produced during the pur1f1cat1on procedure The enzyﬁe ?%nns
resolved by chromatofocusing are also present in the dnitial cytosol and the
same relative amounts of the different_enzyme forms are obtained from diffe-

rent rabbit 1iver preparations. Heterogeneity of the 17B8-HSD has been

S



-79- . . -+ --‘w".'-‘.
~ . . F A

described for this enzyme in a number of species. Thaler-Dao g}_g}# (1972)
éeparated the 178-HSD of rabbit liver inlo several enzyme activities by
DEAE-cellulose chromatography and pO]yacrylamide'gel electrophoresis.

Mu]tipTe forms of the 178-HSD of guinea pig kidney have been observed by

_ Liu and Kochakian (1972a and b). Moreover, Engel and Groman (1974) have

“reported that miltiple forms of the 1787e5trad101rdehydrogenase of human

b1acenta are obtained by isoelectric focusing of the native enzyme on poly-

" acrylamide gel. electrophoresis.. Multiple forms of 178-HSD have been also

observed in adult guinea pig liver (Kobayashi and Kochakian; 1978), in
chicken liver (Remwick et al., 1981) and in porcine testis (Inano et al.,
1980). More recently, two forms of 178-HSD have been found in humas skin
(Hodgins et al. , 1982) and in human test1s (Leinonen, 1982),

The_ present studies have a1%o shown that 178-HSD activity in addition
to the three forms. separated by chromatofocusing is-present in female rabbit
liver cytosol. A portion of'the total 17B-HSD activity present in the cyto-
sol and after‘gel filtration is not retained oﬁ affinity chromatography

(Fig. 3 and Table 3). This activity differs from that retained on the

affinity column in that it is NAD+-depéndent (Table 3) and has a more acidic -

PI (Fig. 8d). Disc gel electrophoresis also indicates that there may be
more than one of these acidic forms. - Affinity chromatography also showed a.
17a-activity associated with this acidic 178-HSD. Whether this activity is
due to distinct enzymes in this fraction must await further purification

studies. Lau et al. (1982a) have recently shown that rabbit kidney a]so

k\Qif’an acidic HSD with act1v1ty toward 3a-hydroxysteroid substrates. 17B-HSD

activity was also associated with this fraction.

[}
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CHAPTER IV

PROPERTIES OF THE MULTIPLE kORMS OF THE 178-HYDROXYSTEROID |
DEHYDROGENASE OF FEMALE RABBIT LIVER.CYTOSOL

Thp’propert{esqof the mu]t%p]e forms of the soluble 178-HSD of féma]e
rabbit 11v§r Qere compared fn order to establish whether éhe individual forms
have a specific rélélin;hepatié étéroid'metabg1ism in vivo. Tnitial studies,
were carried out. to establish the optimum éonditﬂsns for the measurement of

. enzyme activity. -~

'1.4‘ Enzyme activi%y as a function of pH

“"The activitiesiof the purified forms of the 178-HSD of fhe female rabbit
liver cytoéol as a function of pH are shown in Figs. 9‘and 10. Enzyme acti-
vities were measured in the oxidative diréction using testostergne and
etiocholanolone as 5ubstr§tes. As shown in Fig;. 9 and 10 there are no
significant'diffe?ences in the pH 6rofi1es among the different enzyme forms.
Each enzyme exhibits a relatively ﬁroag pH optimum at approximately pH 9.5
for both 3a- and 178-HSD activities. The PH profile of enzyme form III n
the reductive direction with the substrate androstenedione is shown 15 Fig.
11. A sharp pH optimum at 7.6 is observed in Tris-maleate buffer. With
phosphate buffer the pH optimum is slightly Jower, at pH 7.3 and fhe mgxima1
enzyme activity with.this buffer is only one-hé]f that 6bserved in Tris-

..maleate buffer.

- 2. Enzyme activity as a function of time

In order to establish tﬁé appropriate conditions for kinetic analysis
enzyme activity was measured as a function of time. With all enzyme forms

178-HSD activity toward the substrate testosterone, at the Towest concentra-

IJV

¥
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| Figure 9

17B-Hydroxysteroid Dehydrogenase Activity as a Function of pH.

.

The enzyme forms I, IL and‘Iii of the 17B-HSU of rabbit liver cytosol were
assayed bver ihe pH range 5,2-10.6. Eaéh point shown is the avérage from
triplicate incubations. ‘In each incubation 0.2 - 0.4 pg of enzyme wé§
assayed wifh thg.substrate testosterone in the following Bufférgz 0.1 M

Tris-maleate (o), 0.01 M Tris-HC1 (&) and 0.1 M glycine-NaOH (o).

\
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+

Figure-10
—_—.

I3

, _
3a-Hydroxysteroid Dehydrogenase Activity as a Function of pH

3a-HSD'act{vity of enzyme form III toward the substrate etiocholanolone was
assayed ovér the pH range 5.0 -10.6 using 0.1 M Tris-maleate buffer (o) and

0.1 M glycine-NaOH buffer (i). Each incubation contained 0.8 ug of enzyme

and each point shown is the average from triplicate incubations.



-84-

_ I N P
L . /—..\.

L J 1 L
Te] n ,@m
N mm - mw v

(lwy/spunw) ALIAILOV, IWAZNI



-85~

Figure 11

The Reduction of Androstenedione as a Function of pH ) .

.

3

17B-HSD activity -in the reductive’reaction with théisubstrate dﬂﬁrostenedione.
was measured for enzyme form I1I over the pH range'5.2 to 9.0 ﬁith Tris-
maleate (0.1 M) buffer (e) and phosphate (0.1 M) buffer (w). The assay
mixture consisted of 0.5 umol of NADPH, 2 ml of buffgr at the indicated pH,
3 nmol 6% radioactive androstenedione and 0.8 ug of enzyme III. The volume
was made up to 3.0 ml by the addition of 0.15 M KC1. -The’d&ta.are from

triplicate incubations.
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v tion of this steroid emplqyed {n the kinetic studies, ;;*\inear up to 30

(////":.' Enzyme activity as a function of NADPT concentration

<
178-HSD activity “of each of the enzyme forms was measured as-a function

’

of NADPT concentration using testosterone as the steroid substrate and the
data is shown'jn Fig. 13. Maximum 178-HSD ackivity wég observed at a NADP+
‘concentration of 100 MM with all enzyme forps. An NADP* concentration of

167 UM was routinely emp1oyéd in the 17B-HSD -assays. .

. J
4. Substrate specificity of the purified 178-hydroxysteroid dehydrogenase

fhe activities of the.purified forms of the 17g-HSD of female.rabbit‘
1iverrEytosoH toward-a number of steroid subst;ates were examined and the
resu]ts_dre summarized in Table 5. ‘with all enzyme forms the acti;ity toward’
androgens is higher than toward estrogens in both the oxidative (festosteroﬁe
vs. 178-éstradio]) and reductive (androstenedione vs. estrone) reactions. This
is particularly evident in the 6xidatiVe reaction where activity toward tgstos—
terone is at least 10-fold higher than toward 178-estradiol with all enzyme
forms.. The data in Table 5 also sﬁow that the'pure forms of the 178-HSD have

30-HSD activity. This actjyity is re]étive]y specific for androgen substrates

of the 5B-androstane series, the activity toward 58-substrate, etjocholanolone

)

-5

being at least 10 times higher than toward the So-substrate androsterone. With .

all enzyme forms, 3a-activity is lower than the 17B-act§vit&§' The enzyme forms
also have 38-HSD activity toward the substrate dehydroebiandrosterone. Although
with enzyme I and III the 3B-activity is only 5% and 3% respectively of their

3u-activity toward etiocholanolone, with enzyme II the BBLactivity is 40% of



. Figure 12

178-Hydroxysteroid Dehydrogenase as a Function of Time

»

The activity of enzyme form III toward the substrate tesfostérone was
méasufed as described in the General Methods (p.3g ) after 10, 20, 30 and
40 minutes of incubation. Each point shown is the average from triplicate®

L

incubations. Each incubation contained 0.4 ug of enzyme.
- | .
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Figure'13

Effect on NADP+ Cpncentration on 178-Hydroxysteroid Dehydrogenase Activﬁty.

Igs_mu]tiple forms of 178-HSD of rabbit liver cytosol were incubated with
testosterone and increasihg concentrations of NADP+. Ehzyme I, (0);

enzyme II () and”enzyme III (a). Incubation conditions were as described

in the General Methods (p.3q ).

S e adlga. .
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Table 5

Substrate Specificities of the Multiple Forms of the Soluble

178-Hydroxysteroid Dehydrogenase of Female Rabbit Liver.

Y ‘_

Specific Activity (munits/mg protein)
Substrate . Enzyme
I I1 111

Testosterone 386 121 333
Androstenedione 296 100 75.7
178-Estradiol 15.0 11.0 7.0 _
_Estrone 50.0 18.3 35.0
Etiocholanolone 101 ’;, 48.0 220
Androsterone , . 12.0 2.0 33.0
Dehydroepiandrosterone 5.0 19.0 6.0
Epitestosterone 9.0 - 0.7 1.0
17c-Estradiol 0.0 0.0 0.0 :5

S~

Incubations were carried out as described in the general Methods. 0.1 -0.2 pg

of enzyme (final concentration 0.9 - 1.8 nM) wés assayed with testosterone. The

amount of enzyme used for other substrates was such that the extent of substrate

conversion did_not‘ékceed 30%. The steroid concentration was 1 uM.  Assays Were

" carried out in 67 mM glycine-NaOH Puffer pH 9.5 in the presence of 167 uM NaDPY

for thg oxidation reactions and in 67 mM Tris-maleate-NaOH pH 7.é in the presence

' of 167 pM NADPH for the reduction reactions
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the 3a-activ1ty: Enzyme 1 is the only form with significant 17a-actiﬁity,
this activity is approximately 2% of the 178-HSD activity toward testosterone.
The data. in Table 5 was used to determine the relative rates of oxidation/
reduction of various substrates by the purified enzymes. For each enzyme the
rate of oxidation of 178-estradiol or reduciion of estrone was considered to
be 1.00 and the rate of oxidétion or reduction of fhe other substrates was
caleulated relative to the activj{y with. the estrogen substrates. This gives
a sab’_' te sbecificit& prof11e>f0r'Each enzyhe and allows a cohparigon of
substfate specificities among the purified forms of the;ITB-HSD. Asa§h0wn in
Table 6, no two enzyme forms exhibit the-same substfate speciffcity pfofi]e.
For example, when 17B—estraqigl,isji;;;i226 by the attachment of glucuronic
acid to the phenolic hydroxyl group the oxidation of this derivative by
enzyme forms I and II is only one fifth of that obsérvéd‘with 178-estradiol
while enzymelform II1 exhibits approximately equal activity toward both
substrates. Table 6 also confirms that all forms of the 178-HSD have much
higher éctivity toward androgen substrates than toward estrogens, in pafti-
cular the activity of‘enzyme form III toward testosterone is approximately
50 times greater than toward 17g-estradiol. Enzyme form III also exhibits
the h{ghest relative 3a-HSD activity toward the 5g-androstane, etiocholanolone.
The oxidation and }eduction aé t}7 of both {he androgen and estrogen
substrates are compared in Table 7. Oxidation of testosterone and 178-estradiol
ié expressed relative to the reduction of androstenedione and estrone res;
pectively. With the androgen substrates the relative rate of oxidation
exceeds that of reduction with all enzyme forms. In particular with enzyme

form I1I ths rate is approximately 4 times higher in the oxidative djrection.

_.r'In contrast, with the estrogen substrates the rate in the reduction direc- -

fiion is greater with all enzyme forms, again in particular enzyme form [II
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Table 6

Rate of Oxidation/Reduction of Substrates as Compared to Oxidation/
Reduction of Estrogens by the Soluble Multiple Forms of Female e

Rabbit Liver 17g-Hydroxysteroid Dehydrogenase

Substrate 1 . Enzyme

B | | I 11 111
Oxidation k

17-Estradiol 1.00 1.00 1.00

178-Estradiol -3- 0.20 0.20 1.10

glucuronide

Testosterone .' 25.7 11.0  47.6

Androsterone . 0.80 0.18 4.71

Etiocholanolone 6.73 4.36 31.4

Dehydroepiandrosterone 0.33 1.73 0.85
Reduction

Estrone 1.00 1.00 1.00

Androstenedione 5.92 5.46 2.16
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Table 7

L

‘Comparison of the Oxidation and Reduction of Androgens and Estrogens at

C-17 by the Multiple Forms of the Soluble 17g-Hydroxysteroid

Dehydrogenase of Female Rabbit Liver

Substrates

Enzyme Testosterone:Androstenedione 17g-Estradiol:Estrone
I 1.3:1 a 0.3
- . .
II 1.2:1 0.6:1
I1I 4.4:1 0.2:1

Data is expressed as the ratio oxidation:reduction for the substrate pairs

testosterone - androstenedione and 178-estradiol - estrone.
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shows 5 times higher activity in the reductive reaction than in the

oxiflative reaction. None of the enzyme forms catalyzed the reduction of the

carbonyl group at C-3 of Soa-dihydrotestosterone.

5. Kinetic studies of the rabbit 1iver 3a,178-hydroxysteroid dehydrogenase

a) Effect of substrate concentration

3u- and 17B8-HSD activities of each of the énzyme'forms as a function of
substrate concentration was determiﬁed using testosterone as the substrate for
178-enzyme activity and etiocholanolone as the substrafe for 3a-HSD activity.
The data obtained are shown in Figs. 14-19. Typical substrate saturation
curves were observed for the 178-HSD of enzyme forms I and II (Figs. 14 and
15) while enzyme II1 showed substrate inhibition at steroid concentration
higher than 4 yM {Fig. 16). Substratk inhibition of the 3&-enzyme activity'
of 311 forms of the enzyme was observe& using etiocholanolone as substrate.
This inhibition occurred at steroid concentration higher than 4 uM for enzyme
I and I1 and hfgher than 0.5 uM for enzyme III (Figs. 17-19). .

The data shown in Figs. 14-19 were plotted according to the method of
Lineweaver-Burk and the apparent Km and Vmax for each enzyme was determined
from ;he plots (Figs. 14-19) and are summarized in Table 8. The only signi-
ficant difference in the.kinetic parameters among the three forms for both
substrates is'seén_with enzyme IIT1. The apparent Km of this enzyme for

etiocholanolone is approximately 20 fold Tower than the Km for testosterone.

b) Inhibition of 30- and 17B8-hydroxysteroid dehydrogenase activities

by testosterone and etiocholanolone

The relationships of the 3a- and 178-enzyme attivities of the multiple

- forms of the 178-HSD were investigated by examining the inhibition of the
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Figure 14
Lineweaver-Burk Plot for Enzyme Form I and*Testosterone.

Incubétionﬁ were carried out under the standard assay condition descrihgd in
the General Methods (p.34 ) except that -incubation time was 10 min. Each

point on the graph is aﬁ average of three incubations. Velocity (V) has the
units pmol prdduct/min. The value obtained from each incubation was considered
in the linear regression analysis. Each incubation contained 0.25 ng of-
“enzyme and subsé%ate oxidation did not exceed 25%.  Incubations were also

carried out for 20 min. and similar velocities were obtained.

R
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Figure 15

Lineweaver-Burk Plot for Enzyme Form II and Testosterone '

[ %

See Fig. 14 for conditions. Each incubation contained 0.12 ug of enzyme.

-
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Figure 16
Lineweaver-Burk Plot for Enzyme Form III and Testosterone

See Fig. 14 for condjtions.‘ Each inbubation contained 0.21 ug of enzyme.
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Figure 17

Lineweaver-Burk Plot for Enzyme Form I and Etiochoiano]one

-~

Each incubafiqn contained 0.5-ug of enzyme.

See Fig. 14 for ?ﬂsf?iions.
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Figure 18
Lineweaver-Burk Plot for Enzyme Form II and Etiocholanolone

See Fig. 14 for conditions. Each incubation contained 0.24 ug of enzyme,
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Figure 19

Lineweaver-Burk Plot for Enzyme Form III and Etiocholanolone

See Fig. 14 for conditions. Each incubation contained 0.42 ug of enzyme.

i
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- Table

8

" Kkm and Vmax of the Miltiple Forms of the Rabbit Liver

N\ 3ua,178-Hydroxysteroid Dehydrogenase
I
Testosterone Etiocholanolone
Enzyme Km " Vimax J : Km- Vmax
' (uM). nmol/min/mg protdin (uM) nmol/min/mg protein
B 3.2 615 1.7 217
IT 3.6 505 - 5.0 534
I1I 635 .18 107

3.0
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17B8-HSD activity by the 3a-substrate, etiocholanolone and 30-HSD actjvi%y by
the 17e-sqbstrate, testosterone. The'jnhibition of testosterone oxidation
,py etiocholanolone fér enFym%s I, ii,and &11 is shown in Figs. 20-22. MWith
all enzyme forms, 1nhibitibn is of the linear compétitive type (Dixon, 1953).
The inhibition of etiocholanolone oxidation by testosterone for enzyme forms
I, IT and III is shown in Figs. 23-25. Again inhibition is of the linear
competitive type (Dixon, 1953} for all enzyme forms. Table 9 summarizes the
inhibitory con;tant«(Ki) determined for the multiple forms of the 3a,178-HSD
of female rabbit liver cytosol. Enzyme form III exhibit§ the Towest Ki with

both testosterone and etiocholanolone.

¢) Effect Bf nucleotide concentration

NADP+ js a co-substrate for the multiple forms of the 178-HSD of female
rabbit liver. However the method used to establish the kinetic parameters
for these eﬁzymes with the steroid substrates can not Be employed to determine
these parameters for NADP+ since the steroids are insoluble at the concentra-
tions reguired to ensure complete sqturation of the enzyme.throughout the
kinetic analysis. The inclusion of albumin or organic solvents in the asséy
mixture to solubilize the steroid substrate is not acceptable since these
factors cou!d affect the kinetics of the reaction. Dalziel (1957) has
proposed a method which allows the determination of the Km for a second
substrate (cpenzyme? under conditions where the first substrate is not present
at saturating concentrations. This method was therefore employed Qith one
of the 17B8-HSD forms (enzyme I) to obtafn kinetic data on the coénzyme NADP+.
The enzyme was™ incubated with increasing concentrations of NADP+ at three
different concgntrations of the second substrate testosterone. The reciprocals

of the initial rates of oxidation were plotted against the reciprocals of the
-v‘-’l : .
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Fiéure 20

Etiocholanolone Inhibition of the Oxidafion of Testosterone by Ehzyme Form I.

Incubations were carried out as described iﬁ the General Methods (p34 ) except
that the incubation time was 10 min. The initial velocities (V) were measured

in the presence of increasing concentrations of inhibitor (etiochalanolone)

at three fixed substrate (testosterone) concentrations as indicated. Velocity -

(V) has the units pmol of product formed per min, Each point on the graph is

‘an average of three incubations, but the value obtained from each incubation

was considered in the linear regression analysis. Testosterone concentrations:

1‘uM (a); 2 yM () and 3 uM (8). Each incubation contained 0.5 ug of enzyme.
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Figure 21

Etiocholanolone Inhibition of the Oxidation'of Testostefone by Enzyme Form

IT.

See legend in Fig. 20. Each incubation contained 0.24 ug of enzyme.
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Figure 22

Etiocholanolone Inhibition of the Oxidation of Testosterone by Enzyme Form

ITI.

See legend in Fig. 20. Each incubation contained 0.42 ug of enzyme. = ..
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" Figure 23 ‘

Testosterone Inhibition of the Oxidation bf‘Etiocho]qnoJone by Enzyme Form I,

Incdbations were éarried out as'deﬁcriped in-the General Methods (p34 )
except the fncubafion time was 10'mfn  The initial velocities (V) were
measured in the presence of 1ncreas1ng concentrat1ons of 1nh1b1tor (testos-

terone) at three f1xed substrate (et1ocholano1one) concentrat1ons as 1nd1cated.

Ve10c1ty (V) has the un1ts pmol of product formed per min. ~Each point on

the graph was an average of three incubations, but thgiva1ue obtained from

. each incubation was considered in the 7inear regression analysis. Etiochola-

nolone concentrations, 1 uM (&), 2 uM (e) and 4 uM (w). Each incubation

contained 2.5 ug of enzyme. ) L—;i>

-
o,

'..

© e .
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Figure 24

A
Testosterone Inhibition of the Oxidation of Etiocholanclone by Enzyme Form

II.

/

See legend in Fig. 23. Each incubafion contained OLE\UQ of enzyme.
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.‘ Figure 25

Testosterone Inhibition of the Oxidation of Etiacho1ano1one by Enzyme Form

ITI.

The initial velocities (V) were measured in the presence of increasing concen-
trations of the inhibitor testosterone at three fixed substrate {etiocholanolone)
concentrations, 0.2 yM (4), 0.3 uM (e) and 0.5 uM (w). Each incubation con-

tained 0.63 ug of enzyme. For details see Fig. 23.

FL I
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’ Table 9 °
The Inhibitory Constants (Ki) of the Multiple Form$

of the 3u,17R-Hydroxysteroi¥ Dehydrogenase

- Testosterone Etiocholanoloﬁe
Enzyme ) : (Ki) (Ki)
g uM . uM
I ) 0.73 0.13
I 0.97 O 0.09

I . 0.21 0.02
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NADPT concentration at each testosterone concentration (Fjg. 26a). The
intercepts and the slopes of primary Lineweaver-Burk graph were then
plotted against the retiprocai of the téstosterone concentrations (Figs.
26b and ¢). The Km values of testésterone and NADP+ were calculated from

the equations:

[}

Km (testosterone)

km (NADP™)

il

g2 B

whereas ¢T is the slope and ¢0 is the intercept in Fig. 26b and ¢N is the
intercept in Fig. 26c. T = testosterone and N = NADP+. Km vaiues of 3.3
and 2.7 uM were obtained for testosterone and NADP+ respectively. The Km
value for testosterone 15 in agreement with the value obtained by the
Lineweaver-Burk plot (Fig. 14 and Table 8). | |

The fact that the lines in the reciprocal plots (Fig. 26a) intersect
at a point implies that the reaction protéeds by"an ordered mechanism with

‘uﬁ?binding of NADP+ as the first substrate.

'S
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Figure 26

Dependence of 17B-Hydroxysteroid Dehydrogenase Activity of Enzyme Form I
on NADP'

a.'ﬁrimary Plot: Dbub]e reciprocal plots of velocity of enzyme form I as

a function of NADP® concentration. Incubat{ons were carried out as

described in the General Methods (p.34 ) except the incubation time was

10 min. The jnitial velocities (V) wefe measured in the presence gf
increasing concentr@tions of cofactor (NADP+) at three fixed subs%rate
(testosterone) concentrations as indicated. Velocity has the units pmol
product per min. Each'pointlon the graph is an average of three incubations,
but the value obtﬁined from each incubation was considered'in the Tinear
regreséion aﬁa]ysié. Each incubatioh'contained 0.25 ug‘of enzyme.

Testosterone concentrations: 1 yM (0), 2 uM (o) and 8 uM (4).

b and ¢ Secondary Plots: Variation of the intercepts (Fiﬁ. 26b) and sTopes

(Fig. 26c) of Fig. 26a with the reciprocal of the testosterone concentrations.
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DISCUSSION R

The mu]t1p1e forms of the soluble 178-HSD of rabbit liver have proper-
ties s1m1lar to those of this enzyme activity in other t1ssues and species.
With all three forms of the rabbit liver enzyme the pH optimum of the oxida-
tive reaction for both 3c- and 178-substrates is 9.5 in 0.1 M glycine-NaOH
buffer. A simiiar pH ogtimum has been reported for the soluble 178-HSDs of
. chicken Tiver (Renwick et al., 1981) and human placenta (Langer and Engel,
1959)., The pH optimuﬁ for the reduction of the 17-ketosteroids is 7.6 in
0.1 M Tris-maleate buffer. This difference in the pH optima for the oxida-
tive and reductive reactfoﬁs has also been observed with other HSDs. For
~ example, Langer and Engle (1958) reported that the reduction of estrone by
~17B-estradiol dehydrogenase of human placental was optimum at pH 6.2 whereas
the pH optimum of the oxidative reaction was near 10. Similarly, the human
ovarian ]YB-estradidl dehydrogenase Has a pH optimum of 6.9 and 8.1 for the
reductive and oxidative reactions respectively (Pittaway et al., 1977).‘

It is evident from the results of the present studies théf all of the
multiple forms of the 17B-HSD from female rabbit liver cytosol exhibit higher
. activities toward androgens than toward estrogens in both the oxidative ana
reductive reac%ions. This is particularly evideﬁt with enzyme III wherel
activity toward testosterone is 50 fold higher‘than toward 178-estradiol in
the ‘oxidation direction (Table 5). Earlier studies by Thaler-Dao et al.
(1972) also showed a 178-HSD of female rabbit liver with higher activity
toward testosterone than toward 178-estradiol in the presence of NADP+.
Similar Eesu]ts have been reported for the soluble 178-HSD ofv;uinea pig

kidney (Liu and Kochakian, 1972a). In contrast, Renwick et al. (1981) have
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found that the 17B-HSDiof chicken*ﬁiver exhibits a high activity toward
17B-estradiol while testosterone is a very poor substrate. The soluble 178-
estradiol dehydrogenase of human placenta also exhibits a high specificity
for estrogens, activity toward 178-estradiol being 100 times higher than
toward testosteroné (LCanger et al., 1959). Estrogen-specific 178-HSDs have
also been described in the ovary of sheep (Kautsky and Hagerman, 1970),
human (Pittaway et al., 1977)‘and rabbit (Davenport and Mallette, 1966;
Rodway and Rahman, 1978). |

Differences in -the relative rates of ox{dation and reduction of estrogens
and androgens are dbserved with the 17B-HSDs of female rabbit liver cyfoso1
(Table 7). With.all of the enzyme forms,_actiuity is higher toward estrone
than toward 17B-estradiol. This higher activity in the'reductivg direction
with estrogens could be very important in vivo, {ncreasing the levels of the
active hormone, 178-estradiol in the circulating blood or increasing the
amount of 17B-estradiol available for binding to its receptoré'in the rabbit
liver cytosol (Danzo et al., 1977; Tong gg_gl.; 1983). On the other hand,
wifh thezandrogen substrates the relatively higher rate of okidation of
testosterone compared to the reduction of androsténedio;é suggests that‘ig
vivo the liver 178-HSD is responsible for the inactivation of testosterone

circulating in the blood. However, in vivo the relative extent of C-17

oxidation or reduction will also depend on the_rat{o‘of oxidized to reduced
" coenzyme present in the tissue. Therefore, the in vivo function of .the liver
178-HSD 1in androqsp and estrogen metabolism cannot be uneqﬁivoca]]y assigned
based on in vitro observations where the rates of oxidation and reduction are
determined under optimum conditions and in the presence of an excess of the

oxidized or reduced form of the coenzyme.
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Previous studies in our laboratory have shown that some forms of the
17a-HSD of female rabbit Tiver and kidney.cytosol may have a specific role
in estrogen metabolism. These enzyme forms exhibit a high activity toward
the glucuronide derivatives of 17a-estradiol (Hasnain and Williamson, 1977;
Lau et al., 1982a and b) suggesting a close relationship between conjugation
with gTucuronic acid-at C-3 of the steroid and oxidation-reducfion at C-17
in this tissue. With unconjugated estrogens the predominant-interconversion
is between estrone and 178-estradiol (Hasnain and Nii]iamson; 1974).

However after the formation of the 3-glucuronide derivative, conversion to
the 17a-epimer, predominates. Thus conjugation of the estrbgen molecd]e at
C-3 with glucuronic acid directs estrogen metabolism toward elimination of
this molecule owing to the presence of a 17a¢-HSD in rabbit 1iver.specificu
far the g]ucuronidelderivatiﬁe. 17a-Estradiol 3-glucuronide is the specific
substrate for the eﬁzymic transfer of N-acetylglucosamine from UDP-N-acetyl-
g]ucdsamine to the 17a-position of the steroid (Collins et al., 1968). The
double conjugate formed is then excreted in the urine (Layne et al., 1964;
Layne et al., 1965; Layne, 1970; Collins et al., 1968). The present studies
have shown that this high activity toward estrogen glucuronide is not observed
with the 178-enzymes of female rabbit Tiver cytosol. Indeed, the activity
toward the 3-glucuronide derivative of 17B8-estradiol is one fifth e? that
toward 178-estradiol for enzymes I and Ii and approximately equal for enzyme
ITI. The relatively low activity of the 178-HSD toward estrogen gTucuronides
when compared to the 17a-HSD activ;ty suggests that in vivo conjugation with
glucuronic acid would direct the reduction of C-17 to the I?a-derﬁvative aﬁd
subsequent excretion of the steroid.

The substrate specificity studies of the multiple forms of 178-HSD

of female rabbit liver cytosol show that these enzyme forms.also catalyze
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the oxidation of the 3a-hydroxysteroids The common identity of the 3a- and

-_17B-act1v1t1es of the rabbit 11ver enzymes is supported by k1net1c analysis.

“:eLu;yThe oxidation of the 178- hydroxystero1d testosterone was 1nh1b1ted competi-

tively by the 3a-hydroxysteroid et1ocholano1one wh11e the. ox1dat1on of
3a-hydroxysteroid et1ocho1ano1one was 1nh1b1ted compet1t1ve1y.by testosterbne,
indicating that these steroid were compet1ng for the same act1ve s1te A
linear compet1t1ve type of 1nh1b1t1on was observed w1th all enzyme é%rms.

The 3a- act1v1ty is re1at1ve1y spec1f1c for androgen substrates of the 58-
androstane ser1es.W1th an A/B cis ring fusion. The act1v1ty toward etiocho-
;1ano1oneh(58-androstane series) is.at'Ieast 10 times‘higher than toward.
-audrosterone (5a-androstane series). This specificity has also been reported
for the 178-HSD of female rabbit liver cytosel by Thaler-Dac et al. (1972).
In.contrast, 3a-enzyme activity of the 178-HSD from guinea pig kidney cytosol
(Shen and Kochakian,.1978; Liu and Kochakian, 19722) and the 3(17)a-HSD of
rabbit kidney (Lau et al., 1982a) is.specific for C1§—steroids havtng an A/B
'Ergﬂg_ring fusion. This discrimination_showr by the 3a-ectivity with regard
to the A/B ring fusﬁon of the 5a- and 5B-androstane series can be exp]atned
by the con ormattonal differences of the steroids. tqnformationa1'ena1ysis
of 5a-sterghds such as androstercone shows that it has a planar structure, whiie

such as etiocholanolone are characteriied by a marked bowing

of the A-ring about the C-5, 10 bond relative to the remainder ot the steroid
motecule (Duax and Norton, 1975). The 3a-HSD activity in the reductive
‘reaction toward the substrate 5a-dihydrotestosterone could not be detected
with the multiple forms of 178-HSD of female rabbit liver cytosol. This 15

in keep1ng with the lower activity of these enzyme forms toward androgens

of the Sa-androstane series in the oxidative reaction. Rad1oact1ve substrates
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having a 3-kero—53-ahdrostané configurétibn‘ére not commercially available,
therefore the reductive act1v1ty of the 11ver enzymes toward 58- androstane
substrates cou]d not Le estab11shed

One of the mu1t1p]e forms (enzyme I1) of the soluble 178-HSD of female
rabbit Tiver exhibits significant 3B—HSD activity. The activity of this
. enzyme form toward the‘3B-hydrox§steroid.substrate dehydroepiandrosterone
is approximately 40% that observed with the 3a-hydroxysteroid substrate etio-
cholanolone (Table 5). These results confirm tré earlier studies bf Thaler-Dao
et al. (1972) which indicated 3B-enzyme activity for a partially purified
178-HSD of female rabbit Tiver. Déhydroepiandrosterone is a A5 steroid and
has a planar ring structure similar to that of the 5a-androstanes (Duax and
Norton, 1975), Rad1oact1ve substrates of the 5a- and 58- androstane series
having a 3B-hydroxyl group at C-3 and a kqtqné group at C-17 are not commer-
cially available. Therefore it was not possible to assess the effect of
the unsaturated B ring present in dehydreepiandrosterone on the 38-enzyme
activity. S , : ' - .
Inifia] studies on the substrate specificity of the 1§olated enzymes
indicated that the 178 enzyme activity was 2-4 fold higher than the 3g- -enzyme
activity (Table 5). ‘ Kinetic analysis showed that enzymes I and II exhibited
‘similar Km and Vmax values toward 178~ apd 3o-hydroxysteroids (Table 8).
How;ver, for eﬁzyme I1I, the kiretic data indiﬁated that etiocholanolone was
a better substraté than testostercne. Tﬁe enéymé IIT had a significantly
Tower Km toward‘etiocho1anb16ne than'Powardatestosterone, a result contradic-
tory to the initial finding that 17B'activity for enzyme III was higher than
3a-actirity (Tablels) When kinetic ana]ys1s of\this enzyme was carried out
\z;le III occurred at the

1t was observed that substrate 1nh1b1t1on of e

1



M32-
[ B o '

\ b7 _
concentration of etiocholanolone normally used in the enzyme assays {1 uM,
Fig. 19). This substrate inhibition could therefore account far the appa-
rent lower activity of enzyme III toward the 3a-hydroxysteroid substrate -
than toward the 178-hydroxysteroid substrgte.. Inhibition by etiocholanolone
was also observed with enzymes I and II but only at much higher substrate

concentrations. Only enzyme III showed substrate inhibition with testosterone .

and again, this occurredat relatively high substrate concentration. Substrate

inhibition has been also reported for the 3(17)8-HSD of Pseudomonas testosteroni
(Talalay, 1963) and for the 3{17)a-HSD from female rabbit Tiver and kidney

cytosol (Lau g;!gl,, 1982b). The Tow Km of enzyme III tdﬁard etiocholanolone  —

" suggests that this enzyme could fyhction specifically in vivo to metabolize

3a-hydroxysteroids of the 5B-dndrostgne series which cqyld be present at low
levels in the circulation. |

The bifunctional enzyme act(iity observed with the rabbit Tiver 178-
HSD has also been observed with other 178-HSDs. Shen and Kochakian 61978)
and Liu anatkochakian (1972a) found Sd-HSD activity assquated with two of
the purified forms of the NADP+- ndent 178-HSD.of male guinea pig kidney
cyosol. Battats et al. (1972) repogted that 178-HSD activity was associated

with a 3c-HSD of Pseudomonas tesfosteroni.

HSDs other than those specific for the 3n- and 178-hydroxysteroids also
éxhibit bifunctional activigif Ihese include the 2Qo-activity of the

17B-e§tradio1 dehydrogenase of the human placenta (Strickler et al., 1981)

and fhe 208-activity of the 3a-HSB of Streptomyces hydrogenans'(Edwards and
Orr, 1978). Recently, Sharaf and Sweet (1982) have purified an enzyme from

calf fetal red blood cells exhibiting both 334 and 200-HSD activities. The

bifunctional enzyme activity of‘thé HSD from Streptomyces hydrogenans has

/
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been examined in considerable detail, This enzyme has both 3a- and.ZOB-HSD
activities. Edwards andIOrﬁ {1978) have presented evidence that both activi-
ties are due to a single enzyme. The two enzyme activities co-purified and
exhibited the same inactivation‘pat;ern when treated with 21-iodoaceto£y-
cortisone or l6u-bromoacétoxyprogesterone. These studies havebeen confirmed
by Sweet and co-workers {Sweet and Samant, 1980; Sweet et al., 1980; Sweet

and Samant, 1981) using ]T-bromoacetoxy‘éteroids énd FSA (5'—p—f1u0rosu1f0ny]-
benzo&] adenosine) as substrate analogs. Sweet.ahd Samant (1980) have proposed
vtwo models of steroid binding to accqun? for bifunctional activity of this
enzyme, Ohe mode] proposes that the enzyme has a single cefactor bindiﬁg“
region and two different steroid binding orientations at the active site.

Two different enzyme-substrate complexes can be formed by a 180° rotation

of the steroid at the active site. The C3 or Cpp carbonyl group can receive

a 3g- or 20q-hydride from the same NADH molecule with the formation of the
appropriate hydroxysteroid at a single catalytic region. The second model
depicts the steroid binding region-at the enzyme active site having two
cofactor binding regions at opposite ends of. the steroid molecule so that

€3 or Cpq carbonyl group can receive a 3a- or 208-hydride from an appropriately

logated NADH molecule.
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CHAPTER V_

THE MULTIPLE FORMS OF THE SOLUBLE 178-HYDROXYSTEROID.
DEHYDROGENASE OF FEMALE RABBIT LIVER: PHYSICAL AND
CHEMICAL PROPERTIES AND AGE DEPENDENT CHANGES °

1. Chromatofocus1ngﬁof the partially purified solub]e 178- hydroxystero1d

dehydrogenase of liver from rabbit at different ages

The activities of many steroid—meﬁabo]izing enzymes exhibit,age-
related variations. Most of these changes can be directly related to the
increased prodﬁction of gonadal hormones that‘occurs during animal development.
Bongiovarini and Marino (1972) studied the 17B-HSD activity in the liver of
rabbitg at various developmental stages. They found that the fetal Tiver
{30-33 days of gestation) homogenates had ﬁo apparent 178-HSD activity.
Homogenate prepared from liver of the 20-day-01d rabbit was better able to
reduce androstenedione to testosterone than the liver homogenate from the
mature (17-19 months) rabbit.

In our studies soluble 178-HSD act%vity has been examined in the liver
of fema]e rabbits at various ages. Table 10 shows the specific. activity of
the so1ub1e 178- HSD when testosterone is used as substrate and NADP as
coenzyme. The specific activity of the soluble 178-HSD is Jowest in the
) 1i;er of rabbits 28-days-old and increases with the age of the animal.
| In order to %nvestigafe the re]atfgrship between the age of the animal
and the 178-HSD activity the cytoso]l %raction obtained from rabbits 28-,
35-, 42-, 49- and 56-days-old were concentrated by ultrafiltration an& each
separate preparation was subjected to gel filtration on Sephadex G-75 |

(superfine) as described in General Methods {p. 37). The fractions containing
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Table 10

178-Hydroxysteroid Dehydrogenase Activity of the Liver ,

Cytosol from Female Rabbits at Different Ages

b3

~

Age : Specific Activity
(days) ) ' {(punits/mg protgin},

28 ‘\\\\ 218 + 30
" 35 ( 240 * 20

42 . N 440 * 40

.
49 _ 485 * 50
56 635 * 60

For the ages 28 and 56 days, the specific activities are the average
from 4 animals, while for the other ages the values are the average
from 2 animals, Steroid concentration was 1 uM and the assay was

carried out in 67 mM glycine-NaOH buffer pH 9.5.- Y
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the 178-HSD écti&ity Qere pooled, concentrated by u]trafi]tfapion and
subjected to chromatofocusing—éﬁromafography under the conditions described
in the General Methods (p. 37). Eraéﬁions obtained by chromatofoqqﬁi&é were
assayed for 17g-HSD activity using'the substrate‘testosterone' Fig. 27
shows the 178-HSD aCt1V1typatternschta1nedafter chromatofocusing chromato-‘
graphy. The enzyme act1v1ty profile differs with the age of the animal.

In 28-day-old animals, the 17g-enzyme profile shows one major peak of
activity (enzyme IIIY) and two minor peﬁkéw In 35-dayiold,rabbit, two
peaks of 178-HSD activity are.phesent. fhe enzyme pattern of the 42-day-
old rabbit differs from thatobtained from the 28- and 35-day-o01d animals,
one major activity is 'observed with a shoulder Tikely due to a more acidic
enzyme form. The profile of the 17R-HSD activity obtained from 49- and 56-
day-old rabbits.ane similaf, two peaks of activity being present. This
pattern was also o;;ajned from r&gbits at ages of 70- and 84-days and also

-

from a 42-menth-old animal (data not shown).

2. Purification and properties of the soluble 178-hydroxysteroid

dehydrpgenase of Tiver from the female rabbit 28-days-old

In ordef to compare the 17B8-HSD from rabbits at differenf agés, the
178-HSD of the 28-day-old rabbit (enzyme IIIY) was purified.  The 178-HSD
fraction obtained by gel filtration was subjected to affinity chromatography
as described in the General Methods (p.37). The fractions of the'affinity
chromatography column with 178- HSD act1v1t1es were concentrated in the

presence of 20% glycerdl (v/v), d1a1yzed against 10 mM Tris-HC1, pH 8.0,
0.5 mM DTT, 20%‘glycer01 (v/v) and subjected to chromatefocusing chromato-l

graphy, .
r—l—
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Figure 27

Chromatofocusing phfomatOQraphy of the Partially Purified 178-Hydroxy-

steroid Dehydrogenase of Female Rabbit Liver Cytosol at Different Ages.

.Each 178 HSD was partially purified by gel filtration on Sephadex G- 75
.concentrated by u]traf11trat1on and subJected separately to chromatofocus1ng
hromatography as de;cr1bed in General Methods (p. 38). 17B-HSD activity
was measured using testosterone as substrate. The amount of eaéh column
fraction assayed was 10, 10, 5, 3 and 2 ul for the ages 28-(A),
5-(B), 42-(C), 49-(D) and 56-(E) day-old rabbits respectively.
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.

 Fig. 28 shows a typical profile 6f the soluble 178-HSD dbtained by
chbomatofocusing chromatography. The fractions comprising the major
17R-HSD. activity (peak IIIY) were concentrated and again subjected to
chromatofocusing in a small column as described preyious]y to yield a
178-HSD that was hombgeneous as established by polyacrylamide gel disc
electrophoresis (Fig.. 29). Substraté staining tcyard both testosterone
and etiocholanolone showed that the single protein band has activity
toward both steroid substrates. The properties of the purified 178-HSD
were determined in orqer to compare these properties to those established
for the enzyme forms isolated from the 8-week-old rabbit. The molecular
weight of the enzyme (TIIY) dgtermined by SDS-polyacrylamide gel disc
electrophoresis was approximately 40,500. The enzyme had the same pH
optimum toward testosterone and etiocholanolone as thé énamﬁg from the
8-week-0ld rabbit (Figs 9 and 10). The activity of the enzyme IiIY
toward a number of steroid substrates was examined and the results are
summarized in Table 11. In general, activity toward androgens is higher
thén toward estrogens. Enzyme IIIY also has 3o-HSD activity relatively
specific for substrates of the 5p-androstane se}ies, the'aétivity toward
etiocholanolone being.approximate]y 3 times hiéher than toward androgperone
(5a-androstane series). _

Fig. 30 shows the Linewedver-Burk plot, for the ]7B-qctivity of
enzyme IIIY when testosterone i; used as a subsfrate. The apparent Km
and Vmax va]ue; for the gnzyme were determingd to Be 1.35 uM and
270 nmol/min/mg pratein respectively. There was no substrate inhibition

at coficentrations up to 8 uM.
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Figure 28

Chromatofocusing Chromatography of the Soluble 176—Hydroxysteroid Dehydro-

genase of Female Rabbit Liver, 28-Days-01d.

Chromatofocusing Chromatography was carried out as.described in the General
Methods (p. 38). Aliquots (1041) of the column fractions (1.5 m1) were

assayed for 17B-HSD activity toward the substrate testosterone.

oy
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Figure 29
Polyacrylamide Gel Electrophoresis of Enzyme Form IIIY.
Gel a: polyacrylamide gel electrophoresis according to the method of
Davis (1964).

Gel b: SDS-polyacrylamide gel electrophoresis according to the method

of Weber et al. (1972).
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““\ Table 11
Substrate Specffﬁcity “of the Purified ]7B-Hydroxysteroid Dehydrogenase
of Femalé Rabbit Liver (28-days-old)

R‘
| _ Speﬁific Activity
?ubstrate ' ' (munjts/mg protein) -
Testosterone . 195
1778-Estr‘ad1‘01 ' . 0.62-
178-Estradiol-3-glucuronide , ) 0;i5-
Etiﬁgho]anolone  4.65
_ Aﬁdrosterone. ' ' 1.70°
Dehydroepiandrostgrone ‘ h‘\\'f | 6.46
Epitestosterone , . 0.50
170-Estradiol - 0.60

4

Incubations were carried out as described in the General Methods. The amount

of enzyme aésayed with testosterone was 2 ug ( fipal concentration 16 nM)

and the amount assayed with other substrates were adjusted accordingly.

Steroid concentration was 1 uM and the assay was carried but in-67 mM glycine-

NaOH buffer pH 9.5.

1

T L T F oy

IR
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- Figure 30

Lineweaver-Burk Plot for Enzyme qum II11Y and Testosterone.

b

Incubations were carried out under the éonditions described in the
General Methods (p. 34) except that the incubation time was 10 min. Each
point on the graph is an average of three iﬁcubapidns. Ve]oéity!%a) has
the units pmol preduct/min. The vaiue obtained from each incybétion was
considergd in the linear regressjon analysis. 0.75 ug of préfein was

~ .

used per incubation. )
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3. Comparative studies on the properties og\the‘muitip1e forms of the

178-hydroxysteroid dehydrogenase
. L ' . :
" Comparative studies on the properties of the soluble 17g-HSDs purified

from the liver of 28- and‘56-day-olq\£iEEifs were carried out in order to

establish the similarities and the differences among these enzyme forms.

a) Subetrate specificity
The rates of oxidation of various substrates, as compared to the:
oxidation of 17B-estradiol, by enzyme ﬁprms I, II and III from thehliver of

the 56-day-o0ld rabbit &nd enzyme form IIIY from the liver 6f the 28-day-o0ld

_rabbit are shown in Table 12. The data for éﬁzyme forms 1, IT and IIIAhés

been shown previously in Table 5 (p. 92).° Table 12 shows that the general
substrate specificity profile of enzyme form IIIY differs from those obtajped
with the enzyme forms from the older rabbit. However some ;imi1arities are
observed when activities of the enzyme forms toﬁard individual substrates
are compared.. The activity of enzyme IIIY toward 17g-estradioi 3-glucuronide
is similar to that shown by enzymes I and II. The activity of enzyme IIIY

' )

Toward testostercne and ahdrosterone is intermediate between enzymes I and

II1 and the activity of‘enzyme IIIY toward etiocholanolone is most similar

to enzyme 1. ' ‘ f

b) Isoelectric Focqsing Po]yécry]amide Gel Eiectrophoresis
) The isoe]éctrié points for enzyme forms I, II, II11-and TIIY detefhined_"‘
by chrohatofo;using,chromatography were 5.60, 5.45, 5.35 and 5.20 ﬁespeé-
tively. Enzyme forms III and IT1Y werg further'cohbared by isée]é;tric
fDCQ§ing polyacrylamide gel electrophoresis {General Methods p. 40). Fig.

31 confirms that the isoelectric point of enzyme iIIY is more acidic than
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Table 12

o
L.2%

Rate of Oxidation of Substrates as Compared to Oxidation of
— .
- 178-Estradiol by the Soluble 178-Hydroxysteroid
Ditii:?genase of Female Rabbit Liver

Substrates Enzyme

I G 3 S ¢34
17B-Est\raaf01 100 100 " 100 100
-]TB-—Estr‘adiQ'I-3-g1uc.gr:onide .20 20 .. 10 24
Testosterofe. | | 2573 10 477 3150
Androsterone o 80 18 o 274
Etiocholanolome -~ 673 436 3142 750

NG
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Figure 31

Isoelectric Focusing Polyacrylamide Gel E]ectrophoresii of Enzyme Forms
L 4 .

I1I and IIIY.

Electrophoresis and substrate staiping were carried out as described %n
General Methods (p. 40). ApproXimate]y'ZOOO uunits of enzyme activity
toward the substrate testosterone was applied to the gel. Gel a, enzyme

ITI; gel b, enzyme IIIY and gel c, enzyme III plus IIIY.
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ﬁ\\ é%hat of enzyme III. Similar results were obtaimred when enzyme IIIY was

compared to enzymes I or II (data not shown).

. -

c) Amino acid composition

The majority of the data accumulated on the properties of the diffe-
rent forms of the 178-HSD fﬁdicates that these enzyme forms are distinct
éntities. Therefore studies were undertaken to investigate whéther these
differences were a result of differences in the primary structure of the
enzyme forms.

The'énzymes were subjected to amino acid analysisland the data obtained
are presénted in Table 13. No major differences in amino acid composition

| among tﬁe-enzyme forms were observed. Although the data presented in Tab]e
M P |

13 are not corrected for incomplete recovery and present a single set of

determinations, there are possible differences in amino acid composition

among the multiple forms of 178-HSD. Enzyme form IIIY has a higher glycine,
alanine aﬁd valine content and lower in the tyrosine residues than the
other multiple forms. Moreover, enzyme form IIi is lower than pthers in

the glycine content (Table 13). ‘ :

Siqce heterogeneity in proteins can ‘be caused by tﬁe presence of carbo-
hydrates, we examined the multiple forms bf'17s-HSD for the presence of
ami?o sugars, cbmmon coﬁponents of glycoproteins. - This analysis was
initially carried out on the eniyme fraction obtaiﬁed after affin{ty .
chromatography. Glucosamine of galactosamine was not detected ih this
fraction which contains all forms of the‘enzyme. This result was confirmed
when individual enzyme'?afms I; II, III and II1Y were _analyzed for these

two amino sugars.
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Table 13

o

Anino Acid Composition of the Mu]t1p1e Forms of the 178-Hydroxysteroid
Dehydrogenase of Female Rabb1t Liver.

Proteins (100 ug) were hydrolyzed as described in the General Methods
(;. 42) for 16 h and analysis were performed with a Durrum D-500 amino
acid analyzer. Cysteine was determined as cysteic acid by the method of
Hirs (1956). Tryptophan and amide content of the proteins were not
measured. Values are not corrected for incomplete recovery and represent ;

i

a single set of determinations. The residues/mol protein were estimated

~on the basis of the molecular weight of each protein determined by SDS-

polyacrylamide gel electrophoresis. The residue number was calculated by

.mu]Eip]ying the nmol percent of each amino acid by a number until the

molecular weight of the sum of the amino acid residues approximated the
molecular weight determired by SDS-polyacrylamide gel e]ectrOphorest

The molecular weights listed in the table are the sums of the molecular

”we1ghts of the amino acid residues of each prote1n Asx = aépart1c acid.

+ asparagine; G1x¢) glutamic ac1d + glutamine.
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Table 13-

.

Amino Acid Composition of the Multiple Forms of 17B-Hydroxysteroid

Dehydrogenase of Female Liver

[y

- . Nearest Integral Number of_Résidues
(nmoi - residues/nmol protein) '

ENZYME
Amino Acid .- .

Residue I 11 111 IIT Y
Cys ) 8. 7 9 .o
Asx 37 a0 . 38 35.
e & 17 18 16 23
Ser ' 24 24 17 25
Glx 40 43 40 40
Pro 8 14 .8 12
Gly 28 30 20 a7
Aa 20 3] 25 . 35
Val - 18 20 16 7
Met 12 12 10 10
Ile 16 17 17 T
Leu ( " 39 37 38 39

“Tyr | 712 15 . 9

Phe 13 14 14 13

His 1%5 9 10 10

Lys — 2 23 19
ﬁw_*“\#yzt/f""/, 12 9 7 12
Number of. residues 47 359 323 371

Molecular weight 37,900 39,682 36,959 40,273
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d) Pept{qe maﬁping

The primary structures of the multiple forms of the 178-HSD were .
further compare& by peptide mapping. Bec#use qf the small quantities of
the-purified enzymes avaf]ab]e, the usual method for peptiqe mapping was
not practical. The sensitivity of the method was increased by Qsing a
?ﬁdioactive reagent thch would generate radioactive peptides upon proteo-
Tytic digestion. Acetj]étion of amino dfoups in the protein-.sample (the
eg-amino groups of ]ysine residues and the &-amino group of the amino
ferminus) with []4C] acetic anhydride was se]ected‘for the following reasens:
a) lysine residues usﬁa]]y occur in suffiéient abundance in proteins to
ensure that an adequate number of radiocactive ;Qots would arise to facili-
ate the detection of differenceé between the proteins; b) acetylation of
amino groups is rapid, mi]ﬁ and relatively group specific and c)_]ysine
residues aﬁe'usually exposed on the surfacé of the molecule and f;erefore
readily accessible to chemical reagents. Since it is known that changes
‘which occur in the primary sequence of closely related enzymes are usually
associated with the outer core of the protein,‘this method would then best
i]]gstrate aﬁy differences occurring among the multiple forms of the
enzymes. _ . | -

As described in the General ﬁethodé (p. 43) the papain digest of each
acetylated protein was first éiectfophoresédlaf pH 6.5.- The Auioraaiogram
of the acetylated proteins obtained after this procedure showed no distinct
qifferences among these enzyme forms (data not shown). Each strip of
radicactive material was then subjected to e]ectrophoresig in the second
dimension at pH 2.1 and autoradiographs of the peptide maps obtained are

'
f

M _
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-shqwﬁ in Figs. 32-35. It is evident froﬁ the peptide'maps that there is
" considerable homology among the enzyme forms (Figs. 32-35). The most apparent
differences are found in enzyme III which has 3 peptides marked a, b and c .
(Fig. 34) that are not present in the other forms. In addition enzymes III
apd II1Y hpv;ka peptidé (d) not present in fonn“i and II. Although close
examination of the peptide maps reveals other minor differences it is not -
possibily to establish from the autoradiographs where these differences are
due to different peptides or just quantitative differences.

@hen the peptides that were neutral on electrophoresis at pH 6.5 were
subjected.to electrophoresis at pH 2.1, no distinct pands were observed.
Thisig:iigzas therefore subjected to electrophoresis in the second dimension
‘at pH 3.5. The peptide maps obtained for the enzyme forms I, II, III and
II1Y are shown in Figs. 36-39. The pepfide maps agéin reveal considerable
hémb]ogies among these enzyme forms. However, unique pepti&es (marked

'1-8) are apparent in enzyme forms I, II and III.

e) Amino-terminal identificatiop *

L]

Identification of the amino-termini of the multiple forms of 178-HSD(of
female rabbit liver cytosol was carried out according to the method of
(Kaplan et al., 1983) deséribed in the General Methods (ﬁ. 46). According
to thfs_m?thod, the anfamino acid with the highest [3H]/[14C] ratio is'the
aminosterminal residue. Table 14 shows an analysis of the amino-termini of
the multiple forms of 178-HSD of female rabbit liyer cytosol. For enzyme
form I, fhe amino-términus is serine. For enzyme form II serine is the
major émino-terminus;however, alanine may be a significant component. -
Enzyme form III ha; either aspartic acid or asparagine and'serine as the
amino terminus. The analysis suggests that enzyme form III may be'cqntam{nated .

with enzyme II. This is likely since enzyme forms- I, II and III are eluted

NP
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~ Figure 32

14

Autoradiogram of the‘Peptfde Map of ' 'C-acetylated Enzyme I.

‘The papain digest of the ]4C-acety1ated enzyme I was electrophoresed in-
the first dimension at pH 6.5 for 45 min at 3000 voits and then in the

second dimension at pH 2.1 for approximately 75 min at 60 volts/cm.

o
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. Figure 33
‘Autoradiogram of the Peptide Map of ]4C—acety1ated Enzyme II.

. Electrophoresis was carried out‘és described in Fig. 32. (

o

“
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" Figure 34

»

14

Autoradiogram of the Peptide Map of C-acetylated Enzyme III.

Electrophoresis was carried out as described in Fig. 32.

LN ’
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Figure 35

b.

14

- Autoradiogram of the Peptide Map of ' 'C-acetylated Enzyme III Y.

Electrophoresis was carried out as described in Fig. 32.
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&

. Figure 36

¢ -

¢ L]
The neutral peptiggg of enzyme I at pH 6.5 wéré-éubjected to electrophoresis

a

-

Autoradiogram of the Peptide Map of the Neutral Peptides of Enzyme I,
A I . ti_

in the second dimension at pH 2.1, _The band of peptides was cut out and
"
electrophoresed at pH 3.5 for 90 min at 60 volts/cm. The spot located at

the lower right corner offt:ij?u{fradiogram is due to the radioactive

\

identification marker.
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Figure_37

Autoradiogram of ﬁhe Peptide Map of the Neutral Pe&%?ﬁes of Enzyme II.
I‘\ i

¥

.Electrophoresis was carried out as described“ﬁn\(:g. 36.

’
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Figure 38

¥

Autéradiogram of the Peptide Map of the Neutral Peptides of Enzyme III.

Electrophoresis was carried out as described in Fig. 36.
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o | # \| Figure 39

Autoradiogram of the Peptide Map- of the Neutral Peptides of Enzyme III Y,

~§ . -
Electrophqpbsis was carried out as described in Fig. 36.
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Table 14

Analysis of Amﬁngj;ermini of the ]7B-Hydroxysterbid Dehydrbgeqase
| Maltiple Forms ([3H1/['%C] ratios)

~ o s
' . - i
- ) , ' Enzyﬁisp : \R\¥

Amino Aeid I Col LD I11Y
Asx 2.2 0.9 5.6 4.2
Thr: 1.2 0.8, 0.8 0.9
Ser o 10.4 3.9 3.7 - 1.3
61x 2.3 1.0 1.2 1.2
*Pro 0.0 0.0 0.0 0.0
Gly 1.4 1.5 2.1 0.0
Ala 1.6 2.1 1.3 0.0
val 0.4 ° 0.7 0.6 0.0
Met 0.7 1.6 15 0.0
e 0.5 0.2 0.7 0.0
Leu 0.5 0.3 0.6 0.0
Tyr - 0.0 0.7 - 0.8 0.0
Phe 1.5 0.0 0.0 0.0
His 0.2 - 0.1 0.3 0.1
Lys 0.5 . 0.0 1.2 0.0
0.0 0.5 0.2 0.2

Arg

Y

-

* . . ) '
The proline derivative of Dnp was completely destroyed under the

digestion conditions.

e

b et L
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- -sequentially from a chromatofocusing chromatography column in the final-
step of their purification. Aspartic acid or asparagine is the only amino- - ;

terminus obtained for enzyme form IIIY.

f) Carboxyl-terminal peptides

The carboxyl-terminal peptides of the multiple forms of the soluble
17B-HSD of female rabbit liver were compared by the method of Duggleby and
Kaplan (1974). This method is based™on the fact that when an eniymatic diges-
fion is performed on a protein in which 311 the free carboxyl groups have been
modified by coupling with [1C] ethanolamine, the carboxyl-terminal peptides
will be unique in that they lack free carboxyl groups.(Txfcakboxyl-bloéked
peptide will have the same electrophoretic mobility at‘pH 4.4 and at pH- 2.1,
whereas, a peptide_with a free carboxyl group will mjgrate more rapidly
toward the cathoderét‘pH 2.7 than at pH 4.4. Using a diagonal e]ectrophoretic
procedure based on this property, carboxyl-?ermina] peptides can be identified
and compgred. The results showing the two dimensional e]gctrophoretogram
obtained from a papain digestion of enzyme forms I and II are shown iﬁ Figs.
40 and 41 (data for enzyme forms IIT and IIIY are not shown). No observable
Qifferénces are apparent in the carboxyl-terminal peptides of enzyme forms
I and II. Ehzyme forms EII and II1Y Qave a similar pattern (data not shown).

Table 15 shows the re]étive mobilities of carboxyl-terminal peptides
of énzyme forms'I and II compared to the mobility of the marker glycinamide
at pH 4.4 and 2.1 calculated from Figs. 40 and 41. Again, no major diffe-
reﬁces are observed between the c5?boxy1-términa1 pepfides of enzyme forms

1 and II.



-174-

Figure 40

. , o

, \
Autoradiogram_of the Two-Dimensional Electrophotogram of Carboxyl-Terminal

»

Peptidegs of Enzyme I.

The papain digest of the ]4C;$than01amine enzyme I was electrophoresed

first at pH 4.4 andrthen at pH 2.1 as described in the General Methods

(p. 52). The peptides lying on the didgonal line between the two markers

taurine (T) and glycinamide (G) are the carboxyl terminal peptides.

.-.‘a'—
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© Figure 41

‘Autoradiogram of the Two-Dimensional Electrophoretogram of Carboxyl-

Terminal Peptides of Enzyme II.

4

Electrophoresis was carried out as described in Fig. 40:

‘ L3
[R—
.
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Table 15

Relative Mobility of Carboxyl-Terminal Peptides of Enzyme
Forms [ and II Compared to the Mobility of Glycinamide at pH 4.4 and 2.1

.

Relative Mobility of Carboxyl-Terminal Peptides of

Enzyme
PH I I 11
) % b; 6 4 | 2 b < dz
4.4 0.29- 0.38  0.43  0.74 | 0.28  0.35  0.38  0.66
2.1 0.28 0.3  0.45 0.73 | 0.30  0.39  0.44  0.69
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DISCUSSION

178-HSD activity has been shown to be ;ge-dependent fh some hammalian
tissues. Inano et al. (1967) reported that the 17g-HSD activity of rat
testis increaged with age reaching a maximal level in 60-day-old animals.
bee recently,.Fu%ﬁbayashi et al. {1982) stated that the 17g-HSD in the
‘testis Sf the adult golden hamster was approximately 10 times that in this
tissue from immature animals. Ghraf gg.gl,>(]9756) carried out an extensive
examination of the 178-HSD in the cyto§o1 and microsomal fractions from a
variety of tissues {ncluding the kidney, liver, adrenal and gonads of maﬁe
and feha]e rats 15- to 120-days-old.- The enzyme activity in at least one
of‘;he subcellular fractions of each tissue displayed an age-dependent
development, max{ma1 levels of activify being attainéd in animals 60-days-
2195/ Bongiovanni and Marrino (1972) méasured 178-HSD activity in rabbit

'11vér homogenates dqring different stages of development. No 178-HSD acti-
vity could Ee detected in the‘feta] liver homogenates while activity was
present in the liver homogenates of the young rabbit (20—days-old)'and
mathre.rabbit Tiver homogenatggﬂ(17-19-mqg§bs¢o]d).

Da}a presented in this thesis have demonstrated that the soluble 178-HSD
activity of female rabbit 1iver increases with the age of the animal. The
178-H§D pattern obtained by chromatofocusing chromatography of the partially
purified ]7B—HSD froﬁ rabbits at the age of 28- and 56-days suggésts that
the increases in'tot;] 17§-HSD activity between the 28- and 56-days-old

“rabbit codad be due to a relative increase in'one.of the enzyme forms (peak

I, Fig. 27). Howéﬂér, the -pattern of the multiple forms of the 178-HSD

observed with rabBits of {:;ermediate age suggests a more .complex modi%ica—

tion of the enzyme activity could be occurring during devé]obment (Fig. 27).

- .

w
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Conclysibns with regard to the .developmental aspects of this enzyme must
await a structural comparison of the enzyme forms in rabbits of intermediate

age {e.g. 5 to 6'weeks) with the forms present in the 4 and 8-week-old

animal.

.

The major enzyme form (IIIY) of the 28-day-old rabbit liver and the
enzyme form III of .the 56-day-old rabbit liver are the most acidic forms
of each'qge in terms of theiy elutidn on chromatofocysing and their
isoelectric points. Both of these enzyme forms haQe aspartic acid or
asparagine as émino-terﬁini aﬁa—have éim{1ar carboxy-terminal peptide pat-
terﬁs. However enzyme forms IIT and IIIY do differ in their primary
strdcture to some extent qnd also differ in substrate specificity. Only
~ enzyme form II1 exhibits the hjgh 3u-HSD activity and Tow Km toward the
5B-androstane substrate etiocholanolone (Table 8). Although enzymé I1IV
is similar to enzyme I and II in the substrate specificity{ it differs
from these enzyme forms at its amino-terminal and has-miﬁop'ﬂifferences
in primary. structure as revealed by peptide mappingl.'Thus %rom these studfes
it c;n_pe concluded that the majb; form of the 17B8-HSD present in fhe 4-week-
old animal (enzyme IIIY) is not present in animals 8 weeks of age. If enzyme
III is the major activity responsiE]e for the oxidation/reductio; of '
~30-hydroxysteroids of the 5B-androstane series as suggested by‘the ig vitro
kinetic data, then at 4 weeks of age the rabbit would have-a re]ative;y
lovier ability to metabo]i;e androgens due to the absence of’this’enzyme
form. En§yme IIT is also the enzyme form which,-iﬁA!iggé'exhibits a higher
17B-enzyme activity toward androgens'in the reductive direction and this
enzyme could be important ig_!ixé for the inactivation of testosterone.

Again, the absence of this activity in the liye% of 28-day-old animals could

L4
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indicate a reduced capability of animals at this age to carry out this
inactivation. Alternatively the abSence of this en;yme could reflect the
possibility that circulating levels of testosterone are lower in animals ., .
at this age. <::"”T“ ______

With regard to the forms of "the 178-HSD present in the 8-week-old
rabbit, the results obtained By peptide mapping and amino- and carboxyl-
terminal studies support the conclusion that the three forms (I, II and
111) are distinct enzymes, differing 1n.primary structure. Enzyme I and
II are the most similar, having the same amino-terminal amino acid residue,
the same carboxyl-terminal peptide patterns and the greatest degree of
. structural homology as revealed by comparison of their peptide maps. These
structural similarities are in agreement with the similar substrate specifi-
cities and kinetic properties of the two enzymes. In contrast, there are '
‘morg distinct differences in enzyme'IIi both in terms of structure (amino-.
terminal residue and peptide maps) and substrate specificity.

The similarities among the multiple forms.of the 178-HSD of female
rabbit liver cytosol as shown by pepﬁide mapﬁing, amino-terminal and
carboxyl terminal peptides daja are‘cénsistent with the hypgthesis thét tﬁgf
enzyme forms could arise from multiple but similar genes. Alternatively,
the different forms could be a result of postsynthetic modification of- the
prote{ns by deamination of asparagine and g]ut&mine residues. Deamination
has been shown tb be a significant in vivo modification step. For example,
in rabbit muscle aldolase, dgamination of an asparaginyl residue of each
subunit gave rise to five enzyme forms (Mide]forf and Mehler, 1972).

Williams and John (1979) were able to generate multiple forms of aspartate

transaminase from pig heart cytosol in vitro by deamination and these forms
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were fully active. Success1ve deam1natlons of the rabbit liver 178-HSD
would endow the prote1ns w1th a progress1ve1y more negative charge ﬁ}odu-
cing a series of charge isomers of the .enzyme,

The presence of carbohydrate can a]sﬁ,produceﬂiﬁterogeneity in
proteins. For.example, the heterogeneity of éspartate transaminase of
'pig heart cytosol‘(Denisova and Po]yangvasky, 1973) and adenosﬁne deaminase
-of human 1ivef (Swallow g;_gi., 1977) have been shown to be due.in part to
carbohfdfate. Qur studies have shown thét the 178-HSD of rabbit liver is
devoid of glucosamine or galactosamine. These amino sugars are usually
fdund directly attached to the peptide chain of glycoproteins (Spir;, 1973).
It is therefore unlikely that the 178-HSDsare g]ycoproteins and that the
hetérogeneity results from differences in carbohydrate composition. Indeed,
no 178-HSD of mammalian (Burns et al., 1971; Pons et al., ]977; Kobayashi
.and Kochakian, 1978) or bacterial (Schq]tz et al., 197?) origin has been
shown to be glycoprotein. The'absence of the amino sugars g]ucosaming‘and
galactosamine does not exclude the possibility that other carbohydratef
attachad to the 178-HSD of fema]e‘rabbit'liver cytosol contribute to the
hetero ¥ of this enzyme. K ' |

An'aiternate explanation for the mu]tip]e'forms of the soluble 17g8-HSD
of rabbit Tiver is_that they are the products of protease action on the
178-HSD. Although, as described previously it is unlikely that this obcurred~
dhring the purification procedure it is possible that such a process could
occur in vivo or immediately upon’isolation of the liver. A comparison of
~ enzyme forms I and II'reveals that these forms have the same amino-termiﬁiz

serine, and very simi]ar carboiyl-termina] peptides. However, these .enzyme,

forms do exhibit differences in their primary structure as revealed by peptide
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mapping. Together these results suggest *that these differences occur

by

within the interior of the enzyﬁE structures and that one entyme form does

not arise from,proteclysis of the other form dn1es§’?his proteolyfic
_cleavage gqner;iés a new amino-terminal serine residue. The data obtained
" in our studies do not rule out the‘possibility that enzyme I1I is produced

aby proteolys1s of enzyme I or Il in vivo since enzyme form III has a slightly

lower mo]ecu]ar weight than enzyme forms I and II had has a di rent amino-
terminal res1dub . ' d

Fo;ms of the 178-HSD more acidic than those purified by :romatofocusiné
have also been’ 1dent1f1ed n the present studies. These acidic fo}ms were -
.not ,%ta1ned by affinity chromatography and could utilize NAD as cofactor

It is unlikely that these acidic enzyme forms ake converted by proteclysis
iajternation would have to

to the less acidic forms of the-enzyme since an

be accompanied by_a loss of the enzyme's ability to utilize NAD+ as a.cofactof.

The structural relationship of the acidic ehzyﬁes to the less acidic forms

must await purification and structural analysis of these acidic enzymes.

Postsynthetic modification could be also responsible for the changes

}n the.multiple form§ of the IYB—HSD Qbsefved during déve]opment in the

- rabbit. Thus.enzyme form IIIY, the major form present in the 28-day-old
}abbit 6ou]d be a precursor of the enzy;e forms in the 56-day-old rabbit and
the enzyme forms observed in animals befween these two ages could reﬁreseht
different stages of this modification process. Enzyme form IILIY shows more
similarity to enzyme forms I and II in te#ms of Eubstrafe'specificity and
peptide mapping than to enzyme form III, That enzyme I or Il is formed
during developmé%t in é ;abbit by removal of a peptide fragmént from the

- amino-terminal region of enzyme IIIY is a possibi]i;y. This hypothesis is

13
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also supported by the fact that enzyme form II&Y has a different anino- .
term1na1 residue (aspart1c ac1d or asparag1ne) than enzyme forms I and IT
. (ser1ne) and by the h1gher moTlecular weight of enzyme form IIIY than
enzyme forms I and II. It-1s less Tikely that enzyme IIIY is the precursor
of enzyme III There is considerable d1fference in the pept1de maps and .
substrate spec1f1c1t1es of the two enzymes even though they have the same -
‘ am1ntherm1naI amino ac1d res1due It is unlikely that the enzyme forms;
present in the 56-day-01d rabbit are.produceE by a modification of the
enzyme of the 28-day-old animal through deamjnatioh.since the enzyﬁe form
present at 28 days is more acidic than any of the torms presentjaf“gé days.

' The soluble 178-HSD of rabbit liver could be regulated hy steroid
hormones and the ohanges'in I7BAHSD‘To1tipIe forms during development could
result from increases in'steroid (testosterone and estrogens) levels in the
blood due to maturation of -gonadal tissue. Kochakian et al. (1973) have
reported that the activity of the soluble 178-HSD of the female gninea‘pig
kidney was decreased after castration and restored by testosterone treStment. .
The difference in activity was attvributed to the disappearance?eno appearance

of one of the muItIpIe forms of the enzyme. However, in more recent studies,

" Shen and KochakTan (1978) were not able to confirm this result although they -

—— b I

did observe a decrease in the li¥$ﬁn activity after castration. These
workers also showed that the soluble and microsoma] I?B-HSD activities of
female guinea pig kidney were 10w toward seyera] hydroxy- C19-stero1ds The
adm1n1strat1on of testosterone 1nduced an 1ncreaseéhn the 178-HSD activity
.of the cytosol but not the microsomes to the normal male kidney level. In
contrast, the liver enzyme activity did not respond to the testosterone indi-
cating that the regulation of the liver enzyme in the female guinea pig is

under different regqulatory mechanism than that of the kidney enzyme.
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It has been shown that the 178-HSD activity fs different in the liver
of male and female rats (Tha]gr-bao-and Breuer, 1974; Ghraf et al., 1975b;
Breuer et al., 1979). Ovarﬁeetomyof the female rat resulted in increage i

in the. soluble Tliver 178-HSD activity to that ogserved in the male rat
' (Breuér et al., 1979). On the basis of this finding it was speculated

that estrogens appeared to exert a représéing-effect on the activity of

the 178-HSD in adult rats. Further evidence for the repressing effect of
178-estradiol has been provided by the Variationbin 178-HSD adfivity 9urin§ .
‘the estrus cycle; high enzyme activities'were obsefved aurfng metoestrus .*5\ K
and dioestru$ and 10w'enzyme activity during pfo—esfrons.. Breuer et al.
(1979) have proposed the following possible me;hanisms by which estrogens
mayﬁact'as repressors of the 178-HSD multiple forms activity in male-and
‘female rat liver: ~ {1) estrogens alter the affinities of the enzyme for
'%qbétrates, e.g. testosterdne, possibly through a direct modification of
the enzyme molecule, (2) estrogens might 1n&uce a protein which interferes
with the formation of enzyme substrate complexes and (3) the difference
between the specific activities on one hand and the s{miiarities of th; Km
valdes on the other makes it likely that estrogens have a repressing effect
on enzyme synthesis.

To date no studies have been carried out in the rabbit to estab]igh
the relationship between the age of the animal and the c%rcu1ating Tevels
. of steroid hormones. Such studies must be carried out to determine whether

the alternation in the enzyme forms of the 178-HSD of rabbit liver are

hormone-dependent.
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CONCLUSION

Three forms of the soluble 17g-HSD of female rabbit liver have been .

purified and characterized for the first tfme, in this thesis, by a combi-

“nation of affinity chromatography and chromatofocusing. These forms are

not artifacts produced during the purification procedures. With the
stud1es presented in Chapter ITI, we were .able to show‘that the forms of

the 178-HSD also exh1b1t3a HSthEi;: C]g—stero1ds “with a preference for

-the 5B-androstane substrates. FurtRermore, kinetic analysis revealed that

one of these forms has higher 3a-HSD activity than 17B-éct1§ity at Tow
substrate concentrations. We Have also provided evidence of the common
identtity of the 3a- and 178-HSD activities of the rabbit liver cytosol
enzyme by the criteria of their co-migration on polyacrylamide gel electro-
phoresis. Kinetic analysis with the steroid substrates testosterone and
etiocholanolone indicated a competitive inhibition pattern, support{ng the
hypothesis_of a common active site in the enzyme for thése two substrates.
The enzyme forms of the 178-HSD of female rabbit liver cytosol all
exhibit activity toward both androgen and estrogen substrates, however

activity toward the former is higher than that toward the latter. In vitro

&

the enzymes have activity in both the oxidative and reductive directions,

;hqwever, there aré‘differences in this respect among the enzyme forms. In

C_'[ - A} ! ) - . 0 -
~particular, one enzyme form shows a distinct preference for ‘the oxidative

direction with androgen substrates and for the reductive direction with

estrogen substrate. Thus in vivo this enzyme form may function in the liver

~to inactivate androgens and act1vate estrogens

Amino acid composition, pept1de maps, amino-terminal 1dent1f1cat1on
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~and carPoxy]-termina] peptide maps show that énzyme forms I and II have the
most str&ctﬂral homology thle enzyme II1 is distinct from both of these

. forms. This structural homo1ogydis in agreement.with the coﬁparative
substrate specificities of the three enzyme fo}ms.

Ouf résu1tsa]sb show for the first time that there are age-related
changes in the multiple forms of the soluble 178-HSD of female rabbit ]iVer;
One majorfiorm of the soluble 178-HSD is pre;ent in the liver of the 28-day-
‘01d rabbit and this form (IIIY) has been purified. The enzyme form (IIIY¥)
is similar to enzyme form III of the 56-day-o1d rabbit in terms of its.
elution on chromatofocusing, amino acid composition, amino-terminal residue
and carboxyl-terminal peptides? However, isoelectric focusing polyacrylamide
gel electrophoresis reveals that these enzyme forms are distinct and exhiblt
différences in substrate specificity and primary structure. Indeed, enzyme
form IIIY is more similar in these respeéts to enzyme forms I and II: These

ata led us to postulate that enzyme form IIIY is converted to enzyme férm(s)
I and/or 11 by thé removal of a peptide fragment from the amino-terminal
during development in the rabbit.

Fuélher‘experfments could be d%rected to: (1) purification and structural
comparison of the multiple forms of 178-HSD of rabbit 1iver cytosoT including
the most acidic forms dﬁring the stége of deve]opmenti_LZT’study the rela-
'ti?n%hip between éhé age of the animal-and the circulatory 1eve1s of steroid
hormones and (3) the relationship between 6variectohy and thé multiple forms

)
pattern of 17B8-HSD of female rabbit liver.

-
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APPENDIX I

Reduction of NBT by Hyhroxysteroid Dehydrogenase

Hydroxysteroid Kétostéroid
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. H i

; |

, N . .
- . ! \ -

CHSSO4 ] ' CH3804

H* E N~

H - k
: 3 . H3

NADP "

5

PN ~Cx
. . N \N N \N
W I
. | '
. . CH,O cnso@ @
. NO,, . No,
) ‘ ' NO
NO,, | "2
CH3°+ CHSO'E;j .
_ N w— o N  N=H
1] ' 1] f
N N , : N N
' N7 : Nc¥

X B

NBT (2 C17) - Diformazan



-189- - .

APPENDIX 1T - -

Structures of Modified Steroids used in Affinity Labeling

\
0
).
- ]
&rCH2CO HBFO
3-Bromoacetoxyestrone 16a-Bromoacetoxyestradiol
3-methyl -ether '
i
BrCH,CO 0
0 H3CO

NHCOCHoBr

128-Bromoacetoxy 4-estrene 4-Bromoacetamidoestron€_j)
3,17-dione . 3-methyl ether
) a

(Refer to Pons et al., 1977 for other affinity labels)

”
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