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 SUMMARY - )
Both the NAD(PT*—linked 17a-hydroxysteroid dehydrogenase (HSD) and - -
17£-HSD activities were present in the soluble fraction of, the female -~

< . -
rabbit kidney. The NADPt-dependent l?a—enzyme was present in cons rably

greater amounts than the l?B—enzymei These two activities'were sepa"ble

by DﬁAE~cellulose colomn chromatégraohy-and isoeiectric-gocnsing in grannlated
gel, Multiple molecular forms of.the l?qfenz&me.were evidentfby o . '
electrophoresig of the crude cytosol in polyacrylamide géis-stained for

enzyme activities by DEAE—ceIluiose column chromatography and by isoelectric

focusing. " At least four forms of the l7a enzyme and a very acidic species |
. . .I\‘ Y

were resolved by thesehtechniqdes Three of the'enzymes were obtained in a
omogeneous state judged by the criteria of protein staining in polyacrylamide‘
els and molecular weight determination. These enzyme forms were charge
isomers with a mean molecular-weight of 40,200.“ Substrate specificity studies
revéaled that th nzymeeforms in addition to catalyzing dehydrogenation of
17a~hydroxyl g(oups of both Cig~ and Cig-steroids, also have 3a~HSD activities
toward Cj9-steroids having an A/B trans configuration. “In general, the order
or reactivity tonajd various substrates is: androsterone >.Sa—androstan—Ba,l7B~dioi
> epitestosterone > l?a—estradioli3—glhcuronide > l7a—estradiol. Etiocholanolone

‘

Y .
having an A/B cis configuration was a poor substrate. 5&~Androstan—38 17B diol

\

was also negligiblz oxidized.' Two of the enzyme forms were distinctive - with

the most basic species, the relhtive activity toward epitestosterone and

1l70-estradiol 3-glucuronide was reversed, contrary to {#@® above order of substrate

reactivity; on the other ‘hand, the most acidic species displayed a high
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7
specificity toward 3a—hydroxysteroids relative to l7a-hydroxysteroids.
However, the 178 ~-HSD: activity was associated with the latter impure
fraction.. ’ -

Inhibition-studies with‘non—radioactive steroids revealed that the
Cg;—steroida possessing afja—hydroxyl group and poesibly the 200~ or 208~
-;hydroxyl group are potential substrates for the rabbit kidney 3(17)a-HSDs.
This wide spectrum of substrate specificity was also ahown in this study
to be exhibited by two corresponding enzyme forms of the 17a-HSDs from the
female rabbit liver cytosol previously purified by Hasnain and Williamson,
(1975, 1977). |

The reductione'of various steroids having a 3—ketone or 1l7-ketone
group by two’ purified 3(17)a—enzyme forms from the liver and kidney, in the
‘pPresence of NADPH, showed the following order of reactivity.
Sa—dihydrotestost;rone > androsterone > estrone B—glucuronide > androstenedione S
estrone 3-sulfate 2'estrone. Like the forward oxidative reactions, the
_reductive reaction at C-3'was higher than that‘at C-17. The”presence of a
"double bond at C-4 impeded the reduction of the 3-ketone group. These

results together with the oxidative reactions point out the importance of a
saturated steroid A-ring in the reduction of the functional gr0ups at
C-3 or Cc-17. Pregnenolone'also acted as a poor substrate for' these purified
enzymes. However, the 20-reduced metabolites formed were not fully resolved,
Bbth the liver and kidney possessed a 170-HSD enzyme form that exhibited
a higher specificity toward the 3- glucuronide derivatives of. l7u—estradiol or
estrone than the corresponding free steroids. The specific activity of the
‘kidney enzyme toward l7o-~estradiol 3-glucuronide was higher than that of the

liver enzyme. This group of enzymes (LIB and KIB) isg particularly important

in the inactivation of estrogens  in the_rabbit. Enzyme forms LIB and KIB also |

shared a common'apparent lsoelectric point, molecular ‘weight and Km values

L)
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determined for the ;ubstrates androstefone and épitestosterone.' In contrast
to the above group of enzymes were the enzyme forms deéigqated LIA and KII :
from the two tissues wﬁich‘were characﬁerized by a low l7a-estradiocl 3-
glucuronidé dehydrogenase activity and a lower isoelectric point. Like the
liver and kidney IB enzyme, LIA and KII enzymes were very similér to each
other with respect to their substrate specificities and ionic properties.

All of the enzym;s purified have similar molecular weight. In addition, the
activities of all the enzymes were inhibited by low concentrations of PCMB,
.HgH and Cu** ionms.

Acetylation of enzymes LIA, LIB and KII by radiocactive acetic anhydride
and generation of péptide mabs by subsequent papain digestion and high voltage
electrophoreses at various pH's revealed extreme structural homologies between
these enzyme forms. However, differences were alsc apparent among these
peptide maps. It appeared that the kidney II and liver IA proteins have a
similar gene distinct from the gene for the liver IB protein. The homologous
structures of these proteins offered an explanation for the similarities and
differences in properties shown by the two groups of enzymes isclated from the
two tissues,

The common identity of the 30— and 17a~HSD activities of the rabbit
kidney cytosol was estahlished by the eriteria of their co~purification
throughout the stages of the purification procedures and their co-migration
in polyacrylamide gel electrophoresis stained with both 30- and 17a-hydroxysteroids.
Kinetic analysis with the steroids androsterone and epitestosterone indicated
a competitive inhibition pattern supporting the notion of a common active site
in the enzyme for the two substrates. The two liver enzyme forms displayed
similar kinetic behaviour. The relatively higher'activity of these enzymes

toward androsterone when compafed to epitestosterongryas attributed to a higher
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maximum velocity wvalue rather than to their Michaelis constaﬁts.

The heterogenelty of‘the 3(17)a~HSDs of tabbit kidnei-cytosol was
attributed to a number of factors.. The formation of artefacts during
purification was excluded. A genetic difference due to gene duplication
is speculated. In vivo deamidatioﬁ is ‘another plausible explanation.

The identification of multiple forms of the 3(17)a-HSDs exhibiting
differences in substrate specificity suggests that these enzymes may have
distinct roies in the metabolism of androgens as well as of estrogEns.in‘
the rabbit. The role of the kidneys in tEf extraﬁepatic metabolism and/or
conjugation of estrogens in the rabbit is also exemplified in this study.

During the elecﬁrophoretic‘%ﬁaiyées of the multiple forms of the
rabbit kidney 3(17)a-HSDs in polyacrylamide gels we encountered two .non-
steroldal activities. These are tﬁe superoxide dismutasé‘(SOD).and the
so-called "nothing dehydrogenase" activities. Multiple forms of the SOD
ackivity interferred with the staining of crude fractions of the
hydroxysterold dehydrogenase activities in the gels by the nitro-blue
tetrazolium reduction method. The addition of 2 mM cyanide abolished the
SOD activities but mot the steroidal activities. However, a cyanide—
insensitive SOD species was also présent but this aétivity on the polyacrylamide
gel was far removed from the sites of the steroild dehydrogenase activitieé.
- The "nothing dehydrogenase" actiﬁity also located on gels was found to be
particularly associated with one of the kidney 3(17)a~HSD forms when‘this
latter activity was stained in the presence or absence of added steroid. Some .

of the properties of this non-specific staining in the apparent absence of

added substrate are discussed.
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1) Trivial and systematic names of steroids:

Androstanedione
Androstenedione
Androsterone

Cortisol \
Cortiscone
Dehydroepilandrosterone
178-Dihydroequilenin
178-Dihydroequilin
5a~Dihyd;otestosterone
'16,17~Epiestriol
17-Epiestriol
Epitest;sterone
Equilenin

Equilin

170~-Estradiol

l70~Estradiol 3—5cetate
170-Estradiol 3~glucuronide

17a~Estradiol 3-glucuronide-
17-N-Acetylglucosaminide

5a—Androstan-3,{7—dione

4~Androsten—-3,17-dione

Sa—Andfostan—3a—ol-l7-one
4-Pregnen—li6,17&,21—triol-3,20—dione
4-Pregnen-17a,21-diol-3,11, 20-trione
J-Androsten-3f-0l-17-one
1,3,5(10),6,8-Estrapentaen~3,17R-dicl
1,3,5(10),7-Estratetraen-3,178-d1iol
Sa-Androstan-17f8-o0l-3-one
1,3,5(10)-Estratrien-3,168,17a-triol
1,3,5(10)-Estratrien-3,16c,170-triol
4~Androsten-~170~0l~3-one
1,3,5(10),6,8—Estrapentaen—3—ol—l7;one
1,3,5(10),7-Estratetraen-3-o0l-17-one
1,3,5(10)-Estratrien-3,170a-diol

1,3,5(10)-Estratrien-3,17a~diol’
3~acetate

17a~Hydroxyestra-1,3,5(10)-trien-
3yl—B-D-glucopyranosiduronic acid

- Estra-1,3,5(10)-trien~-3,170-di-y1-

3-B-D-glucopyranosiduronic acid-17-
21~acetamido-21—deoxy—B~D—
glucopyranoside
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l7a-Estradiol trimethylacetate

178-Estradiol

178-Estradiol 3-glucuronide

Estriol
Estrone

-Estrone glucuronide

Estrone sulfate

—

"Etiocholan—B,lY—dione
Etiocholanolone
17a-Hydroxyprogesterone

6-Keto-1l7c~estradiol

Pregnanediol
Pregnenolone
'Progesterone

Testosterone

1,3,5(10)-Estratrien—3,17a-diol-3-
trimethylacetate

1,3,5(10)~Estratrien=3,178-diol

17B8-Hydroxyestra-1,3,5(10)-trien-
3y1—B—ﬂLglucopyranosiduronic acid

1,3,5(lO)-Estratrien—3,lGa,l?B—tFiol
1,3,5(10)-Estratrien-3-0l-17-one

17-0x0-1,3,5(10)-Estratrien-3yl-
f-D-glucopyranosiduronic acid

17-0x0-1,3,5(10)-Estratrien-3yl-
sulfate :

'5B-Androstan-3,17-dione
5B8-Androstan-3c-ol-1l7-one
4—Pregnen-l7a—ol—3,20—diqu

1,3,5(10)-Estratrien-3,170-diol-
6—one

58—?regnan—3a,20a—diol_
5-Pregnen-3f-0l-20-one
4-Pregnen-3,20-dione

4-Androsten-17R-o0l-3-one
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2) Structural formulae of some steroids including those which are used

as substrates . : s
R R
17B~Estradiol H . ——0H
i?a—Estradiol H ' —==0H
Estrone H =0
_ 0
Estrone 3-sulfate O——ﬁ— =0 -
' 0
17a-Estradiol COOH --=0H

3-glucuronide,

Es ti‘adiol—38—glucuronide-

D
0
OH
1l7a-B-N-acetylglucosaminide @
0

Hip
c R
Epitestosterone --~0H
Hjy .
C
Testosterone —0OH
0 Androstenedione =0
R R!
Hj - Androsterone -——0H ==0
C
H, Androstanedione =0 =0
c
So-Androstan-3a,178-dicl = -~-0H —0H
R < Sa-Androstan=38,17R8-diol —OH —OH

]
1
I
H . 5a-Dihydrotestosterone =1¢] — QH



—x—

: . R _RY
Etiocholanolone -—-0H = =0

Etiocholan-3,17-dione =0 =0

b

Pregnenolone' : ‘ 5
2 .
3) Abbx;'eviations and Symbols '
Bis ' N,Nl—methylenebisacrylaﬁide
ci . | cr;xfie (2.22 x 1012d.p.m.) -
DEAE- _ : d\i'et}}yléminoethyl— .
d.p.m. disintegrations per minute
DTT o : dithicthreitol
g acceleration due to gravity,
Ki inhibitor constant
Km Michaelis constant
u ' micro (107%) as in microgram, microfole,
micromolar, microliter, etc.
m milli (10-3) '
mA ' mlliliampere
M 'moiar

mol . mole



MW
n -

'NAD , NADH

NADP , NADPH

NBT

PCMB
pl
PMS

PPO

Addendum ‘
EDI ‘

K

L

.= x1 -

molecular weight
nano (10"9)

nicotinamide-adgnine dinucleotide
(oxidized and reduced forms)

nicbtinamide—adenine dinucleotide

‘phosphate (oxidized and reduced

forms)
nitroblue tetrazolium salt:

nanometer or millimicren

pico (10-1%)

para-chloromercuribenzoate
isoelectric point. 7 -
phenééine methosulfate
2,5-diphenyloxazole—

relapive distance of migration
with respect to the solvent
front

specific activity

sodium dodecyl sulfate
N,N,Nl,Nl-tetramethylenediamine
thin-layer chromatography
2-amino—- 2—hydroxymethylpropane—l
1,3-diol

uridigg—sl—diphospho—
ultraviolet - '
maximﬁm velocity

by volume

-

weight Iin volume -

-

laﬁ-Estradiol dehydrogenase
Kidney ‘

Liver
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. CHAPTER 1

" . INTRODUCTION

’ -

A} BACKGROUND -

v . te

An understanding-of the biochemistry of. steroid hormone metabolism
is important in view 9f the profound trpphic or pleiotypic-effecﬁf steroid
hormones have in target tissues on_.a variety of biological ﬁhenoména such
as sex differentiation, maintenance of pregﬁancy, or‘the regulation of
eneréy utilization and electrolyte balance. Steroidrhormones also play a
role in_alleviating certain tumors of the breast and prostate gland. Once

secreted by an éndocrine gland, the hormones travel in the bleod streém to.
reach their target organs. At the same time, these active hormones é%e )

Being metabolized by both the liver and kidney to inactive products which .
arg then excreted. Clearly, the metabolic processes for the inaetivation and
removal'of steroid hormones are'impbrtagt in regulating the hormonal status
of the body and therefore affect hormon; action on target tissues.

The pringipal $etabolic changes undergone ;& sterolds are oxidation and
reduction, cénjugation and hydrolysis. Oxidation and reduction incluge -
alcohol-ketone interconversions, reduction of double bonds, hydroxylations or
oxidative scissions of the side chains. The‘process of conjugation usually ' =
involves glucuronidation or sulfation of the steroid into 2 form that is
readlly water-soluble and cqﬁfbﬁé?gfore be easily eliminate? in the urine;
Layne et al (1964) described a new metabolic conjugation reaction of phenolic

sterolds involving N-acetylglucosamine. . Specifically, a double conjugate

with glucuronic acid at C-3 and the N—acetylglucqsamine at C~17 of l7c-estradicl
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T, . .
was’ identified in the rabbit urine after the animal had received 16-'*c-

estrone. Subsequent work confirmed the structure of the conjugate as estradiol-

3—8~glucuronide—l?a—B—N—acetyléiucosam;nide (Layne, 1965; Collins et al, 1967).
This double conjugate is by far thé major metabolite in rabbit urine after the
aaministration of eifﬁer estrone, l7B-estradiol or l7a-estradiol (Layne, 1965;
Williams et al,-1968). .In general, the 17g-hydroxyl g;oup'of phenclic steroids
including 17—epiesFriol and 16,17—epiestri01 is the preferred site for
conjugation with N-acetylglucosamine (Collins et al, 1968). However, théée
compounds formed N-acetylglucosaminides only after prior formation of their
glucuronides at C-3. This restriction is borne out by in vitro studies with
homogenates of rabbit tissues shgwing that in order to effect the transfer of
N-acetylglucosamine to the steroid aglycone both UDP-glucuronic acid (donor
of glucuronic acid moiety) as well as"UDP—N—acet§lglucosamine kdonor of
- N-acetylglucosamine m&iety) had to be added. Otherwise, l7a-estradiol- 3-
glucuronide has 'to bé the substrate (Jir%f;ﬁzLayne, 1965). The glucuronyl
transferase and N—acetylglucosaminyl transferase responsible for the transféer
_;f the sugars were both localized in the microsomes of the rabbit_liver_
FCollins et al, 1968). A study of the distribution of these two enzymes in
various rabbit tissues showed that the liver was the most abundant source of
both the transferases. Only the N-acetylgldcosaminyl transferase was
- present in the kidney. - —

The observation that only the.éonjugate derivative of 17u-estradipl was
excreted in the urine when either estrone, 178-estradiol or 1l7a~estradiol was

administered to the rabbit and the restriction imposed on the sequential

addition of the sugars to the steroid modety suggested a relationship between

glucurconidation and pxidureduction of these estrogens. This possibility was
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explored by the localization and purification of the 17-hydroxysteroid

-

dehydrogenases (HSDs) in rabbit tissues.

‘ Hasnain and Williamson (1974) reported that the 105,000 g supernatant
of the rabbit liver homogenate contained both l?a— and 178- HSD activities
catalyzing the respective conversions of 170- or l7B-estradiols and_their
glucuronides into estrone and the correspondingﬂestrone glucuronides.‘ The
activity toward l?B*estradiol was 1. 5 times that observed with l?a—estradiol
whereas with the glucuronide substrate, the l7a estradiol 3 glucuronide was
oxidized at about 7 times that the rate of the l78—epimer Moreover, with .
estrogenic substrates, the highest dehydrogenating activity was that observed

kY

with 170~estradiol 3- glucuronide. "A; separation of the 170-HSD from the 178—\

enzyme was also achieved (Hasnain & Williamson, 1974) Further purification
Qy DEAE~cellulose chromatography and column isoelectric focu51ng resolved the

170-HSD into multiple forms (Hasnain & Williamson, 1975) and some’ of the’
i

’;-r_ Lt

¢ properties of the purified molecular forms have been reported (Hasnain &

-

Williamson, 1977). In particular, there exists one enzyme form exhibiting
a high specificity toward the substrate l?a%estradiol'3—glucuronide when
" compared to otherrestrogenic substrates. Moreover, the different enzyme forms
also catalyzed the dehydrogenation of the androgen epitestosterone and all
but one form of "the enzymes showed higher activities toward epitestosterone
than the estrogenic substrates.
Since the kidney is the other.major steroid-metabolizing organ and

“presumably the ¥inal metabolic processing site before the double conjugate

-of l70-estradiol \is excreted in the rabbit urine, we have undertaken the

purification of thy 17-HSD in this tissue to further establish the possible

|

significance of the steroid conjugate, in particular l70~-estradiol 3-glucuronide,
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as an active_metabolic-intermediate in the me;abolism of estrogens in the
rabbit, This work hasvalsq involved an exﬁension of the chgracterizatibn
of thé multiple for$s of the l?a—HSD of rébbit liver previously purified
in our.laboratory Some comparative studies on the propertles of the 170-HSDs

isolated from both the hepatlc and renal tissues are also described

. 8



" B} LITERATURE REVIEW :

‘ 1. Hydroxysteroid dehydrogenases (EC l.l.l.h)

Hydroxysterold dehydrégenases (ketosteroid oxidoreductases) are a group

of enzymes cataiyzing the stereospecific and usually reversible interconversion
of hydroxyl and carbanyl functions located on the steroid skeleton Br the

si{é chain. Thesé dehydrogenases are pyridine nucleotide-dependent enzymes.
Deﬁ}dfoge#ases acting on 3a-, 38-, 6a~, 68-, 7a-~, 78~, llo-, 11B~, 120-,'150-,
15B-, 160-, 16B-, 17a-, 17f-, 20a-, 208-, and 2l-hydroxysteroids are among
those Ghich have been demonstrated either histochemically or by the isolation
pf specific enzymes Tesponsible for the oxidoreduction (Talalay, 1963;

Baillie EE.E&* 1966). Estrogen oxidoreductases viz. 6o-, 68-, To—, 7B-, 11B-,

- 150-, 15f-, 160-, 168-, 170~ and 17B- have been reviewed by Breuer and Knuppen
(1969).

-

A general formulation of the oxidoreduction reaction is:

Hydroxysteroid + NAD(P)' == Ketosteroid + NAD(P)H + .H*

. 2. Measurement of.17-HSD activity

Four basic enzyme assays have been used for measuring l?—HSD'actiVity:
(1) the continuous spectrophotometric measurement’of formation and disappeagance
of NAD(P)H'at 340 nm;
(ii) the continuous fluorimetriC'méasurement of NAﬁ#P)H at "‘the fluorescence
emission maximum at 460 nm and 340 nm excitation; (
. | .
(;ii). the use of radiocactive substrates in the preéence of saturating amounts

of an appropriate coenzyme, the conversion of substrate to product can be

assessed directly by counting in the liquid scintillation counter after their
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separation by. 51mple thin layer chromatography or by recgystallization of 7
the product to constant specific activityW
{iv) a histochemical method by coupling the production of NAD(P)H to the
reduction of a tetrazolium salt to its characteristic Fiformazan. The
reaction involves the removal of electrons from a ‘substrate and their
transfer via an intermediate carrier such as PMS to rcduce'the tetrazolium -
salt (mostly widely used is-the NBT.chloride). The final preduct is an
ihsoluble purplish blue diformazan exhibiting q:grﬁad absorption spectrum
maximizing at 605 nm. Strictly, this hlstochemﬂcal method 1s used for the
visualization of dehydrogenase activity in polyacrylamide gels after
electrophoresis or in tissue sections. A scheme for the reaction involv1ng
structural formulae is found in Appendix I.

The above four methods will be referred to és'the spectrephotometric,

fluorimetric, radiochemical. and histochemical methods respectively, Sn this_

thesis without further definition.

3. Occurrence of 17/-Hydroxysteroid dehydrogenases

The 178~-HSD is widely distributed among different animal tissues. The
largest embodiment of information on 17B-HSD has been gathered from studies
on the soluble fraction of the human term placenta and this has bqpn the subject
of two recent oajor revieos (Engel & Groman, 1974; ?ons et al, 1977). A
historical account of C;g3—steroid metabolizing enzymes in mammalian tissues has
also been published (Kochékian &'Arimasa,'1976). More recently, Williamson
1(1979) ovided a geheral review of the biochemistry of 17-HSDs.

17 —Hydroxystgroid dehydrogenadse activity is found primarily in those

animals, chiefly the ruminants, in which the 17a-epimers of estrogens (or



- 7 =

‘androgens) constitute the major hormone or the chief excreted metabolite
(Velle 1963). , Among the procaryotes, the 178 HSD of Pseudomonas

testosteroni, a soil microorgenism has been studied most extensive;y.

However, this enzyme activity is intrinsically associated with a 3f- HSD
activity (Talalay ﬂ963) A recent report also pointed to a general 17R-HSD

or a specific ljﬁkcla—HSD in this microorganism- (Groman & Engel, 1977).

a) Placenta _ -

~ The 17B-HSD of human teré placenta is a tytoplasmic enzyme (Latger &
Engel, 1958) although ﬁitochondrial (Pollow et al, 1974) or microsemal
(von Lehmann & Brueur, 1967) localizations of this enzyme have beenlreported.
A recent assessment of the subcellular distribution’et the 17B—HSD”with
different buffer media attributed the mitochondrial 178-HSD to microsomal

¢ontamination, the latter fraction being capable of oxidizing C)g~steroids

better than the estrogenic substrates. 17B-Estradiol, however, is the

o~

preferred substrate for the soluble enzyme (Thomas & Veerkamp, 1976). Because
*of this high affinity for 17B-estradiol, this enzyme 1s called 17B-estradiol

dehydrogenase. Ahe abbreviation, EDH, will be adopted throughout this text.

(i) TIsolation Procedures \

No attempt will be made In this section to detail the different isolation
schemes employed in the purification of EDH since many investigators have
used a variety of techniques. Howevef, some important.purification steps and
inherent characteristics of the enzyme will be mentioned.

EDH is a labile enzyme/(Langer & Engel, 19583 and prone to cold

inactivation although thé\process is reversible (Jarabak, et al, 1966). The

f

enzyme can be stabilized by the addition of 17f-estradiol, NAD(P)+ coenzymes

or by high concentrations (up to 507 v/v) of glycerol. Jarabak (1969) also
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noted that the krozen placén;as were not-a géod'source of the ehzyme since
'fréezing caused a loss of >807 of thelenzyme activity. However, by storing':
‘the' placentas in a buffer medium containing 20% glycerol and then
homogen&zing in the same solution, theryield of.e32yme (=B0Z) per placenta
'was as good as the ﬁ; m placenta homogenized immediately afte? delivery.
Heavy'metal ions -“guch as Hg2+, cu?t and Fe®' inactivate the EDH.enzyme
activity. PCMB is also inhibitory but the inhibition can be bar;ia;ly
reversed by'cysteine (Langer & Engel, 1958). It is therefore a coﬁmon
practice té include a chelating agent and sulfhydryl protecting reagent in

Eye bufféf used in the purification procedure. EDH also promotes the
////Lra;éfer_of hydrogen between two nucleotide coenzymes in the présence of low
- amounts of 178~estradiol or estrone (Talalay, et al, 1958). This |

"transhydrogenase" activity has been shown to be due to two separate systems.

Tpe first system effeé;s transhydrogenation in the presencé of 17R-estradiol
and the ﬁAD(PIt-linked~EDH (¥nown as Ehe transhydrogenase function of EDH).
The other system catalyzes transh&drogenation in the presence of 17f-estradiol
but unassociated with the EDH activity. This latter/;§stem has been called
the estradiol-activated tran;hydrogendse otherwise known as the estradiol- \
dependent transhydrogenase. Chromatography over hydroxylapatite separated the
EDH with its transhydrogenating function from the 17R-estradiol-activated
transhydrogenase (Karavo}as & Engel, 1966). The latter enzyme could also be
destroyed by heat treatm;nt (Jarabak, 1969). Using a combination of
conventional techniques, chiefly chromatographic methods, homogeneous

preparations of EDH have been achieved in various laboratories (Descomps

et al, 1968; Jarabak, 1969; Karavolas et al, 1970; Burns et al,*1972).
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An important advance was made in 1972 with the development of an
affinity gel for EDH that aliowed a purification of 100-fold in a single
step (Nicolas et al, 1972). The gels consisted of estrone attached to ‘
Sepharose-4B via either hemisuccinyl ethylenediamine br 2-am;no—caproate..
Two concentrations of estrona were employed, one désignatgd low EQIO"GM)
and the other high (=107"M). With the low estrone'conqentration gtl the
‘EDH was retained;in gﬁe presence of ammonium sulfaﬁe énd elurion w;s
achieved by a negative ammonium sulfate gradient. With the high estrone
concentration gel, the EDH was retaiﬁe& on the column and elution of thé
enzyme was effected by using estrone hemisuyccinate. With a preliminary
DEAE-cellulose chromatography, an amm&nium sulf;te precipitation,
affinity chromatography and a second lon-exchange column, the EDH has been
obtained in large quantities. For example, 40?‘mg of enzyme has been
obtained frog 30 kg -of plaéentai tissue (Niceclas, 1974).

Another affinity column procedure using estriol—lG-hemi;uccinaté
covalently attached to Sepharose-4B via l,S—diaminopepEane has also been
proven successful in the purification of EDH (Chin &lwgrren, 1973). Enough
pure enzyme has been obtained.to achieve the first crystallization of this
‘labile enzyme by a new method called "electrophoretic diffusion" {(Chin et al,
1976). However, a modified version of the synthesis of the affinity gel

has appeared, replacing the spacer arm group 1,5~diaminopentane by 1,8~ -

diaminooctane (Chin & Warren, 1975).

(11) Steroid substrate specificity : /

Studies on substrate specificity with pure EDH have shown that the enzyme

is active toward those steroids possessing a 17f-hydroxyl or a 17-ketone

function as well as an aromatic A-ring (Langer et al, 1959; Karavolas & Engel,

1971). The affinity of the enzyme for 178-estradicl is very high, the Km
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value .ranging from 0.6-14.7 UM (Warren & Crist, 1967; Jarabak & Sack, 1969;
Karavolas et al, 1970; Blomquist.gg_gl, 1878 ). Amﬁng the long list of
l?B-estradiQ} or estrone derivatives, equilin, équilenin, 178-dihydroequilenin
jKaravolas & Engel, 1971) and 178-dihydroequilin (Adams et al, 1962} are also
' substrates. The:compound, éstriol, has been of particular interest because it
is the principal Cjg-steroid produced by ;he placenta. However, it is not a
substrate for EDH.(Laﬁger et al, “1959; Adams. et al, 1962): But the 160~
hydroxyestrone (Km 16 uM)‘is readily reduced teo estriol (Engel & Groman, 197A).
Thé inability of estriol to be oxidized by EDH has been.ascribed to the
formation of a nonreactive complex (Ki; 10.5 pM) probably an aftermath of the
steric effect exerted by the oxygen function at C—16 (Blomquist et al, 1978 ).
A similar irreversible reaction catalyzed by EDH is its interaction with
18-hydroxyestrone. The placental énzyme is unable to catalyze the oxidation
of 18-hydroxy-17f~estradiol whereas the 18-hydroxyestrone is readily reduced
(Findlay *& Breuer, i974).

The nonuarématlc compounds such as testosterone, 19-nortestosterone,
Sa-dihydrotestosterone and 20a—hy&roxy—pregn—A—en~3—one previously reported
to be substrates (Langer et al, 1959; Adams et al, 1962; Jarabak“& Sack, 1969)
were lateF shown to be essentialiy nonreactive with pure EDH (Karavolas & Engel,
1971). - At best the activity of the impure.enzyme preparation toward the C;q- or
Cz;—steroids relative to 17f-estradiol were 0.5-6% for testosterone, 0.3%7 for
dihydrOutestoste#g;e and 20c-hydroxy-pregn-4~en-3-one, and 1.5% for 19—
nortestoéterone. However, the possibility that EDH functions as a 200~-HSD is
still open to question (Little in Warren et al, 1977) in view of the kinetip

evidence provided by Purdy et al (1964).



- 11 -

et

(i11) Coenzyme specificity

The enzyme EDH can cata}yze the reduction of NAD+, NADPt and a wide
range of analogues. The Km values reported for NADY ranged from 10-17 uM
{(Warren & Cgist, 1967; Kﬁravolas et al, 1970; Biellmann & Hirth, 1975;

Pons et al, 1977) wﬁéreas that of NADP*'was about l.uM (Jarabak & Sack,
1969; Pons.et/al 1977) or 10-20 uM (Karavolas et al, 1970 ‘Biellmann &
Hirth, %}Jéé{} The reduced nucleotides, NADH and NADPH had Km values of
1.5-30 uM (Talalay et al, 1958; Warren & Crist, 1967) and le EhQE 1 UM
respectively (Talalay‘gg_gi, 1958; Jarabak, 196?).

The coenzyme analogues which are active as'hydrogen-acceptﬁfs ineclude
those where the amide group of the nicotinamide is replace& by a @ethyl
ketone (3-acetylpyridine adenine dinucleotid;), nitrile (3-cyano-pyridine
adenine dinucleotide), or thiogmide (thio—nicotinamide‘adenine dinucleotide).
Apparently the presence of a substituent a% C-3 of the pyridiniﬁm ring is
necessary for binding of the coenzymé to the enzyme, Variation on the
adenine moiety such as nicotinamide 8-bromo-adenine dinucleotide or
nicotinamide 8-thicadenine-dinucleotide are also efficient hydrogen acceptors
(Biellmann & Hirth, 1975). Two coenzyme analogues in particular have been
used to specifically alkylate the EDH. These are 3-chloro-acetylpyridine
adenine dinucleotide (Biellmann et al, 1976) and nicotinamide—[S—bromo-acetyl~

A-methyl—imidazole]-dinucleotide {Johnscher et al, 1976). The structural
formulae of the above nucleotide analogues are given in Appendix I1I.

(iv) Inhibitors

The EDH is subject to inhibition by various nonsubstrate steroids or
non-stercidal compounds; Structural analogs of l7R-estradiol such as

17-desoxyestradiol and 170-estradiol, as well as certain other steroid hormones
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such as androstenedione and prdgesterone are competitive inhibiths of 178~
estradiol oxidation, Diethylstibestrol [ﬁ,4~Bis(4-hydrq£yphenyl—3—hexane)],
an estrogenic but non-stercidal compound is.also“a competitive inhibitor

(Ki, 3.3 puM). This compSund apparéntly binds to thqkeqzyme with affinity as
great as that qf estrone (Ki,2.6-3.7 uM) {Jarabak & Sack, 1969). Blomquist
et al (1978 ) havé‘sFudied the inhibitionkof EDH by nonsteroidal alcohols

and steroids. The nonstefoidal alcobols were shown to be weak inhibitors; -
penzyi alcohol, cycloheﬁanol, cyclopeﬁfanol and 1,9-nonandiol were competitive
inhibitors at low concentrations, while phenol was a noncompetitive inhibitor.
The Ki values for the nonstercidal alcohols exceeded the Km for 17B-estradiocl
(0.9 uM) by a factor of 10% to 10* . The weak inhibition seen with benzyl
alcohel, cyclohexanol and cyclopentanol indicatesthat in £hese cases
structural similarity to just the A or D ring of the steroid is not sufficient
for tight binding. The non-aromatic sterolds such as androstenedione, .
testosterone and 3B-hydroxy-5-androsten-17-one have Ki values greater than
160 1M reflecting a low affinity of these compounds for the steroid bi%ding
site. Estriol, also a nonsubstrate, has a Ki of 10 M indicating a greater
affinity for the EDH than the andrestenedione or testosteron;. The most
potent C)g~steroldal inhibitor isli,3,5(10)—estratrien—3—ol (Ki, 4 x 108 M).
This compound lacks an oxygen function af C-17. The geﬁeral conclusion drawn

from Blomquist's studies on a series of Cj;g— and Cyg-sterold inhibitors was

that both of these classes of steroids can bind at the steroid site but the

binding of non-aromatic steroids was weakened by oxygen functions at C-17 or
both C-3 and C-17. |

Some NAD* coenzyme analoguég have also been shown-te” be inhibitors with
respect to NADY in a competitive manner. These include adenine dinucleotide,

the analogue which lacks the pyridinium ring, 3—cyano-5—methy1—pxridine
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adenine dimucleotide, 1,4,S,6—tetrahydro-nicotinamide adenine dinucleotide,
3-iodo-pyridine adenine dinucleotide and 5- methyl—thio—nicotinamide

adenine dinucleotide (Biellmann & Hirth,1975).

(v) Primary structure

The amino acid composition of pure EDH has been analyzed by three

different groups of investigators (Jarabak & Street, 1971; Burns et al, 1972;

Nicolas_gg_gi, 1972). As may be expected, they showed considerable variability
(Engel & Groman, 1974). IIn an attempt to resolve the discrepancies, the
enzymes prepared in the USA and in France were exchanged and analyzed. The
updated analysis was provided by Ponsigg_gl.(197ﬁ). There was complete
agreement concerning.cysteige content (measured as six half-cystines) while

the number of other residues o§erlapped'to a certain exteqF. The major
differences were in ;he lysine; arginine and isoleucine contents. The us
sample had a higher arginine to lysine ratio than'the French sample. The
observed difﬂbrences did not appeaf to stem from the methodology of analysis

but from the apparent genetic makeup betweed the two populations. Disregarding

the discrepancy, the amino acid composition in all cases, revealed a higher

‘content of @Asx+ Glx) than (Lys + Arg + His) consistent with an acidic isoelectric

point(s) of the enzyme (Pollow & Pollow, 1972; Engel & Groman, 1974).

The amino-terminus of EDH has been identified as alanine (Burns et al,
1971) and a N-terminal pentapeptide (Ala-Glu-Thr-Val-Val-) has also been
isolated (Burns et al, 1972). A heptadecapeptide obtained from a tryptic digest
of the enzyme haé also beén Ssequenced and shown to contain a carboxymethylated

cysteine essential for enzyme éctivity (Nicolas & Harris, 1973).
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No evidence has yet.been provided to" show that EDH-1is algiycoproteig.

Although 1% glucose by weight of the total protein-was detected,byﬂgas'iiquid

‘ FA .

Ehromatogréphy in one instance, the source of the sugar was‘aftributgd to the

~

‘Sephadex gel which was employed in the lést.purification step of the eﬁgyme

(Burns et al, "1972). . v . : ‘ L

(vi) ‘Subunit structure

Evidence for a dimefic struétufe of EDHﬂcomes from;various molecui;r_
welght determination experimehts. Ultracentrifuéétion of the enzyme .in the
presencé‘of 207 glycerdl (Burgs.gglgi,.1971) or § UM 17B—estradiol (Burns et

v .
.g&,'1972)'both_gave a value near 6§,000, 'Howeveg, using the polyacrylamide
gel eleétrophoresis technique in the presence of SDS, a'mglecular welght of
about 34,000 was obtained. By tﬁe same technique, Jarabak and Street (1971)
obtained a subunit molecular weight of 35,000 and after cross-linking with
diméthylsuberimidate two protein bands, ong corresponding to 37,000 and a
seéond, 73,000 were observed. The molecular weight calculated using-Stoke}s
radius and the sedimentatiog coefficient of the énzyﬁg was 72,000. Reééntly,
from a crystallized EDH sample, a subunit molecular weight of 35,000 was also
noted (Chin et al, 1976). At present, there geéms to be é general concensus
among the major workers that the'molécular weigquof native EDH 1s near'
68,000 despite earlier reports of much higher (Descomps et al, 1968) or
lower (Karavolas et al, 1970) values.  Molecular weight determinations by
gel filtration in the presence of a substrate analogue had given higher
estimates presumably due to aggregate foémation. Although 17B-estradiol and -
some substrate analogues can protect the enzyme against cold inactivation, it

was speculated that they might modify the physical”nature of the enzyme in

some way. Acidic pH may also produce aggregation (Jarabak & Street, 1971).

u
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The existence of a concentration dependent monomer—dimer—trimer transistion

has‘ also been proposed for the .enzyme by Haggrman (1969) whe used:an impure
| enzyme fraction prepared in buffers’ containing 176—estradiol The molecular
weight estimates corresponding to.the monomer~dimer-trimer were 41-47,000,

110,000 andll35,000 respectively. This trimerisation phenomenon may be due'to
‘the fact that 17f-estradiol dqes'nbt completely protect the enzyme from cold o
.inactivation.

Knowing the subunit dimeric structure of EDH the next problem imposed

is whether the subunits are identical. The isolation of a single N—terminal
pentapeptide prenipzsly'mentioned is supportive. .In addition, peptide mappiné

studies on the chymotryptic digest of the enzyme gave only six different
.m:.cysteinyl peptides from a total of twelve cysteine containing polypeptide -

.(Pons et al 1977) However, in view of the isozymic nature/pf the enzyme

e
(Bngel & Groman, 1974) the question of identical subunit s{\pcture for EDH

remains open, ) ' . K

= Y (vii) -Chemical modifications — affinity labeling

lgince 1573 extensiveAstudies on the chemical modification of EDﬁ hane;beend
carried'out‘uSing both general reagents and affinitymlabels in attempts to map
the active site of'the enzyme. A general labeling simply involves the use:of
a reagent specific for'a certain type of amino acid residues.and under appropriate
o : :
conditions one can modify the available side chains bearing the same functional
ETOUp. Affinity labeling, however, requires.the synthesis of an appropriate

substrate derivative bearing a reagent group capable of forming a covalent bond

with amino acid residues present at the active site of the enzyme,

.....

Using radioactive iodoacetic acid or N—ethylumaleimide, Nicolas and Harris
(1973) labeled two of a total of twelve cysteine residues present in the dimeric

. EDH enzyme. After tryptic hydrolysis of the modified ‘enzyme, a
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hepgadécapéptide'containing the chemically modifiéd cygteines essential

l

for(EEzyme activity was isolated and its amino acid sequence was determined.
It was found that the two reactive cysteines occurred in an.unique sequence

in the primary structure of the enzyme.' The sequence in the vicinity of the

reactive cysteine was relatively.hydrophobic. The alkylation was inhibited

by the presence of NADPY . but not by the suhstrate 17B-estradiol. The latter

~

observation argued against the involvement of cysteine in the substrate

bihding'site whereas the protection by NADPT suégested that the essential

cysteine might be part of the coénzyme binding site. Pons et al (1973a) later

:repdrted the synthesis of an affinity label presumably directed toward the

substrate binding site. AThe reagent was icodo-lb6a-acetoxy-3-estrone (IAE).

.

This reagent was a competitive inhibitor of the dehydrogenase reaction and

/

‘it bound irreversibly to the enzyme. The substrate, 17B-estradiol exhibited

a protective effect against JAE and the enzyme inactivated by IAE alsc lost

- the ability to bind the substrate. Since then many other affinity labels

for EDH have been synthesized in different laboratories. The more selective
reagents are as follows: 3-bromoacetoxy-estrone used by Engel and co-workers

tGroman et al, 1975); léa-bromoacetoxyestradiol 3-methyl ether (Chin & Warren,

1975); lZB—bromoacétoxy—&—estrene~3,l?—dione (Warren et al, 1977) and

A—brdmbacetamidoegtrone methyl ether (Bhatnager et al, 1978) used in Warren's
laboratory and-3-lodoacetoxy estrone derivatives as well as 16c-and 168 estrone
iodoacetates or‘brbmoacetates used by Pons and co-workers (ans et al, 1976).
Somé of the represen;ative.s;fuctural formulae of these modified steroids are
proyidéd in Appendix III;_

In studies by Groman et al (1975).EDH was inactivated In minutes by

3—bromoacetoxyestrone and the inactivation was accompanied by incorporation

0f 1 mole of 3-bromoacetoxyestrone per mole of subunit (34,000 molecular
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'weight). The modified enzymé was still able to catalyze its normal reactions
- - both dehydrogenase and-transhydrogenase reactions. 1In addition, thei

T normal stereospecificity of hydride transfer (B 4-pro S) was preserved This

: property of the modified enzyme was said to have demonstrated its catalytic-

. competence" and ‘was considered as a new criterion for affinity labeling
|
I

\(Groman et al, 1975)

“Warren and co

—workers using lBa bromoacetoxyestradiol 3- methyl ether (Chin

Warren, 1975) and 126 bromoacetoxy é-estrene-

3,17- dione (Warren et al, 1977)
ve identified a histidyl residue in the catalytic re

ha glon of the activelsite
of EDH. The criteria they used included the fact that the modified steroid was

a substrate for ‘the enzyme The inactivation was a time-dependent irreversible
1 . . .

1

prgcess and the rate of 1nact1vation was slowed by the praesence of l7B~estradiol

which competed for the steroid binding site. In the case of the

l6a-bromoacetoryestradiol 3-methyl ether, both NAD(P)H slowed the inactivation
of the EDH. ThlS protective effect of the nucleotide.was interpreted as

resulting from cofactor induced changes in. the enzyme sterord binding site,

~the two 51tes being very close to each other. Upon amino acid analysis of the

hydrolysate from the inactivated lBa—bromoacetoxyestradiol 3-methyl ether,
both 3—carboxymethylhistidine and 1,3~ dicarboxymethylhistidine were obtained;

the former was\found to have undergone a- second alkylation resulting in the

dicarboxymethylated histidine When the amino‘acid hydrolysate of the enzyme

modified with .128- bromoacetoxy—é—estrene—B 17 dione was analyzed 1-, 3- and
1, 3-dicarboxymethylhistidine as well as £~, and E e~dicarboxymethyllysines Were

found. Presumably the histidyl and lysyl residues proximated the l2~position'

of the steroid as the latter was bound -at the active site. However it was not

established whether both lﬁa-bromoacetoxyestradiol 3-methy1 ether and 128~
: \
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' bronoacdtoxyrQ—estréne-B,17-dione alkylated the'sane histidylyresidue.

.':j Further study‘in Warren;s lahoratory usiné_A—bromoacetamidofestrone_
ﬂlmethyiiether_(ﬁhatnager,ét:gl, 1975) showed that thisKcompound_alkylated-a

‘ %lysyl residue (702)‘and-a cysteine residue (302).- The bromoacetamidp derivative;

[

_was chosen because of the re31stance of its peptide bond to hydrolysis thus

-;precluding the possibility of formation of the dicarboxymethylated derivative.
The modified steroid was a substrate for EDH., Further,. the rate of
inactivation of EDH was slowed by the presence of 17B-estradiol and NADP+
When the enzyme was inactivated in the presence of excess nucleotide, only
lthe lysyl'residue was carboxymethylated. Presumably the accessibility‘of

the bromoacetamido group on theisteroid to the cysteinyl residue was
eliminated either by direct interp051tion or by a conformational change
when.the cofactor binding site was. occupied by NADPY . Apparently, the lysyl
and the cysteinyl.residues were located near poSithn 4 of the steroid 'i. e

\_/

at the’ lower portion.of the A-ring

However reports with other affinity 1abels including coenzyme analogues
- have been contrary to the findings of Warren s group. Pons et al (1973b
1976, 1977) have identified four amino acid residues - three (one histidine
. cysteine Cs and cysteine Cs)_in the active sﬂﬁe and one (cysteine Cl) in_the
neighbourhood of:the_active site; 'The histidyl residue‘was located very:close:
lto“the A—ring probably on the ”B;face" of the-steroid‘substrate._ This conclusion_
was derived from the fact that" labeling was reduced when the alkylating side

chain wa;\shifted toward the 3 or C ring. Moreover, when the alkylating side

.. chain was in‘the "B—face" of.the steroid the labeling was more-specific. This

'<
-

histidyl residue however was not essential for enzyme activity in trast to
ujtzhe/;hi

. Warren s finding (if they were looking at the ‘same histidine) -B

'cysteinyl residues (C3 and Cs) were catalytically important The cysteine (3

-
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was localizedwat the Junction of the ring D of the steroid and the coenzyme
binding site. The cdnclusion was:drawn from the obseryations that there was
increasing‘alkylation of the‘cysteine when the alkylating substituent of the
affinity label was shifted from carbon 3 to.carbon 16 of the steroid. The
presence of the cysteine 03 in the neighbourhood of ring D of the substrate
was further supported by the results of affinity labeling using 3-chloroacetyl-
yridine—adenine dinucleotide, a coenzyme analogue.. This analogue was active
.:as a hydride acceptor as well as inactivating the -enzyme by’ alkylating it i

‘(Blellmann Et_al,'1976). Cysteine Cs was presumably closer to the catalytic

site than cysteine C3. This was derived from the experiment using 3-

F rd

chloroacetyl pyridine adenine dinucleotide phosphate which labeled only -
‘cysteine C5 (Pons et El, 1977). ' 2,' *
(viii) Mechanism of reaction E o Vo

The reaction mechanism of EDH was thought to proceed in'a random manner
i.e. a binary complex formation involving either _coenzyme or steroid. This

conclusion was derived from kinetic analysis by measnring the isotopic exchange
between snbstrates at equilibrium (Betz, 1971). 'No abortive ternary complex
formation composed of enzyme and two oxidized or two reduced substrates was noted
This observation was supported by an affinity labeling study whereby NADP+
exerted a protective effect against inactivation of enzyme by the oxidized
inhibitor (diodoacetoxy-estrone) and NADPH by the reduced inhibitor
(iodoacetoxy-estradiol). Apparently, neither iodoacetoxyestrone-enzyme~NADP

nor iodoacetoxyestradiol-enzyme-NADPH complex‘was formed.(Pons_gt_al, 1973b).

In contrast to the equilibrium rate exchange studies, kinetic analysis of
measurements of the initial velocities of the EDH reaction have implied an-

ordered bi bi mechanism. In this case, initial steroid binding to thelenzyme

was deemedlf.prerequisite for the subsequent interaction of the coenzyme (Warren

& Crist, 1967).
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Three independent studies have shown that EDH is a "B" stereospecific

enzyme meaning that the enzyme transfers hydride between the substrate and

‘the - B(pro~S) side of the dihydropyridine ring. In one study, Jarabak .

.and Talalay (1960) carried out the reaction with_l?B-est:adioi and NAD(P)-

nicotinamide-4-3H. The resulting labeled NAD(P)H was then oxidized with

- glutamate dehydrogenase, an enzyme of known B-stereospecificity. On

examination of the isotopic contents of the products, the tritium was found
to be retained in the nicotinamide; no isotope was found in the glutamic
acid, A second study by Warren et al (1967) used a variation of the above .
method.whe;eby 17a;jH—estradiol—l7B was prepared and reacted with NADY. The
generated,iabeied NADH.was then assayed with.a—kgto;glutamate in the‘preéence
of glutamate dehydrogehase. Reduction of u—kétoglut;ﬁate\resulted inm
éssentially quantitagive tfﬁnsfer of gritium from NAD-°H to glutamic acid,
Reduction of pyruvate however yielded *H-NAD and 'cold’ lactate, lactate
dehydrogenase being an A-stereoépecific enzyme. A mére recént,ana;ysis of
_the stereospecificity of hydride transfer made use of an affinity.labeled
enzyme (EDH convalently modifiéd with acetoxyestrone) which was incubangd
with (4R)— or (AS)—[ﬁ—ZH] NADH. At the end of the reaction, the steroid
ester was firft hydrolyzed off in the presence of a strong base and then
acidified to release the free radio-labeled steroid. Trimethylsilyl ether
derivatives of the steroid were then made for deuterium analysis using gas—
1iquid—chro?atography—mass spectrometry. It was found that with (45)—[}—2H]
NADH, the label was trahsférred resulting in E17a~2Hﬂ estradiol;lYB whereas
‘
in the case of (4R)—[4—2H] NADH the deuteriﬁm-was not transferred. This
experiment also illustrated fhé point that normal stereochemistry of hydride
~

transfer was preserved even when the enzyme was covalently bound to ligand,'

(in this case also a substrate) (Groman et al, 1975).
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b) Liver and kidney

ﬁoth the 170~ and 178-HSDs were demonstrated in the hepatic and renal
homogenates of the male rabbit in Kochakian s laboratory as early as 1947
(Clark et al, 1947; Clark & Kochakian, 1947);thus establishing‘the'equilibrium,
testosterone g androstenedione‘— epitestosterone (Kochakian EE.EE' 1952;
Kochakian & Nall, l953) The 17B~hydroxyl group of testqsterone was more
.readily oxidized than the 170-function of epitestosterone by‘the crude enzyme
. homogenate. Ball and Breuer (l970)-reported that a.single 17-HSD present in
the soluble fraction of the rabbit liver was responsible for the oxidation of
17B~estradiol or l7a—estradiol to estrone, although a different fold purification :
of the 17B- enzyme and the 17a—enzyme activities\was Yeported. In contrast, the
tuo enzyme activities were shown to be separate in the soluble fraction of
" the chicken liuer (Ozon Q-Breuer, 1965). Renwick and Engel k1967) achieved
a partial purification and separation of the 17&- and lYB—enzpmes from chicken
liver by ammonium sulfate fractionation and Sephadex gel filtratlon. The two
enzymes showed a marked preference for NADP*and both Cis~ and Cjg-steroids
were substrates. The same authors also reported the presence of both 170~ and
l7B—enzyme act1vit1es 1n)the crude homogenates of sheep and turkey liver but
only;l78~enzyme activ1ty‘was-observed with the calf liver homogenates.

Further purification of the 17-HSD from the female rabbit liver cytosol
revealed heterogeneous nature of the 178-enzyme (Thaler—Dao et al, 1972) and
separation of the 178~ from the l7c-enzyme (Hasnain & Williamson, 1974). The
properties of the multiple forms of these enzymes will be elaborated in
Section 4 of this Introduction

The intracellular localization of the l7B—HSD of 1iver and kidney of the

guinea pig, mouse, rat hamster, dog as well as the rabbit have alsc been
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compared (Aoshima & Kochakian, 1963). Both the NAD¥- and NADP+—dependent
énbyme activities were preseng in the scluble and the microsomal fractions.
The enzymes were never associated with the nuclear or mitochondrial portion
of the cell. The NAD*-enzyme activity of the liver oﬁ the;guineg pig and
rat primarily resided in the microsomal fraclion whereas the NADP+—enzyme
was in the soluble.fractlog-offthexliver of all. pecies. On the other hand,
both ;nzyme activities of the kidney-were localized in the scluble fraction.
The specifie activity of the NAD+—dependent enzyme was highest in thelliver
of the guinea pig followed by the mouse and the rabbit. The NADP+~enzyme;
howevé;, was highest in tﬁe rabbit followed by the guinea pig and the mouse.
The kidneys of the guinea pig showgd the highest NADY - agd NADP+—dependent
enzyme activities although lower fhan those of the liver.

Studies in Kochakian's laboratorylhave focusea priqﬁrily in the
anabolic action og androgeﬁs and their role in the reguiation of kidney
groth particdlarly in the guinea pig (Kochakian, 1977). Substrate
specificify studies with a partially purified soluble 17R-HSD from the male
guinea pig kidnéy showed tha; the enzyme was highly specific for Cig-steroids;
the relative activity toward testosteroné: 5a—dihydrotestosterone: |
5B-dihydrotestostercone: l7B-estradiol, in the preéence of NADPY being
35:19:5:1. The NADPY-Iinked enzyme activity was‘aiways higher than that éf
the NADY-linked activity. Disc polyacr&lamide electrophoresis revealed the
~multiple nature of the enzyme (piu & Kochakian, 1972ab). Similﬁrly,.the
solubie NADP¥-17B-HSD of malg}nhﬂé guinea pig liver has also been showh to
exist in multiple forms (Liu & Kochakian, 19f2b;‘Kobayashi & Kochakian, 1978).
The properties of these fisozymes will be treatéd @oré fully in section 4 of

this Introductien.
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The mictfosomal NAD+¥dependent 178~-HSD tf.guinea plg liver has been
solubilized with Triton X-100 and the enzyme obtained in phospholipid-free |
form (Blomquist EE.él’ 1977). Thé-molecular weight of the‘solubilized
enzyme was found to be 176,000. The apparent Km for testosteromne Qas
found to increése from 2.2 WM to 7.3 UM upon solubilization and the
apparent Km for NADY decreased from 164 to 100 M. The enzymes was
susceptible to trypsin and phospholipase A inactivation. ?he:extent.of
inactivation was not affected by the presence or absente of 2-mercaptoethanol
but this sulfhydryl reagent did alter the kinetic behaviour of the enzyme
toward its substtétes testosterone and NADY. Furthermore;, the 178;enzyme
exposed to 2~mercaptoethanpl exhibited substrate inhibition by téstosteroné,
a phenomenon which may act as a control mechanism ig.!igg (Blomquist & Kotts,
1978), ' .

In the above studies with the guinea pig liver or kidney, the
dehydrogenation of the l70-hydrosteroid catalyzed by the l7a-enzyme was
not studied. However, the in Xitzg.interqonversion of testosterone &
androstenedione > epitestosterone in liver as well as the ovary and testis
slices of the guinea plg of both sexes has been demonstrated {Szamatowicz
et al, 1971). In contrast, no épitestosterone was détected in the urine
after the in vivo administration of androstenediote or testosterone to
either male or female guinea piés.

A brief study of the metabolism of androstenedione by mouse kidney
homogenéte and its subeellular fractions revealed the presence of a
predominant 170~HSD activity (Arimasa & Kochakian, 1973) The major
metabolite formed was epitestosterone with Sa- androstan—Ba 17f8=diecl and
testosterone being produced in lower quantities. Incubation of testosterone

.with kidney homogenate also produced epitestosterone and 5a—androstan—3a!178—
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dioi but the amounts of‘these metabolites were less than that obtained

‘from androstenedione. Upon castratiQn, testosterone metabolism by the

mouse kidney was further reducea perhaps due to'a decrease in 17B-HSD *

activity. The dehydrogénase actiQities weré localized in the cytosol

except that the q&nversion oé andrdsienediong‘to testosterone in the .
' NADH (but not the NADPH) system-was localized in the microsomal fraétion /}
Separate NADH- and NADPH linked l?B—HSD systems were therefore suggested
In an earlier report, Endahl et al (1960) separated the NAD+ from the
NADP*—linked 17B-HSD activity of the guinea pig liver by centrifugation. -
The former was located in the microsomes and the latter in éhe cytosol.

- A soluble NAD(P)*—depgndént l?B—HéD from rat liver has been partially

purified {Findlay & Breuef, 1974). The enzyme shared a common

characteristic with the human placental EDH in that it could reduce18-
e

hjdroxyestrone‘to 18-hydroxyestradiol-178 but could not oxidize the latter.
L]

In contfast, a microbial enzyme isclated from Pseudomonas testosteroni

catalyzed the interconversion of 18~hydroxyestrone and 18-hydroxyestradiol-
178. These results indicated differences in the geometry of the active sites
of the microbial and mammalian enzymes.,

?

The mitrosomal fraction of the rat liver also contains a NAD(P)*—
.dependent 178-HSD, NAD* ﬁeing the preferred nucleotide(Lau;ent et al, 1978).
A kinetic study of the enzyme revealed an ordered sequential mechanism of'
reaction with the nucleotide being bound'first and the steroid product
liberated first. Substrate inhibition by 17B-estradiol was also observed.
Under the optimum conditions, the Km of 178-estradiol was found to be 0.8 %
0.3 x 107°M and Km for NADF, 35 * 5 x lOLsM. In the rat it appeared that

the l7B-estradiol%; estrone equilibrium was an important mechanism for the

modulation of estrogenic activity, estrone being more abundant than 17B-

estradiol in the plasma of the pregnant and fetal rat.
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The soluble 178-HSD of monkey liver has also been partially

characterized (Fan EE.El! 1978). . The enzyme catalyzed the reduction

- of dehydroepiandrosterone to »S—andrdstene—BB,17B-diol (Km, 50 uM),
estrone to l7B-estradiocl (Km, 20 uM) and androstenedione to
testosterone (Km, 13 pM). The enzyme required either NADH or NADPH

; preferring the iatter. Both dehydroepiandrosterone and estrone served
as competitive substrates fo; the enzyme. Androstenedione was a
competitive inhibitor of the enzyme for dehydroepiandrosterone but a
noncompetitive inhibitor of’the'enzyme for estrome. The heat—treeted
50~80% ammonium sulfate fraction also contained 200~HSD activity, the
stability of this enzyme was found to be similar to that of the l?B;HSD.
Besides dehydroepiandrosterone, estrene and androstenedione{ware competitive
inhibiters of the 200-HSD activity witﬂ progesterone as substrate,

*Whether the 200~ and l?B:hSD activities of eonkey liver reside in the.
same protein remains to be seen.

The‘l7B—HSD of human liver has been characterized to a cerfain extent
{Littmann et al, 1971). The NADP*-linked enzyme wes present in the scluble
fraction whereas the NADY-linked enzyme activicy was present in both the__
soluble and the microsomal fractions. Both enzymes were able to convertr
17B-estradiol to estrone and testosterome to androstenedione and were
therefore quite different from the human placental soluble enzyme which

. +
was shown to be specifically a 17f-estradiol dehydrogenase. Littmann et
21 (1971) reported that the Km value for 17f~estradiol in the presencé of
NAD* was 3.5 x 107°M in the microsomal fraction and 9.8 UM in the soluble
fraction, whereas the soluble NADP* -enzyme had a Km of 5.1 M for

178-estradiol.
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c¢) Gonads

Both the ova;y and t?e testis fulfil a dual role, an endocrine
function in the.fofmation cf sterojd hormones and ; germingl funcﬁion
in the production of ova or spermatozoa, Essentially every steroid
cin the-pa;hwa} from pregnenolone to 1l7B-estradiol ;s prodﬁced by the
ovary. An ovarian 17B-estradiol dehydrogenase has been studied in
the human (Pit;away et al, 1977) and in sheep (Kautsky &:Hégerman, 1970;
Michel et al, 1975). The common charactetistics of the ovarian enzymes
include their cytoplasmic location, duai nucleotide specificity and a
. weak capacity .to oxidize C;g-steroids. Digferent properties have beén
ascribed to theisheeﬁrenzymé in terﬁs of pH optima, molecﬁlar welight
and mechanism of reaction. Kautsky and Hagefman {1970) described a
sequential mech;nism whereas a eompu&so?y scheme with NAD™ binding first
was reported by Michel and co-workers (1975). Human ovarian and placental

178-enzymes share some common propefties including sensitivity to

sulfhydryl reagents, dual nuclectide specificity and reversibility of the

reaction. However, the ovarian enzyme does not exhibit the same degree fof .

cold inactivation as the placental enzyme. Further comparisons must awalt .\31\\

-

the purification of the former enzyme.
The ovary of the rabbit also contains significant 178-HSD activity
toward both Cj;g— and C;gmsteroidé (Dennis et al, 1968). This enzyme has

béen shoyn to be associated with the 200~-HSD (Rodway & Rahman, 1978)-

The significance of the gonadal 178~ and 20¢-HSDs has been interpreted as a means

of adjusting the biological potencies of the endocrine secretions to the

requirements of the animal.
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Testicular 178-HSD has been investigated in a vafiety of animals mainly
in’ the pig. Perhaps the most characteristic feature of animal testicular
_178-HSD id its microsomal localization‘associaced mainly with the smooth or
agranular endoplasmic reticulum (Inano & Tamaoki, 1972} 1975; Tamaokl &
I%cno, 1975; Inano et al, 1977; Cooke & Gower, 1977). Some of the
p;cperties of the purified enzyme have becn summarized by Tamaoki and
'Inano_(1975). NADP (H) was the preferred cofactor acd androscenedione,-estrone
and dehydrccpiandrosterohe were equally good substratesf Likc'the human
 placental EDH, the testicuiar 178-HSD is a "B" stereospecific encyme
(Inano & Tamaoki, 1975). Using gel filtration the molecular.weight of the
fcnzyme was found to be 35,000. . By active enzyme centr;fuéation method,
the monomeric form of the cnzyme (35,000 MW) was found to be the active
speciles (Inano EE.EE! 1977). " An unusual property reported for the.testiculgr

178-HSD from rat and human was that the enzyme activity was enhanced by

either testosterone or androstenedione (0Oshima et al, 1875, 1977). These

-

studies were performed with the enzyme still attachec to the micrcsoﬁal
.membranes. Thc possibility of the presence of isoéymés of human testicular
178-HSD was\also raised in view of the two apparent Km values for the
substrate dehydroepiandrostercne, one at 1cw concentrations and the other
at high concentrations. This phencmeﬁon was also observed with caninc
testicular 17B-H5D (Pittaway, 1978): Indeed, two distinct testicular 17f-enzymes
were described in the rat testis, one in the interstitial and the other in

the seminiferous tubules (Murono & Payne, 1976). The two.enzymes when assayed

for the reduction of androstenedione to testosterone, had different pH optima,

Km values and responded differently to testosterone and its metabolites. -
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The interstitial tissue enzyme was inhibited by testosterone and several
S5o~reduced metabolites of testosterone (Sa—androetah—Ba,178—diol being
most potent) and by estrogens (1l7B-estradiol being.most‘potent).}~In the
"seminiferous tubules only a -high concentration of 5g~dihydrotestostercne
inhlbited the 178-HSD activity. Furthermore, Sa~androstan-3q,178-diol and

testosterone which acted as potent inhibitors of the interstitial enzyme‘

- r
"~
.

activity, stimulated thislenzyme activity in the seminiferoos tuboles.
These differential effects of steroid metabolites led the authors to
speculate that testosterone biosynthesis in the rat testis may b~ regulated
locally in the two testicular compartments without an apparent direct
involvement of the pituitary gonadotrophlns

The ITB—HSD of dog testils and human testicular 178-HSD shé?E several
common'characteristics. Andros;;nedione, estrone and dehydroepiandrosterone
- were all substrates (Pittaway et al, 1976 Pittaway, 1978), androstenedionen
'ihaving the lowest Km value. The apparent Km values of the 178-HSD for
.androstenedlone and dehydroepiandrosterone were similar in both species as &as
‘the observation of two Km values for dehydroepiandrosterone (Oshima & Ochia,
1973; Qshima et al, 1975):.  The importance of the study of testicular l7B HSD

will be elaborated in section 7.
d) Blooed

Portius and Repke (1960).studied the occurtence}of l?—ﬁSD in the
erythrocytes.of 15 animal species. The 178 HSD activity was found to be
highest_in rats and lowest in:man. On the other hand, 170~HSD was found
io the erythrocytes of ruminants such as cows, sheep and goats. Working
with human erythrocytes and labeled substtates,‘Migeon_gt_al'(IQGZ) showed

that the 17B-HSD was NADP(H)-dependent and that the interconversion of -
N ,
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‘estrone-and 17B—estradiol was related to the activity of the pentose
phoSphate pathway Thus subjects with a glucose 6—phosphate°
f'dehydrogenase deficiency had a marked but not complete, decrease in
Vability to interconvert estrone and l7B—estradiol ) The 17B-enzyme has
”been partially purified from the membrane free hemolysate (Mulder et
al, 1972)._ It exhibited a broad Substrate specificity including l7B estradiol
testosterone, dehydroepiandrosterone and the sulfate conjugate of
dehydroepiandrosterone and‘estrone. ZOQ—Hydrory—pregn-é-en~3—one was,
also oxidized but the activity was lost with purification. The enzyme -f-
‘showed an almost absolute requirement for NADP(H) The molecular weight
h{ of the enzyme calculated from Sephadex G-150 filtration was found to be'
l'about 64, ooo
There are 1ndications that the l?B—HSD in the blood of pregnant
women- 1s.of placental origin (Lubbert, 1977) The enzyme, stabilized
- by 407 glycerol and 40 puM l78—estradiol in potassium phosphate buffer
gat pH 7.4, was found to generally increase with the progression of .
gestation and the enzyme activity waS-highest at term, After the
Z-expulsion of the placenta (post;partum)'the enzyme activity rapidly
decreased. Moreover, the serum l78—enzyme shared some’ common properties
with thé human placental enzyme such as its stabilization by glycerol :
and substrate. The Km values gor 17B—estradiol with‘NAD*‘and NADPf as o
coenzymes were almost identical to those reported by.langer‘gt_al (1959) .
and Jarabak and Sack (1969) for the purified'placental.EDH{- .
Using affinity chromatography on éibacron Blue F3GA coupléd to .
Sepharose, Heyns and de Moor(LlQ?&) purified a l7B—HSD.from rat:erythrocytes

to 7200—fold;with regpect to\the crude hemolysate. However, a 3B-HSD
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‘H enzyme activity was, found to coincide with the 17B-enzyme activity when

the enzyme(s) was monitored on polyacrylamide gel electrophoresis. Both

-activities were NADP(H)élinked and ‘their Km values for NADP* as well as for

s

"NADPH were yety similar. " The effect of pH on'their activity and protection’

by the presence of coenzyme were similar in both cases. The enzyme had a

2

molecular’ weight of aboun 70 000 estimated by Sephadex G-100 chromatography

(Heyns & de Moor, 1974)

-e) Uterus . '\\- “f\}-
. . - B

'Because=the-uteru9‘i a target tissue for the female sex hormones, the

Y

" study of the’ l?B~HSD activity in this tissue has been of considerable

- interest. Both the human endometrium afdd myometrium have been shown to

: metabolize 17B~estradiol or estrone “the former tissue having 40 times the

capacity ‘of -the. latter. Moreover, the endometrium favored the oxidative

'reaction (Sweat et al, 1967).. It has also been pointed out that the

l78—estradiol Was oxidized about twelve times more rapidly by crude

homogenates of secretory than of proliferative endometrium. Using

- histochemical staining techniques, Scublinsky et al (1976) found that the

178 enzyme of human endometrium was localized in the glandular epithelium
of‘the-secretory-endometrium; negative staining was observed with the
hroliferatiye endometrium‘ ‘The increase in the enzyme activity following
ovulation is of - interest since the change in this enzyme activity to a
great.extent is directly related to the change in concentrations of
pfogestetone.in.this tissue (Tseng & Gurpide, 1974). |

- The l7B-ﬁSD.is ubiquitous in the cells of the human secretory endometrium.

Pollow et al (1975b 1976a) reported that the highest specific activity of

the enzyme was mainly 1ocated in the mitochondrial and ‘microsomal fractioms
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" has been partial,ydcharacterized TPollow, et al, 1975¢).. Testosterone'

k enzyme activity. The enzyme also preferred NAD+ to NADP+ as ', hydrogen

-3 -

while in the cytosol:and nuclear fractions the activitﬁﬁwas about

fifty, times less. The soluble enzyme from the secretory endometrium

and androstenedione also served as substrates though they were

interconverted _more slowly than l7B~estradiol and estrone._ The optimum

© pH for oxidatiom and reduction were 9. 5 and 6 respectively. The Km value.

LS
for l78-estradiol was'3.3 uM. Like the soluble l?B—enzyme of human ‘
placenta the endomeﬂrial enzyme displayed cold inactivation and protection - .“ Ve

- i . )
by coenzymes, l7B—estradiol or glycerol Sulfhydryl reagents inhibited ot .

acceptor.. However, the l?B—HSD of human endometrium and human lace A
appeared to be 1mmunologically different (Tseng et al, 1977) The EDH.ﬁ
activity of the plae:nta both in early Pregnancy and at term was some 27
times higher than that of the secretory endometrlum |

A partial purification of the soluble 17B HSD of the: secretory

endometrium by ammonium sulfate precipitation, gel filtration, ion exchange

B d

chromatography and isoelectrdc focusing indicated heterogeneity of the -

' énzyme (Pollow et al 1976b) This will be elaborated under section 4 in

which the isozymic pattérn oflthe normal and neoplastic-endometrium are -
compared. .The molecularzneight of thelsolublelenayme from the“secretory‘
endone@rium was estimated_to be 56~54,00ﬁ, significantly lower than the
value for the human placental enzyme. |

The nitochondrial l?B—HSD of the human secretory endometrium displayed -
similar characteristics to those of the soluble enzyme with respect to the
steroid substrate and coenzyme specificities kinetic parameters, pH optima

and sensitivity to sulfhydryl reagents (Pollow et al, 1976a). Within the

mitochondria, the enzyme activity was localized in the outer membrane,

,
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Most of ‘the l7B-enzyme activity of neoplastic endometrium like
normal secretory endometrium was located in the mito:hondrial and
‘ microsomal fraction (Pollow et al lQ?Sab) However, depending on the
‘fstage of the tumour, the enzyme activity pattern seemed to change. |
The enzyme activ1ty‘appeared to decrease with decreasing differentiation
of the tumour (from well differentiated to undifferentiated carcinomata)
horeover, after treatment of patients with progestational (gestagen)
‘.zagents the 17B-enzyme of the Well differentiated carcinomata was seen
-‘to increase significantly, rising to or above the level in normal
fsecretory endometrium This observation as well as other hormonalr
:treatmehts of the human neoplastic endometrium will be. discussed further

. under the section on Regulation of 17B—HSD

- * . .
)

-“f) ,Other tissues

The human skin is capable of interconverting l?B-estradiol and estrone |
'and the 17B~enzyme activity‘ ‘yaries w1th the hody site of the skin For
-example,_in neonatal foreskin, abdominal skin (Weinstein et al 1968) axillary
‘and pubic skin the oxidative direction was favoured‘ whereas 1n facial and -~
scalp skin the reductive direction.was preferred (Hodgins & Hay, 1976)
Apparently there are two forms of 17B-HSD in human skin, a microsomal NAD(H)-
":dependent enzyme’ of the forehead skin and a soluble NADP(H) dependent enzyme
‘of the axillary skin. The former enzyme had a lower apparent Km value for
'testosterone than for androstenedione and the latter appeared to have a higher
-affinity for androstenedione. The l7B—HSD has also been demonstrated in the‘
:microaomal.fraction of rat skin. The enzyme preferred NAD* to NADPY and both

l?B—estradiol and testosterone were substrates (Davies et al, 1972)
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' In the female rabb;t-the interconversion Sf 17B-estradiol and
estrone.has also been éhOWn in the eye tissues, the cornea being most
active. The 17Q~Enzymé activity was neéligible (Starka & Obenberger, 1975).
The anterior pituitary of male or female rabbits is also capable of ‘
metabolizing 17f-estradiol or testosterone (Reddy et al, 1974).. The
preimplantation embryos of virgin female rabbits also exhibited 178-
dehydrogenase activity thus providing an evidence for stefoidogenesis
in this organism (Dickmann et al, 1975).
The 178~HSD activities have been localized histochemically in a
variety of tissues including the human placenta (Mellgren & Eide, 1972)
dnd human endometrium. (Scublinsky et al, 1976). Pearse (1972) provided

a review of the histochemical demonstration of various l?BiHSDs and

other steroid dehydrogenases.

4. Isozymic nature of mammalian 17~hydroxysterbid dehydrogenases

-

The occurrence of isozymes or multiple molecular forms of enzymes
catalyzing the same reactien in the same cell or organism is a widely
accepted phenomenon. The first indication of the isozymic nature of
17B—§SD of mammalian origiﬁ,'demonstrated by electrophoresis éoﬁﬁled
to a histochemical staining procedure, was that reported by Kochakian -
and co-workers (Liu & Kochakién, 1972ab). Disc gel electrophoresis of
kidney cytosol from adult male gulnea pigs gave 3 major and 2 minor bands
which possessed both NAD'- and NADPY-linked 178-HSD activities. These
enzyme forms were charge isomers with a mean molecular weight of 33,000.

" One of the major enzyme forms waé obtained in an electrophoretically pure

state with a molecular weiéht of 31,000 (Stevenson & Kochakian, 1974).

This particular major enzyme form (later designated as 1) and five of the

L
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seven other forms have been furthér characterized in terms of their
isoelectric points, ccoenzyme and substrate specificities and their

kinetic censtants (Shgn & Kochakian, 1978). These enzymes were isolated

in a highly pure state by an extensive combination of anion and cation
exchange chromatography. Among these multiple fo;ms, one enzyme,

designated Iy, appeared to be a 3u,178~019—HSD.with additio;al preference
toward an A/B trans configﬁration of the steroid substrate and an apparent
absolute requirement for NADP*. The Km value for testosterone and
Sa—dihydrotéstosterone reflected a lower affinity of this enzyme for these
suﬁstrates as compared to the other enzyme forms, for example, Iy had Km
values 2-4 times lower than that exﬁibited by Iy toward the two substrates.
Enzyme fb:m I, but not others (except I,) alsoc had appreciable activitylwith
androsterone in. the presence of NADP*. 'Three of the multiple forms also had

very similar amino acid compositions, alanine being t N-terminal amino

acid in two cases. All of the purified enzymes contained a Symilar number

of total (4-6) and exposed (2-3) sulfhydryl gooups. Although E was earlier
reported (Kochakian et al, 1973) that one of the .enzymes disappe
castration and reappeared after testosterone treatment, a later report

(Shen & Kochakian, 1978) did not confirm this apparent androgen dependence
phenomenon.

The 17B4HSB of the female guinea pig kidney has also been purified
aftér the enz&me was induced by testosterone treatment up to 50 days at which
time the enzyme activity paralleled with that of the normal male (Shen &
Kochakian,.1979). The induced enzyme had a molecular weight bf‘32,000_gnd_a

single protein and enzyme staining band on gel electrophoresis. The pure

enzyme dissociated into three electrophoretic bands on removal of 2-
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mercaptoethanol from the solution and -was resto;edlby replacement of the
- mercapteoethanocl, Storage of the'cytosol at 4°C‘for 4é-hours with or
withouf 2—m;rcaptoethanol also yielded multiple bands. lihe multiple forms
of the male guinea pig kidney exhibited similar electrophoretic .
behaviour (gLen & Koéhakian, 1978). The steroid spgcificity, Km value,-
abparegt isoelectric point, pH optimum anleAD(?)P requirement of the induced
enzyme from female kidney were practically identical with those of the
purified major enzyme form (I;).of the male guinea pig kidney. It was
speculated that the male and female kidneys contained an identical gene
for this particular enzyme form. |
The male guinea pig liver 17B-HSD of the cytosel has also béen

resolved into multiple forms, one majorland;six minﬁrs_(Kobayashi & Kochakian,
1978). Two separate groups of enzymes appeared to exilst according to the
" amino acid composition and substrate specificities. ‘One group could utilize
either NADY or NaDP* and appeared to be specific for-5B-androstanes. The
second group had a high preferenc; for NADY and So~androstane éubstFates.

The molecular weight eséimated for four of the enzymes was about 32,000;

The other three showed the presence of 2 subgomponents of‘24,000 and 11,000.
Some comparisons between the 17B—HSD of this study and similar'enzymes
reported by others could ge made. During investigation of a soluble
3-hydroxyhexobarbital dehydrogenase from gulnea pig liver which catalyzed

the reversible oxidation éé 3-hydroxyhexobarbital to 3—oxohexobarbital, it
was found that the pure enzyme could also catalyze the déhydrogenation of

a variety of androgéns having a 178;hydroxyl gfoup (Kagetira & Toki, 1975).
(3-Hydroxyhexobarbital, [5-(3l-hydroxﬁ—ll—cyclohexen-ll-yl)-l,5-dimethy1—
barbituric acid], is a microsomal oxygenation product of hexobarbital).

\
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Yet another 17B8-HSD was discovered™from the ;ame source and purified .
(Kageura & Toki,‘1977). This enzymé termed a "new testosterone 178-
dehydrogenase" could not ﬁétaboliaé 3-hydroxyhexobarbital. Moreover,
the ﬁew enzyﬁe oxidized testosterone less rapidly Ehan did the
hexobarbital dehydrogenase. The two enzymes also exhibited different
activity for the metabolism of Sa- and 5f-congeners of the 17B8-
hydroxysteroids but were.similar with respect to coenzyﬁe requirement
(preferring NADP+), pH optima And mélecular weight., The "new
testosteroné 17B;dehydrogenése" mimicked two of the liver enzyme forms
described by Shen & Kochakian (1978) with respect to dual n%cleotide
specificity and preference for 5f-androstane steroids such as 56~
dihydfﬂéestosterone and 5B-androstane-3a,178-diol. Perhaps it is
noteworthy that Fhe highest dehydrogenase activity in the feméle guinea
pig.liver was obtained with SBfgihydrotestosterone. The importance of
these enzyﬁes whiph exhibited ﬁigh a;tivity towé:d 5B-androstanes is nof
clear since these steroids are biologically inactive.

Thaler—Dao‘ég.gi (1972) initially reported that there were at. least two
-different NAD(P)*~linked l?B;HSDS in the soluble fraction of the female
rabbit liver. Chromatography on DEAE-cellulose and gel electrophoresis
showed one enzyme form had activity toward Ci1s— and C;g—stercids. The
other obtained in a homogenoﬁs state had a high affinity for testosterone
and in addition exhibited 'a high 3a-HSD activity. No 17a-HSD activity
was detected. However, Hasnain & Williamson (1974) working with the same
animal system reporgéd the separation of thé 176- and 170~-HSD activ%ties.
lSeparate 17B-HSD activities toward 17B-estradiocl and 17B-eétradiol

3~glucuronide were also obﬁg&ned. In contrast, Takenoshita and Toki (1978)

]
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F-J

found tﬁat the rabbit live? ¢ytosol contaihed several enzyme activities,

for the dehydrogenation of 58—androstane-3a 178-diol to 5R-androstan-3g-ol-
17-one. Omne of the activities was not separable from the 3= hydroxyhexobarbital
dehydrogenase in the course of purification and on gel electrophoresis.
Ho%evér; the 3—hydroxyhexob;rbital dehydrogenase was separated distinctly -
from the testosterone 17B-dehydrogenase by triethylaminoethyl-cellulose

column chromatogfaphy. In contrast with the guinea pig liver, 3-

hydgoxyhexobarbital and testosterone were metabolized by different enzymes

Fl -

and ;eétosterone functioned only as a poor substrate for rabbit liver
3-hydroxyhexobarbital deh&droéenase. It may also be ﬁoted'that .
3—h§ﬂroxyhexobérbital dehydrogenase obtained from rabbit liver cytosol

was separable f?om alcohol dehydrogenase and that horse liver alcohol
dehydrogenase was unable to oxidize'3—hydroxyhex&ba¥bital (Tqﬁi & Tsukamoto,
1964). ' .

The soluble 170-HSD of female ¢rabbit liver was resolved by DEAE-cellulose
chromatography and column isocelectric focusing into 8 moleculatr forms (Hasnain
& Williamson, 1975).  Five of the enzymes were obtaiqed in a homogéﬁous state,
One enzyme form specific for l7a-estradiol 3-glucuronide was also demonstrated.
These enzymes were charge isomers with an average molecular weight of 39, 600.
The amino acid composition of the different enzymes were very similar., All
but one form of the 170-HSDs also showed greatér activities toward
epitestosterone than toward the estrogenic substrates (Hasnain & Williamson
1977)

The normal and neoplastic endometrium from human were shown to have
~

different molecular forms of the 17R-HSD (Pollow et al, 1976b). Iscelectric

focusing in. a sucrose density gradient of the 17B-HSD from the secretory

a2

o
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endometrium gave three enz&matically active Sands with both testosterone
and 17B8-estradiol as ¥ubstrates in the presence of NAD(P)*. oOn tﬁe_o}her
hand, the activity patterns from the endometrial carcinoma gave 2-7 bands
depending on the substrate and coenzyme. These findings suggested the
possibility of different moleeular forms of the lYB—en;yme in normal and
neoplastic endometrium.

Engel and Groman (1974) reportéd that isoelectric focusing of the
soluble 17B—estyadiol'dehydrogénase from human placenta in polyacrylamide
gels produced multiple bands. Under dissociating conditions in 8M ﬁrea
three proteln bands were seen. However, in thé native state, three major
and two faint bands were detected by substrate staining. The pattern was

interpreted as being due to three différent monomers present in runequal
amounts that ;nteracted to form six dimers. This is disconcerting in view
of the identical dimeric structure of the enzyme (Pons et al, 1977).
Nevertheless it was argued that whatever the isozymic structure of the enzyme
was, the'primary structure of the subunits éight differ slightly”so_gs not ;o
affect the active site. All of ghe properties of the EDH described”have

characterized the active dimeric structure of the enzyme. ' It would be

interesting to see the characterization of each isozymic form of the enzyme.

.

5. Stefoid-mediated transhydrogenase reaction

<

An unusual property of the human placental EDH is its intrinsic ability

Lo carry out a transhydrogenation according to the following scheme:

£lucose~6-phosphate X NADP ><178~Estradiol NAD
6-phosphogluconic acid - NADPH g* ;::)<::; NADH

Estrone
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The NADPH fdrmed by a generating syst;m such as the oxidation of glucose
6-phosphate to 6-phosphogluconic acid catalyzed by glucose 6-phosphate
dehydrogenase is contiﬁuously oxidized by catalytic amounts of estrone
\ which are converted into %7B—estradiol by EDH, 'Estroné is regenerated by
lthe same eniyme in the presence of NAD+. '

There was an earlier apparent conflict between two groups of
investigators concerning the mechanism of the stimulation by 17B-estradioi
of the enzymaticallyacatalyzed transfer of hydrogen fro? NADPH to MAD" in
human plaggnta extracts. Briefi&, Talalay et al (1955) maintained that the
17f-estradiol functioned as a coenzyme during the transfer of hydrogen from
NADPH to NAD+; this transfer was enzymatically catalyzed by the EDHmﬁhichi
possessed dual pyridine nucleotide specificity and which also effected fhe
interconversion of estrone and l78—estradiol. Later, Jarabak et al (1962)
achieved a 2500-fold purification of the EDH and reported that there was no
separation of the dehydrogenase ffom the transhydrogenase activity ;ver the

.entire eight-step purificatiqn procedure; These workers concluded that the
EDH was responsible for most, if not all, of the 17f-estradiol-mediated
transfer of hydrogen between Lhe pyridine nucleotides in the hﬁman placental
extracts. In contrast, Hagérman‘and Villee (1959) maintained that there wéé
an estrogen—dependéﬁt transhydrogenase distinct from the EDH,‘the lagtef‘
presumably consisted of two discrete proteins one specifically.requireE-NAD+
and the other NADP*‘&S hydrogen acceptofs. A later report (Hagerman &‘
Villée, 1965) however inferred the presence of two transhydrogenase systems
in the soluble extracts of the human placenta, one due to the substrate—

activated transhydrogenase catélyzed by EDH and the other due to a specific

estrogen-dependent transhydrogenase. Using hy@roxylapatite column
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chromatography Karavolas and Engel (1966) segaratedlthe "transhydrogenase

T

function of EDH" from the "17f-estradiol activated (or dependent) Do

-

transhydrogenase'". The forme; enzyme>activity could be eluted off at a
ioger phoSphate concentratioﬁ than the latter enzyme. In th;‘l7B-estradiol
activated transhydrogenase, there was no simultane;us 17B~estradiol and
estrone interconversion. In contrast, Hagerman (1969) claimed the

preparation of EDH free of the unique transhydrogenase activity. The enzyme

i
preparation was shown to exhibit a concentration-dependent mohomer-—dimer-

trimer transition in which the monomer catalyzed B;th steroid deh&drogenatign
and subs;rate;activated,transhydrogenation. On the other hadd, the Erimer
catalyzed only substrate-activated transhydrogenation.
Some fundamental differences between the traﬁshyérogenase fudctioﬁ dgf

EpH and the substrate act%vated tranéhydrogeﬁasezactivitieé have beenl
reporfed (Karaﬁolaslggngl, 1969). With the latter enzyme there was no
.isotopic“effect observed with l?q-zﬂ-estradiol-l78 nor was there’'a 10;5 of
“deutefiuﬁ from the 170-position of the 17B—eétradiol.during transhydrogenation.
The 17Brgstradiol activated transhydrogenase was also unstable to heating to
ISS?C;-the'diffeéential destruction being made use of by Jarabak et al (1966)

iﬁ their pu;ifigation procedure for tﬁe EDH. The conditions under whigh the
two transhydrogenase syétems were stimulated were quite different.\ Both were
acti#ated by 17S—estrédiol and neither by l7a-methylestradiol.
Diethylstibestrol_stimulaﬁed only the 17B-estradiol activated transhydrogenase.

Finally, estrone stimulated the transhydrogenase of the dehydrogenase system

but had no effect upon the 17B-estradiol activated transhydrogenase.

i
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The stereospecificity of hydrogen transfer to or from the pyridine
ring of NAD(H) was "B" Stereospecific in both the dehydrogenase and the
transhydrogenase reactions (Jarabak & Talalay, 1960). Recently, the
inerinsic transhydrogenase activity of the EDH and the transfer of the
4- (pro-S) proton of NADH was further demonstrated by affinity labeling
. whereby it was also shown that reversible enzymatic interconversion of
covalently bound estrone was still possible (Groman et al, 1975). ’
EDH cannot form an abortive ternary complex with NADPH in the. presence.
of l78-estradiol nor with NAD+ in the presence of estrone (Betz, 1971),
Pons et al (1977) have suggested that this property of the EDH along with
its dual pyridine nucleotide specificity are involved in the transhydrogenase
function of this enzyme. "
In addition to the hnmen placental EDH, certain other mammalian or
micrdbial H8Ds are’ capable o% catalyzing transhydrogenation in the preEence
of low levels of the appropriate steroid substrates. The 30-HSD of rat liver

.

and the 30- and 3(17)B-HSDs of Pseudomonas testosteroni are examples (Talalay,

1963). Although the two latter microbial enzymes are highly specific for NAD+
'and do not Teact at all with‘NADP*, transhydrogenation could still be
demonstrated, Thus, the microbial 30-HSD catalyzed an androsterone-dependent
transhydrogenation between NADH and the 3—acetylpyridine, 3-pyridine aldehyde,
and thionicotinamide analogs of NAD™. Similarly, the 3(17)B-HSD promoted the
reduction of 3-pyridine aldehyde adenine dinucleotide by NADH in the'presence
of low levels of androstenedione. h

Several criteria have to be met in ordei te demonstrate successfully the
transhydrogenase reaction by hydroxysteroid dehydrogenases (Talalay, 1963).

These include a comparable rate of reaction-with‘NAD+ and NADPY in the

dehydrogenase reaction, ability of the steroid to undergo oxidoreduction by,

&

/N
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the'specific'enzyme, pr0per concentratibn of the steroid and proper relative
coneentrations of the donor and acceptor nucleotides (as low as 10~ M.)f

For example, the very high affinities of an enzyme for NADP+ and NADPH-_-
-Tequired that only very low concentrations of these nucleotides be used for |
transhydrogenase experiments involving other nucleotides of lesser affinity _
In this case, hydrogen transfer from the enzymatically generated NADPH to
_NAD+ would ‘gceur efficiently provided the acceptor nucleotide was present 1n.'

large concentration relative to the donor. On the other hand,
tranehydrogenation of NADH to NADPY would readily be demonstrated when NADH->>
NADP+(Talalay; 1963}, 1In most studies on i7B—HSDs, the transhydrogenase
reaction was not considered. However in others it was ®ither not rigorously
examined e.g. porcine testicular microsomal 178-enzyme (Inano & Tamaoki, 1975)
or the activity was not demonstrable at physiological concentrations of the
reaﬁ\ints e.g. gulnea pig liver NADP+—specific 178-HSD (Villee & Spencer, 1960)

The ddscovery of the 178-estradiol activated transhydrogenase and the
transhydrogenase function of EDH in the placenta had led to an earlier proposal
that the transhydrogenations could be a mechanism of hormonal action, regulating
the levels of oxidized and reduced pyridine nucleotides and thus the amount of
NADPH available for biosynthetic purposes (Talalay & WilIiams—Ashman, 1960).
Bu? this concept has been overshadowed by the development of the receptor

. \ i
theory and the finding of hormonal activity in the immature rat uterus where

"2

the 17B-estradiol-estrone interconversion does not occur. (For further
!

discussion see Williams-Ashman & Liao, 1964; Engel, 1970). Recent

rd

investigations point to a major mechanism of action of the steroid hormones
B

by the regulation of specific éene expression (Chan et al, 1978). Honever, Pons

et al (1977) asserted that while the transhydrogenation might not be a general
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. mechanism of estrogen action, it might - function in this manner in the
placenta where the estrogen content is high and the affinity of the ‘

'transhydrogenase for 17B—estradiol is high (Km 0.2 uM) . o ; : 3 oo

'6)~ Regulation of_l?B—HSDs:
%tudieslon normal humanVEndometrium'haue shown that the IYB;HSD |
| actirity:was3maximal\during the lnteallphase of the menstrual cycle
.theng & Gurpide; l974) ‘The correspondence between the l7B—enzyme
'levels and the plasma concentrations of progesterone following ovulation
suggested - that‘this‘hormone could have an inductive effect upon the‘
lendometriai enzyme. Indeed, this was shown to be the case by both in vivo
and in_gitrg_studies. Administration of medroxyprogesterone acetate
(6c~methyl- lfa-acetoxyprogesterone or ProveraD to women . during the
proliferative phase resulted in a 51gnificant increase in 17B—enzyme‘
activity, while in|gi££g induction of the enzyme'Was seen when the
proliferative endometrium was incubated for two to three days in medimm'
containing progesterone at physiological levels.. Norgestrel (l7a—ethyny1—
lB-methyl lQ—nortestosterone), a synthetic progestin had a similar effect
.showing that the stimulation of the l?B—enzyme was not due to substrate
induction.. This possibility was considered since progesterone might act
as a substrate for the enzyme. Furthermore, addition of 17B—estradiol ‘to the“
culture medium did not influence the activity of the enzyme. The induction
of 17R-enzyme by progesterone was inhibited by puromycin or actinomycin D
suggesting that RNA synthesis was required for: induction (Tseng & Gurpide,

. 1975a). oOther progestational agents which were effective inducers- include

l7a—hydroxyprogesterone, medroxyprogesterone, R5020 and norethynodrel...lni

W
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contrast, testosterone and cortisol like l?B—estradiol were not inducers
(Tseng et al, 1977).

Concomitant with an increase of endometrial 178-HSD during the luteal
phase was a reduction of 17B—estradiol receptors. .The decline in the
receptor level was due to the influence of progesterone (Tseng & Gurpide,
1975b). While the increase in 17B-enzyme activity led to an acceleration of
the conversion of - 17B—estradiol to estrone, the decrease in the intracellular
levels of l?B~estradiol and its receptors led to reduced binding. Both
effects thus tended to reduce the response of endometrium to circulating
17B—estradiol and explained the antagonism of progesterone to estrogen action.

The effects of progestins on the 17B~HSD and 17B-estradiol receptor levels
were also observed in endometrial carcinoma (Pollow et al, 19753 Tseng et al
1977) i €. the l?B—enzyme activity of post-menopausal, hyperplastic or
adenocarcinomatous endometrium was found to Be as low as that in proliferative
endgmetrium ﬁhile the concentration of 17f~estradiol receptor was not very’
different'from the normal proliferative endometrium. In t;ese cases,
progesterone which was the necessary agent for the induction of 178—enzyme
activity was absent. It is currently accepted that chronic estrogenic
stimulation of the endometrium, in thelabsence of progesterone, favors the
development of endometrial hypergiasia (Tseng et'al 1977). Malathi and
Gurpide (1977) observed that the rat prostatic and human hyperplastie prostatic
conversions of testosterine to androstenedioneWere also increased with the

addition of progesterone to the incubation mixture. However, the increase was

not due to stimulation of the 178~enzyme activity but was a consequence of the

inhibitory effect of progesterome on the conversion of testosterone to

4

Sa-dihydrotestosterone, the latter being the active androgen in the prostate,
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Moreover, upon administration of Provera ‘the induction of the prostatic .
Al7B-HSD activity was not as. significant as the increase of 178- estradiol
dehydrogenase activity observed in the case of the human endometrium
-Thus, it was suggested that the progestin—induced changes in the prostatic

-~

17f-enzyme activity might not be physiologically as important in the.
regulation of androgen action in prostatic tissue as the induction of 178—

dehydrogenase enzyme in the regulation of estrogen action in human

. endometrium

i

been described (Shen & Kochakian, 1979). ' Upon adminstration of testosterone

a progressive increase of the l7B—enzyme activity from trace levels to the

normal male kidney levels was achieved after 50 days. The stimulating effect

of testosterone was specific_for.testosterone and 5a—dihydrotestosterone.
Apparently,‘the enzyme could regu1ate'the level and metabolic action of
testosterone in the kidney of the female guinea pigr. In contrast, the liver
did not respond to the testosterone treatment indicating separate control
mechanisms for the tno'organs. P - S ‘ ‘ .. -

Kochakian et al:(l§73)'repOrted'that'castration'produced:a partial
decrease in the 17B8-enzyme activity of the male kidney with a restoration to
normal on administration of testosterone propionate. The difference was

~ !

attributed to the disappearance and appearance of an enzyme form detectable

'by substrate staining on polyacrylamide gels. However, Shen and Kochakian

(1978) in a recent report did not confirm this gel pattern although they did

observe a decrease in the concentration of the 17B-e enzyme activity after
castration.. The partial loss of enzyme activity after castration suggested

the involvement of other steroid production sites other than the testis such

~ as the adrenal cortex. : ‘ -

The '”induction of the 17B8-HSD of the female guinea pig kidney has also-

o
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In contrast to the stimulatory effect of androgens described above,

this class of steroids has been reported to have a repressiye influence

on the renal cytbplasmic 17B—enzyme activity of the male rat‘(Ghraf et al,

1972). Castration or treatment of Intact male animals with 17B—estradiol
elevated the enzyme activity of the male animals to that of the female.

Hypophysectomy of normal 0T castrated rats of either sex Tead to a drastic
7 .

fall in enzyme activity demonstrating the role of the hypophysis in the

regulation of this androgen—dependent enzyme. The hypophyseal factors
involved are ‘growth hormone and prolactin both of which when administered

caused a significant increase in the enzyme activity. No effect on the

enzyme activity occurred in response to treatments with other hormone

preparations including testosterone or gonadotropins Removal of the

\
.adrenals or the thyroid gland also resulted in a significant decrease in

.
v .

activity in both sexes, A‘complex endocrine management, therefore seems
to be involved in the regulation of the soluble 17B—enzyme of rat kidney.
The soluble 178-enzyme of the rat liver is an estrogen—dependent

enzyme (Ghraf et al 1975) This is characterized by a masculinization of

' the enzyme activity of female animals upon gonadectomy or testostercne

administration. Gonadectomy of the male animal had no effect on the liver
17B—enzyme However intact male animals reacted to the administration of

178 estradiol by a feminization of this enzyme activity. It has not been

' established whether the hypophysis plays a role in the regulation of this

enzyme. i
The possibility that the dehydrogenase activities of 178- hydroxysteroids
may be regulated by changes in the concentration of certain intracellular

substancea has also been explored Shaw and Jeffrey . (1976a) have studied the

influence of some 20 nucleotides on the human placental EDH and found that ATP
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-inhibited the'sxidation of both 17B-est%adiol and 20a—hydroxy—4—prggnén—3—one
with NAD¥ as‘coenzyme. They suggested that this.inhibition by ATP could aléb
OCCUI,EE.EEEE- However, the effects of ATP differed depending on the coenzyme
employed (Shaw. & Jeffrey, 1976b). It was shown that ATP inhibited the
Teduction of estrone, 16o-hydroxyestrone 6r dehydroepiandrosterone more
strongly with NAbH as coenzyme than with NAbPﬁ. Earlier, the same authors

had excluded the direcdt effect of prﬁstaglandins on the placental enzyme

(Shaw & Jeffrey, 1975). '

Yet another point of control miéht‘be exerted by the testosterone-
estradiol-binding globulin or the steroid-binding R-globulin present in the
plaéma (Heyns, 1977). This binding-globulin binds selectively Cyg— or Cjg-
17B-hydroxysteroids and therefore may influence diréctly the enzymatic
reactions of steroids. In one isolated.case, the effect of the steroid-binding

' -~
gloebulin and albumin (which also binds steroids) on the oxidoreduction of ‘

four C;¢-178-hydroxysteroids by the 3(17)B-HSD.of Pseudomonas testosteroni

was investigated (Hampl & Starka; 1975). It was found-that there was a

decreased yield of p;aducts in the presence of the binding globulin in both
directions of the reversible reaction. This finding was unexpected in the
case of the reductive reaction because of the high affinity of the binding
protein for the product (e.g. testosterone) but not the substrate (e.g.

androstenedione). 1In this case; an Increase of the reaction rate would be
expected. Undoubtedly, the role of the steroid binding B-globulin warrants

1Y

further studies.

7. Ciinical Implications and applications

A congenital deficiency of testicular 178-HSD has been shawn,to contribute
to a condition called male'pseudoherﬁaphroditism (MP) (Saez et al, 1971, 1972;

Givens et al, 1974; Pittaway‘et al, 1976; Akesoda et al, 1977; Virdis et al, 1978).
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Some common features of MP patiénté Include the following: amb;guity‘of

internal or external génitalia and incomplete masculinization. Becauée

of the marked ambiguity of the external genitalia at birth, theée patients
’ . \

are frequehtly raised as females. The incomplete masculinization may be

accompapied with gynecomastia (ﬁreast development) at puberty (Saez'gg_gl,

1971, 1972; Akesoda et al, 1977) or without (Givens et al, 1974),

With testicular.17B8~HSD deficiency in MP, there is marked elevation of
plasma androstenedione but low plasma testostegone. In vitroc studies with
testis slices incubated with androstgnedi&ne or testosteromne support the
enzymétic deféct (Givens et al, 1974; Akesoda et al, 1977; Pittaway et al,
1976). Plasma gstrogén concentrations‘are sometimes elevated in Fhese'patients
as a consequence af the conversion of‘e;cessive Firculaﬁing androstenedione to
‘estrone énd then to est;adiol. The clinical manifestation is gynecomastia.
However, in fﬁose cases where virilization occurs but gynecomastia does not
develop, estrogen levels are probably lower than in other reported cases.

Defects in the synthesis of testosterone may result from other key enzymes
invelved in the biosynthesis of testosterone. The efficient enzymes may involve
cholesterol 20,22-desmolase or 20a, 22-hydroxylase, 3R-HSD, l7a~hydroxylase or
17,20-desmolase. A review of the testosterone enzyme deficlency is provided
by Impergto-McGinley and Peterson (1976). In addition, the authors deseribed
a So-redudtase deficiency in which the basic &efeét resides in the hormone
responsive tMssue. This form of MP has normal testosterone level but decreased
dihydrotestosterone plasma le¥el. The decreased dihydrotestosterone formation
may therefore affect the mdle differentiation of the external genitalia. 1In
association with the disorders of function ét the androgen dependent-target
tissues, defective androgen receptor proteins may alsc ﬁlay a role (refer to
Imperato~McGinley & Peterson, 1976; Pittaway & Stage, 1878 for further

discussion).
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Another pathological condition associated with feminizétion.éf the

male is the occurrénce of liver disease in chronic alcoholics. Other
characteristics include breast development and testicular atropgy. An
increase 1n plasma concentration and production rate of 17R-estradiol and
a.decrease in plasma concenﬁrati;n,lmetabolic clearance and production of
testosterone, aﬁong many other factors, have been noted (Gorden et al, 1976).
Increased circulating 17R-estradiol may be due to an increased peripheral
conversion of androgenic precursor hormones testosteréne and androstenedione,
via the action of aromatasé enzyme., Indeed an elevated aromatase activity
has been deménstrated in the chronic alcoholic rat liver together with an
increased plasma 178-estradiol but a decreased testosterone level (Gordon et
al, 1979). Another enzyme actdwity, though not examined, that is expected to
increase under the same conditions 1s the 178~HSD. This is in keeping with
the fact that in ethanol-treated animal there is an increase in hepatic
reducing equivalents of NADH which would favor the formation of estradiol as
compared to estréne i.e. there will be an increase in the formation of
17-hydroxy metabolites and a corresponding fall in~the 17-ketosteroids.
Indeed this has been shown in a.superfusea”guinea pig liver where the increased
concentration of NAD dgring ethanol metabolism has caused an increase in the
reduction of 17-ketosteroid sulfates to the corresponding 17B—hydroxy§teroids
(Admirandlgg_gl, 1970). ' ' s

<~rEpitéstosterone has been demonstrated in normal human urine by several
investigators but the large inc?ease over normal values found in the urine of
éatients with hirsutism and virildsm (de Nicola et al, 1966) may be a
reflection of the enzyme system responsible for its metabolism. Epitestosterone
is virtually devoid of androgenic properties, thereforé its biological role may

be of considerable interest.
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One recent direct clinical application of the study of the human
placental EDH has been its use in the determination of estrPgens in plasma
and urine (Nicolas ggfgi, 1979). The enzymatic assay makes use of the
transhxdrogenase function of the EDH whereby the transhydrogenasé activity
is directly related to the estrogen concentration. It was claimed that the
- method was highly spetific“for Cls—steroids in view of the specificity of the
EDH for these substrates, moreover, the specificity for transhydrogenase
activity was higher than the specificity for dehydrogenase activity since the
3~sulfate and 3-glucuronide of 178~estradiol which were good substrates for the
dehfdrogenase activity did not work for the transhydrogenase activity. 1In
addition{ estrone and 1l78~estradiol could be determined together or saparately
if the former was previously reacted with hydrazine. The- sensitivity of the
method was reported to be mear 10 pPicograms in plasma and 1 mg in urine with a
precision of 107 in both cases. It is noteworthy that the determination can be
done directly on hydrolyzed urine without extraction.

The serum 178-HSD level has also been examined for possible diagnostic
value during Pregnancy in women since the enzyme prabably originates from the
placenta and the fetus (Lubtert, 1977). Thererhas been good correlation
betwe@p the enzyme level and the status of pregnancy. For example, there is
an increase of enzyme activity during pregnancy and a rapid disappearance of
activity after expulsion of the placenta. Alsc in acute damagé of the placenta,
" the sérum enzyﬁe activity ificreases while in chronic damage the activity drops.
Further, in imminent.inevitable abortions, the enzyme levels were significantly
higher than normal. However, the diagnostic value of the serum 178~HSD warrants
further studies, the biggest problem of stabilization of the enzyme activity
being just overcome.

*

Y
Studies on estrogen metabolism in normal and neoplastic endometrium and

b2

the inflyence of progestins on the 178-HSD and 17B-estradiol Treceptor levels
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described in section é have contributed to the undefstanding of the
therapeutic use of progestational agents in various stageé‘of endometrial
carcinoma. It was suggeéted‘that a short term treatment with progestins

and evaluation of the histologic changes by the histochemicél procedure
described by Scublinsky and co-workers (1976) and of induction of the 178~
enzyme either in vivo or in vitro might be useful in predicting the
.Tesponsiveness of endometrial cancer to hormonal therapy (Gurpide et al,
1977). : ;

The microbial 17B-HSD, including 20B-HSD and 3x-HSD, have been‘
immobilized on cyanogen bfomide—activated Sepharose and used for the large
scale transformation ;} steroids in wéter—organic solvent systems (Carrea et
al, 1979); Ordinaril?,‘the use of enzyme-catalzisiﬂfgéctions for“Fhe
transformation of-steroids for preparative pirposes is hin&eréd by the low
solu?ility of the‘steroids in aqueous buffers and by the availability and

“instébilityrof the enzymes. The findings'éhat immobilized enzymes retained
a high activity for lohg:pério&s of,tiﬁe (for examﬁle 60Z of the originai
17B~HSD remgined after twoAmonths of continuous use in the water-ethyl acet%te

system) has made the use of such immobilized enzymatic systems practical.
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CHAPTER II

MATERTIALS AND GENERAL METHODS

A} MATERIALS
1. Isotopically labeled compounds:

[l—l“C] Acetic anhydride (SA 27 mCi/mmol), Sa—[la 2a(n)—3H] Androstan-3q,
17B-diol (SA 41 Ci/mmol), So-[le,20:(n)-*H] Androstan-38, 178-diol (SA 40 Ci/mmol),
178[6 7-3 ] Estradiol (SA 40-60 Ci/mmol), [6 7- H] Estrone (85544 Ci/mmol) and
[6 7- H] Estrone sulfate (potassium salt) (SA 1.1 Ci/mmol) were purchased from

Amersham Corporation, Qakville, Ontario.

D.Z H(N)] Androstenedione (SA 40-60 C1/mmol), [l 2- H(N)]-Androsterone

(SA 44.5 Ci/mmol), [l 2—3H(N)] Dihydrotestosterone (SA 50.6 Ci/mmel), [l 2—3H(N)]
Epitestosterone (SA 50 Ci/mmol), [l 2~3H(N)J Etlocholanolone (5A 45 Ci/mmol),

[7 3H(N)] —-Pregnenolone (SA 17: 2 Ci/mmol) and [l 2- 3H(N)] Testosterone (SA 50-60

Ci/mmol) were purchased from New England Nuclear, Lachine, Quebec.

2. TUnlabeled steroids:

Androsterone, estrone sulfate (potassium salt) and Sa- androstanr38 178-diol were

from Research Plus Steroids Lab. Inc, Pénville, New Jersey

.Sa—androstan~17aéol-3~one,_SQLandrosfan—3a,l7B—diol, 4-androsten-38,170~diol,
l?a—estradibl 3-acetate, 1l70-estradiol 3-trimethylacetate, 17~epiestriol, 16,
l7—epiestriol,'6—keto—l7a—estradiol, Sae~pregnan-3a-ol-20-one, 5d~pregnan—3a,20a-\
diol, Sa~pregnan-200-0l~3-one, Sa-pregnan-208-ol-3-one, Sa-pregnan-3a,208-diol,
5B-pregnan-20f-01-3-one, 5B~pregnan-3,20-dione and l7a-hydroxyprogesterone were
purchased from Steraloids Inc. Wilton, NH.

l7a~estradiol, 1784estradiel, estrone, estrone-f-D-glucuronide(sodium salt),
testosterone, epitestosterone, androstenedione, S50-dihydrotestosterone,
androstane—dione, etiocholanolone, etiocholan-3, 17—~ ~dione, pregnanediol,
58-pregnan-3a, 20R- diol 5B-pregnan-3u-ol-20-one, 5B~pregnan-20a-ol-3-one,
5—pre§nen-38 208- diol, 5-pregnen-38, 20a—diol& pregnenolone were obtained from
Sigma Chemical Co. St. Louis, Missouri.
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3. Coenzymes:

NAD, (Grade III from yeast), NADP (monosodium salt), NADPH (tetrasodium salt)
and UDP-glucuronic acid were also from Sigma Chemical Co., St, Louis, Missouri.

-

4. Chromatographic and electrophoretic chemicals:

Sephadex 'G-75, G-200, both of superfine grade were from Pharmacia, Montreal,
Quebec. ’
Ultrodex, amphoiine pH raﬁée 2-10; 4-6 and 5;7 were from LKB, Sweden distributed
- by Fisher Scientific Co., Ltd., Ottawa, Ontario.

Acrylamide, bisacrylamide, TEMED were from Eastman Kodak Co., Rochester, New
York.

’

DEAE-cellulose (DE-52) was from Mandéi Scientific Co., Montreal, Quebec.

Silica gel (Kieselgel N) without binder was from Macherey Nagel & Co., Germany.

N

5. Protein standards, enzymes and related compounds:

Ribonuclease, chymotrysinogen A, aldolase and ovalbumin were from Pharmacia

Molecular Weight Calibration Kit.

Bovine serum albumin, dithiothreitol Coomassie Brilliant Blue R250, NBT, PMS

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

Ketodase (B-glucuronidase) was from General Diagnostic, Warner—Lambert Co.

Morris-Plains, New Jersey. ' Qﬁ?
Papain was from Worthington Biochemicals Corp., Freehold, New Jersey.
PCMB was from General Biochemicals, Chagrin Falls, Ohio.

Bluret reagent was from Fisher Scientific Co., Ottawa, Ontario.
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SDS (séquanal grade) was from Pierce Chemical Co., Rockford, Illinois.

Urea (ultra pure) was from- Schwarz/Mann, Orangeburg, New York. *

IE-DNP—L-Lysine HCl was frgm United States“Biochemical Corp., Cleveland, Ohio.

[

6. Scintillation fluor and fluid;
PPO was purchased from Kent Laboratories Ltd., Vancouver, British Columbia.

Aquasol was from New England Nuclear, Lachine, Quebec.

-

7. Buffer salts and sclvents:

All salts and solvents were of high puéity preparations or of reagent grades.
They were purchased either\from Fisher Scientific Co., Ottawa, Ontario or from

Canadian Lab. Supplies, Ottawa, Ontario.

B) GENERAL METHODS ' ’ -

1. Preparation of radiocactive substrates

l7a—[6,71g;j Estfadiol and 17a—[6,7-3H] estradiol 3-glucuronide were
prepared from the double conjugate 17a—[6,7—3H] estradiol 3-glucuronide
17-N-acetylglucosaminide excreted in the urine of a New Zealand white female
rabbit injected intravenously with 5 mCi of 17B—estradial or estrone (éA 40-60
Ci/mmél). The details of the ﬁethods fdr‘tﬁe isolation of the double conjugate
have bgen described by a number of workers (Layne et al, 1965; Collins et al,

1967; Gwilliam et al, 1974). The double conjugate was incubated wirh

hyaluronidase to remove the N-acetylglucosamine and produce the 3¥glucuronide

derivative of 17aféstradiol. Further treatment of the latter steroid monoconjugate

with kétodase or B—glucuropidase removed the sugar moiety at C-3 to prodgge free
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17g-estradiol. The‘purity of' the desired radioactive substrates was monitored

by t.l.c..employing solvent systems such aslbenzene-ethyl acetate (7:3, v/v)

or benéene-ethanol-methyi eéhyl ketone-water (3:3:3:1, by volume). ‘The

specific activities of the purified tritiated substrates were adjusted to

4.5 uCi/umel by the addition of the respective radioinert steroids. |
1783£6;7j3HJ Estradibl 3-glucuronide an@ [6,7—3H] estrone 3-glucuronide

were prepared by incubation of 178—[6,?—3H1 estradiol and [b,?—aﬁ] estrone

respectively with rabbit liver microsomes in the presence of UDP-glucurcnic

acid under the conditions described by.Collinsléélgl (1968, 1970). The .

reaction mixtuie was extracted first with benzené or ethyl acetate to remove

the free stéroids. The aqueous layer was then adjusted to pH 2 and.ethyl acetate.

was added to extract radiﬁactive l78—estradi$l B—glucqronide or estrone 3-

,glucuron}de.‘ Purification of the substrates was dome by t.l.c. in benzene-

ethanol-methyl éthyl ketone-water (3:3:351, by volume). The Spgcific activities

of the purified substrates were adjusted to 4.5 uCi/umol by the addition of

radioinert 17B-estradiol 3-glucuronide or estrone 3-glucuronide.

All other radioactive steroids from commercial source were monitoreq for
their purity before they were used as substrates. All but two steroids éere
used without further purification. The two exceptions were radicactive
5a—androstan—3a,l78—diol‘ahﬂ 5a—androstan—38,178-diql which were purified to
927 and 957 respectively by t.l.c. in benzene-acetone (4:1, v/v).

For routine enzyme assays all the stock solutions of the.radioactive
sterclds were madé up 1in methanvl to a specific activity of 4.5 puCi/umol by
the addition of radioinert steroids. The final steroid concentration was

O.l'Lmol/ml. These stock solutions were stored in the freezer at -20°C but

warmed to room temperature before use,
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2, Radiloactivity measurement '

A Mark III Liquid Scintillation System Model 6880 (Searle Analytic Iné.)
was used for all radiocactivity counting. The scintillation mixtures used were
lO ml. toluene tontaining 40 mg PPO for non-polar samples‘ang 10 ml of aquaseol
(New England Nuclear) or aquasol-xylene (1:1, n/v) were used for nqueous
samples. 'The counting efficiency was determined by the channels ratio ‘method
and the quenching calibration curves were obtained with tritium or carbon—14

-

quench standards.

)
L

3. Enzyme‘assays

a) With hydroxysteroids and NAD (p)+

b

The incubation mixture consisted of steroild substrate (SA 4. 5 uCiﬁ;mol),~ -
-3 picomole in 30 Hl methanol; NAD(P)*, 0.5 umol (final concentration 167 uM)
"in 2.0 ml of 0.1 M glycine-NaOH buffer pH 9.5 and 1-500 u} enzyme. ThE'final
volume was made up to 3.0 ml by thé addition of 0.15 MTKQl, Sampies were
incubated for 30 minutes in a water—bath mnintained at 37°C.- The émount‘nf
-enzyme'added to each incubation mixture was adjusted so that the extent of
substrate oxidation did .not exceed 25% ensuring that initial rates were measured.
Hdwéver, for assaying column fractioms, especially'at peak tubes, the extent of |’
substrate oxidation sometines exceeded 25%7. 1In the control experiments,\the

enzyme was omitted.

b) With ketosteroids and NADPH

The conditions and concentrations were as above except that the

ketosteroid, NADPH and 0.1 M Tris-maleate buffer of pH 5.85 were used. -The

control experiment was also carried out in the absence of enzyme.



c) Treatment of incubated reaction mixtures

Incubations with C1a » Ci1g- and Czl-steroids were terminated‘by the
extraction of the steroid substrate and product with 5 ml of ethyl acetate.
The organic layer was removed and evaporated to dryness under nitrogen.- A
couple dropsof methanol containing the relevant radioinert stercoid standards
was: added to the ethyl acetate extract residue The mixture was then spotted
hon thin layer plates coated with silica gel N and the mixture subsequently .
separated by chromotography in the solvent systems described in a 1ater section.

In incubations with estrogen glucuronides, the reactions were stopped by
the addition of 0 25 ml IN HCl and extraction with S5 ml ethyl acetate. The
.organic layer was removed and evaporated to dryness under nitrogen The
_residue was then incubated with ketodase (1000 units) in 3 ml of 0.1 M sodium
acetate buffer,-pH 5. 0 overnight in éh incubation chamber maintained at 3?°C.
The free steroids weére’ extracted with-ethyl acetate (5 ml) and analyzed by t.l.c..

Estrone sulfate was solvolysed by the method of Segal et al (1960) + Solid
sodium chloride (0 53 gm) was added to. the reaction mixture (3 ml) to give a
final salt concentration of 3 M.~ The aqueous mixture was then extracted with :
ethyl acetate (6 ml). To hydrolyze the_sylfate, 0 l ml of 0 012. M. sulfuric
acid in ethyl acetate (final concentration 0 2 mH) was added to the. organic
layer and the acidified mixture left for 24 hours at 37 C. A volume of water

was then added to remove excess salt and the ethyl acetate extract containing

A .

the free steroids evaporated down to dryness and analyzed accordingly.
In all cases the’ recovery of extracted,radioactivity after incubation or

hydrolysis was better than 807.
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d) "Thin laver chromatography and solvent systems

The t.l.c;‘was'carrie& out on 20 x 10 cm plates coated ﬁith 0.25 mm of
silica gel N. ‘The plates were activated in an oven at 120°C for at least one
hour beféfe ﬁse; Samples were spotted 3 cmifrgm-the lower edge of the plate \
and 2 cm apart. Chromatography wés done at room femperatqre. After development,
the plates.wéré élloyed to air dry. The steroids were then detected by épraying
thehplgtes with a Solutioﬁ of 207 sulfﬁrig.écid in ethanol followed by heating
for 5-10 ﬁinﬂtes at 120°C. The spots.corresponding to the added steroid
standards wefe‘scraped iﬁto sci;EIII;tioﬁ vials. Methanol (0.2 ml) was added

to elute £h;;radioqctivity from the silica gel. Scintillation fluid (10 ml)
was:added.éné the fadioactivity was measured in the scintillation countér:

The follqwing solvent s&stéms were empboyed to séparate the various steroids
or pairsqu s£eroids rep?esenting‘the substrate and the corresbonding product(s).
The Ry Qalués?arg as noted. | ,
1) 3enzene—acetpne (4;i, v/v)

17a-Estradiol (0.55)

17B—Estrédiol_;(0.50)""“"' ......... .Estrone (0.74)

¢ 'Epltestosterone (0.48) . : g :

\ Testosterone = (0.49) 7" TTCrrorreee .Androstenedione .(0.‘72)
‘Ahd:ds;erbne (1) Androstanedione = (0.86)

~SafAnd;qsfaﬁ—3a,l?deioi '(0.47)l :

S50-Androstan-38,178-diol  (0.41)"°""""°°
.Etiocholanoione;iOLSG),-....5. ..... .....Etiocholan-3,17-dione
] ' : L ' ' 5-Pregnen-3B,200-diol  (0.45)
5-Pregnen-38, 208-diol (0.50)

So-Dihydrotestosterone (0.67)
' (0.86)

Prqgnenolohé.‘ C(0.69) e aas

ey o T ‘
ii) .Benzené-ethanol-methyl ethyl ketone-water (3:3:3:1, by\ygiggs?
.. Eséttone 3-glucuronide (0.38)...........Estrone" (0.8453.
_ 0 CHTEEE _ .. ;s

iii) ,isoﬁfdpanoquﬁlbpofqrm—methanol—Water (5:5:2.5:1, by volume)

Vi
D o ‘ o o«
Estrone 3-sulfate (0.63)...............Estrone (0.90) ~
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' 8) Expression of enzyme activity

r
Y

. ‘The Z conversion of,Substrate to'product (A_+'B) waS'calculated_oy the

formula: B x 100.- ‘Enzymeractivitf'is‘expfessed,as unita per ml or units

‘ A+B - - Ly : o

per mg. protein. Owing to the low amounts of enzyme, milliunits or uunits are -
2K

‘often used. One uunit of activity is defined as the amount of - enzyme catalyzing :

/ﬁ\\the oxidation or reduction of l pioomole of steroid substrate per minute under

-

* the specified conditions of the assay. .
. : o] i ’ . (O

4. Protein détermination '

The Biuret methothGornall et al, 1949) was nsed'fofﬁcrudefpfotein ffactions.

For the more purified fractions, ‘the protein concentrations were estimated by UV

-

absorption at 280 and 260 nm related by the equation. mg protein/ml = A

1.55 Azso-0.76 Aiso (Iayne; 1957). When monitoring the protein content in

> column fractioms the absorbancf at 280 nm was read. A Cary 15 sp ctrophotomete;

LY

was used for all the. UV readings. ‘

-

t
5. Purification of kidney hydroxyste:oid dehydrogenases ‘
' tﬁ,’.ff » !}

All procedures for the purification of the 17-HSDs were carried out at about

L]

4°¢c. Edsentlally the steps employed in the purification of the liver 17-HSD

(Hasnain & Williamson, 1874, 1975) were adopted with a few modifications..

&
"In a typical experiment, three:female virgin New Zealand white L

rabbits 2-3 months old were sacrificed by cervical dislocation. The kidneys
v
were removed, freed of adhegent tissues by decapsulating the outer membrane and
w 4

ringed in cold 0. i@?M sucrose. The tissue (Ggput ﬁfm/kidney) was minced with

. scﬁsaors ‘and a 20? (wiv) homogenate was prepared in 0.25 M sucrbse containing

y 205 mM DTT using a-Sorvall omnimixer for 1 minute at top apeed. The homogenate,

s
t

&

. . . B
- - . L3
F : )
L3 . '
. T

.
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was centrifuéedrat.iO;ﬁOOg‘for_BO minutes in,a ServalerCé;B-centrifuge tol
:fremove.nuclei and nitechbnuria. The resulting supernatant was centrifuged
.at 1QS 000 g for one hour in a Beckman ultracentrifuge to separate the
microsomal fraction and the soluble fraction (105 000 g supernatant) " The
soluble fraction was then subjected to- calcium phosphate gel fractionatlon.

When the micresnmeS'were needed, the'microsoma; pellet ‘'was washed by
rgsﬁspending in 0.25M sucreee - 0.5 mM DTT and‘centrifuging at'105,006_g

for an additional hour. The resulting pellet wae.euSPended-inlbuffer to

give a final volume equivalent to the ueight of the qriginal tissue.

6. Calcium phosphate gel fractionation

.The 17-HSD activity of theIIOQ,OOO g.supernatant was.partially purified -
by adsorption and desorption frdmrcalcium phosphatelgel preparedaaceording to

. the method of Swingleland Tiselius (;951)." A.eo;ution ot 0.5 M potaseium‘
phosphate buffer, pH 7;0, wag added to_the 105,000 § supernatant to a final
'concentratien of 0.5 oM. In a typical fractionation proeedure, this supernatant
(12-15 mg.protein/ml) nas mixed with a BZ‘celcium'phoaphate gel suspenaion, 1Iml
of gel being used for each 6~8 mg of kidney- supernatant protein. The mixture was
"stirred in -an ice bath for 45 minutes and then centrifuged at 2500 g for 10
minutes. The resulting supernataht was discarded and the pellet resuspended in
a volume of ZO.mM potassium phosphate buffer, pH 7.0 containing 0.5 mM DIT equal
to that of the original ealcium phosphate gel suspension. The mixture was

~again stirred for about 45 minutes and centrifuged. The supernatant was filtered
through glass wool to remove fatty materials. The filtrate was then

251

concentrated to about 10 ml by ultrafiltration in an Amicon Diaflo cell equipped
. L :
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with a PM-10 membrane. The concentrate was allowed to stand at 4°Q overnight -

to remove diésolved gases. Any insoluble material was removed from the enzyme

fraction by centrifugation jusf prior to Sephadex gel column chromatSEraQEz:

3

7. Sephadex G-75 (superfine) column chromatography

" Gel filtration in Sephadex G-75 superfine was carried out in a column
5 x 90 cm. Thé‘equilibrating and elution buffer was 10 mM Tris-HC1-0.5 mM DTT,
pH 8.0. The enzyme sample (up to one gm of protein){obtaine? after calcium
phosphate gellfiltratibn was applied onto the column through a flow adapter. \
\\Elution was carried out at a flow rate of 20-25 ml/hr. F;actions of 160 drops
- (about 10 ml) wéreﬁcoliected. After chromatography, évery fourth fraction |

. : &
after the void volume was assayed for HSD activity. The active fractions were

then pooled and concentrated by ultrafiltration.

8. DEAE-cellulose column chromatography

The pre-swollen microgranular form of DE-52 (100 g) was used without /
precycling but fully equilibrated first with concentrated buffer (0.1 M Tris—HCi
PH 8.0) followed by 10 mM Tris-HCl, pH 8.0. After packing, the DEAE-cellulose
célumn (2.5 x 40 cin) was equilibrated with the starting buffe#; 10 mM Tris-HC1-
0.5 mM DTT-30 mM NaCl, pH 8.0. The concentrated hydroxyste;oid dehydrogenase
fr;ction (200-250 mg protein in about 10 ml buffef) obtained after Sephadex gel
filtration was then applied onto the anion'exchange column. Protein eluticn
was begun with 100 ml of starting buffer followed first by a 1.2 litre linear
gradiént of sodium chloride from 30 mM-60 mM in 10 mM Tris-HC1-0.5 mM DTT, pH

8.0 a%é then by a 1.2 litre lirear gradient of 60 mM-120 mM NaCl in the same

Tris buffer. During this chrom tography, the initial flow rate was adjusted to

Y .
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" about 50'ml/hr and apbroximately 10 ml fractions were collected. After

chromatography the various HSD activities were monitored in every third tube.

9. 1Isoelectric focusing N

-

A Desaga flat-bed isoelectric focusing system was used. Two types of

granulated gels were employed as the anti-convective media: Sephadex G-200

»

superfine or Ultrodex. ‘

.
. ‘.

a) Preparation of gel slurry

Method 1: ~Isoelectric focusing in Sephadex G-200 superfine was carried
out, essentially as deséribed by Radola (1973, 1974). A glass trough consisting
of a 40 x 20 glass plate and a 1 x 1 cm frame was used to contain the gel

SUSpPension. This gel suspension usually prepared in a 500 ml conical flask

with a side-arm consisted of the following:

Sephadex G-200 (superfine) . B.8 ¢ N(4T, w/v)

distilled water 220 ml

Ampholine (40% w/v) pH 5-7 ‘ 11 ml (2%, wiv)
pH 2-10 1.1 ml (0.27, w/iv)

DTT 17 mg (0.5 mM)

Although in some experiments up to 300 ml distilled water was used, the
proportions of the different ingredients were adiusted accordingly. The gel-
éuspensign was deaerated for a few minuﬁes and then poured into the plate,
spread evenly and dried to the correct consistency. The criterion adopted was
a flat aqd:firm surface when the plate was.inclined at an-angle, The fi;al
gel layer‘was 2-3 mm in thickness. With the ald of a 1 ém wide spatula, a

slot of 15 cm long was made in the gel layer in the middle of the plate. This
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could aeﬁommodate up to 4 ml of sample suspension. In experiments where two .
saﬁples were run concurrently, two 5 cm slots clearly spaced from each
other as well as from the édges of the plate were made.

Method 2: This is an improved method in which Ultrodex. (LKB), a
specially prepared and purified dextgan gel was used. The composition and
preparation of the gel slurry was as described in Method 1 except that th;
gel slurry was dried to a predetermined.limit (LKB instruction nﬁ;e 2117-510)

allowing a standardized water content in the final gel composition. The

following calculations are made:

Weight of gel slurry-+ flask = a gm
Weight of flask after pouring\off slurry = b gn
Weight of gel slurry added to plate .=a-b=c BEm

N

% allowed for Mater evaporation = 307 for 357 evaporation limit
. (or 35% for 39% limit)

Final weight of slurry allowed = 702 xc=d or 657 xc=4d

Final weight of plate+ slurry allowed =4d + e gm where e = weight of
the empty plate '

This procedure was used in most of the electrofocusing experiments presented in

this thesis,

b) Preparation of enzyme sample

Prior to isoelectriec focusing, the enzyme samples wére dialyzed against
1 mM Tris-HC1-0.5 mM DIT, pH 8.0 and concentrated to 1~4 ml by ultrafiltration.
Sephadex gel G~200 (superfine) or Ultrodéx (30 mg/ml enzymé) was slowly added.
and the.slurry carefully mixed. A‘couple drops of ampholyte of the desired pH

range was also added. The resulting slurry was then applied into the slot

using a pasteur pipette. Care was taken to avoid introducing,ai%“ﬁubbles.
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=

%'c) Focusing conditions

=

Focuging was carried out af 4%c. Platinum ribbon electrodes (Desaga)

were used And contact with the gel surface was effecféﬁ by;a 1.5 x 20 cm ~
étrip of Whatman 3 MM cﬁromatﬁgraphy paper soaked with the electrolytes,l
0.2 M sulfuric a;id at the anode and 0.4 M ethylenediamine at the cathode.
A fleld strength of 15-17 volt/em was applied across the ;late overnight
T (20-24 hours). The voltage gradient was then stepped up to 25 volt/cm for

an additional 7-8 hour. -The criterion of complete focusing was the

- attainment of a steady current.

S

‘d) Preparation of samples after focusing
After focusing was completed,rthe gel layer was- cut widthwise into 1 cm
segments. The gel was removed £ the plate with a spétula into culture
tubes (16 x 100'mm) and 2 ml of cold d{%tilled water was added inte each tube
to-stpend EEE ampholyte and protein. This suspension'was later used for the
measurement of pH and enzyme activity. Alternativel?, the protein—containing
focused gel fractions were suspended with an aliquot (1-2 ml) of 10 mM Tris-
HC1-0.5 mM DTT-207 glycerol. This was used for enzyme activity assays. In
addition, the non-protein containing gel fractions were scraped accordingly

and eluted with 1 ml of 10 mM KCl (Righetti & Drysdale, lb?&). This is to

ensure adequate conductivity for pH measurements.

e) pH gradient measurements

A digital pH ion meter (Fisher Accumet model 520) fitted with a

combination microelectrode (Brinkman Instruments) was used. The test tube
containing the gel slurry was immersed in an ice-bath and the pH electrode was

placed in the slurry. The saﬁple was equilibiateﬁ for 5 minutes before each
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PH measurement. The pH corresponding -to the focused protein peak was taken
as its apparent iscelectrie, point.

f) Enzyme assay

Aliquots of the gel suspension fractions were assayed for various HSD
activities. The presence of the gels or ampholytes did not affect the
radiochemical assay.

g) Separation of protein from ampholine and gel
|

"The fractions comprising each peak of HSD activity were pooled into small

giass columns closed at the bottom with glass-wool. The gels were eluted with
two v;lumes_of buffer, 0.1 M fris—HClTO.S mM DTT; pH 8.0. A high ionic

- strength was used to, disrupt any protein;ampholyte complexes formed by
electrostatic inFeraction (Righetti & Drysdale, 1976). The eluates were

concentrated by ﬁltrafiltration. Extensive ultrafiltration was then carried

| .
out to remove carrier ampholyte using 10 mM Tris-HC1-0.5 mM DIT, pH 8.0 as the

dialyzing buffer,

i : h

10. Po}yacrylamide disc gel electrophoresis
g |

I : .

Electrophoresis was carried out essentially as described by Davies (1964).
10.5% acrylamide separating gels were prepared from the following stock..solutions
and proportions: 1 part of a stock solution containing 48 ml LN HCL,

: 36.6 gm Tris and 0.23 ml TEMED made up to
100 ml with distilled water (pH 8.9).
3 parts of a stock solution containing 28 gm
“acrylamide and 0.74 gm Bis made up to 100 ml
with distilled water.

4 parts of a 0.147 ammonium persulfate solution
(made fresh).

The gels were polymerised in 9.0 cm lengths in 12.5 x 0,6-cm-internal-diameter

glass columns. The gels were prerun at a current of 3 milliamperes per tube
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for 2% hours witﬁout tracking dye. The buffer in t£e upper and lower
resé}véirs of the elecgrophoretic apparatus (E.C. Chemical Corporation)

fbr both the prerun and the actual fun contained 6.0 gm of Tris, 28.8 gm

of glycine/litre and was diluteqji : 1 with distilled water before use.
Following the prerun and removal of bufferufrom the upper réservoir and

gel surface, 1 pl of tracking dye made up of 0.017 bromé%henol blue in
distilled wafer was dis?ensed onto Fhe surface of the gel. This was
overlayéﬁ with 25-100 pl of sample solution (iOLBOOng protein). When
dilution of the protein: sample was necéssary, this was achieved by mixing

in appropriate aliquots of the reservoir buffer (before dilution) coniaining
about iOZ glyééfol. Viscous samples sucﬁ as the crude cytosolic fractions
were applied without the addition of glycerol. Electrophoresis was carried
out at 4°C at an initial current of 2 mA/tube and thenm at 3 mA/tube until the

K}

_ i : \
tracking dye had travelled to within 5 mm of the gel bottom “(about 2 hours).

a) -Substrate staining

Immediately following electrophpresié each gel was removed and transferred
to individual tubes (16 x 250 mm) containing ice-cold 0.1 M glycine-NaOH buffer,
pH 9.5. This is to allow the buffer to diffuse into the gels assuring the
appropriate %H élong the entire gel (ngriel, 1971). -During this equilibrating
period (about 30 minutes) the following staining reagent mixture, a modification
of the method described by Pollow gg_gi (1976b), was prepared. For each gel the
staining reagent contained 5 umol NADPY, 0.27 Lmol PMS and 5 umol NBT and
925 yumol glycine—NaOH buffer pH 9.5 in a fipal volume of 15 ml. To this, 6 umol
steroild substrate (androsterone for 30-HSD activity and epitestosterone for 17a-

HSD activity) dissolved in 0.@5 ml methanol was added. For the control gels,
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sceroid was omitted‘but the methanol included. For the deteccion'of
dehydrogenase activities in crude\pieparationé, 30 umol sodium cyanide
(final concentration 2 mM) was included in thc stainicg mixture. The above

~ solutions\were prepared under subdued light and thc solution kept at room
temperéture. The gels were incubated in the appropriate staining mixture in‘
a closed dark chamber (Fisher Isotemp Incubator) maintained at 37%. Enzyme
activity was detected by the formation of purplish-blue diformazan band(é).
A typical staining period was 1 hour. However, when necessary, the staining
period was lengthencd or shortened to producc the suitable band intensity.
Immediat;ly after staining, the gels were removed and washed thoroughly with
distilled water to remove the staining fluid and in particular the fine
particles produced by liéﬁt—induced reduction of the tefrazolium salt,
Densitometric scanning of the gcls was carried out within two hours with a
Gilford 240 spectrophotometer equipped with a linear transport attachment at
a wavelength of 600 nm and a slit width of 0.05 x 2,36 mm. The scanning -

speed was 0.5 cm/minute and the recording chart speed 'was 0.5 min/inch. Gels

were stored in 7.57 acetic acid.

b) Protein staining

Gels were stained for protein with Coomassie brilliant blue R-250
{(Bulletin AN 32,‘0rtec Inc., 1979). The gels were first fixed in 12.5%
trichloracetic acid for 30 minctes fcllowed by staining with 0.27 aqueous
Coomassie brilliant blue R-250 in 45% ethanol-10% ‘acetic acid for an additional
haif hour. Both these steps were perform a& 65 C. Initial destaining was
carried out in 257 ethanol-107 acetia acid also at 65°C for half an hour but
further destaining was performed at room temperature. These gels were stored

-
in 107 acetic acid.
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11, Sodium dodecfl‘sulfate (SDS)-polyacrylamide gel electrophoresis

Acrylamide gels (10%) were prepared according to Weber et al (1972) in
8 x 0.6 cm—internql—diameter glass colgmns. - The following protein standards
were used: ribonuclease (MH“13,700), chymotrypsinogen g (25,700), aldolase
(40,000), ovalbumin (45,000) and bovine serum albumin (68,000). These ~
staﬁdards as well as the pratein samples were denatured ifi 0.0l M sodium
_phosphate, pH 7.0, containing 17 SDS and 1 mM DTT and heated in a 100°C bath
for 3 minutes. Protein (2—10 ug) was mixed with glycerol and applied to the
gel witﬁ 3 ul of t;acking dye (0.1% bromophenol blue in 0.01 M phosphate
buffer). Electrophoresis was carried out at room temperature at an initial
current of 4 mA/tube for about % hour and then at 8 mA/tube until the dye

.

front had regched the bottom of the gel (about 5% hours). After Flectrophoresis
the.-length of each gel and the distance to the center of the dye band on each
gel were measured. Staining was achieved in 0.25% Coomassie brilliant blue
R-250-457 methanol-9% acetic acid for 2 hours at room temperature, The gels -
were destained in 252’methanol~7.52 acetic acid by the diffusion method at
TOOm tempergﬁufe.. After destaining.the length from the top éf the gel to the .

sﬁ%ingd protein bands?yere measured and the mobility of each ‘band calculated

accordingly. These gels were stored in 7.57 acetic acid.

12. Peptide mapping o

o)

a) Labeling procedure

Protein samples (250 pyg - 1 mg) and carrier-ampholyte (0.5 ml ofrpH range
5-7) were lyophilized prior to acetylation. Each sample was then dissolved in -
2.5 ml of 8 M urea and the mixture acldified to destroy any cyanate forﬁed.

The mixture was transferred to a reactlon vessel. Sodium borate was added as
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buffer and the pH was adjusted to pH 9.5 with 1N KOH. Acetonitrile (100 uL)
containing 0.2 mCi 1'*C—acetic. anhydride (SA 27 mCi/mmol) was added to ‘the

reagtion mixture. A second 100 pl aliquot of this mixture was added five

" minutes later. Unlabeled acetic anhydride in 4 portions of 10 ul volume were

then added. About five minute reaction time was allowed between each addition.

]

During the acetyletioﬁ, all the solutioms were maintained at pH 9:0 using a pH
stat with 5 N KOH as titrant. The reaction mixture was also stirred througho;t.
15 the case of the ampholyte saﬁple, a considerable amount of base had to be
added to bring the pH to 9.5. Also in thiéxéhse,.a.total of 80 ul of
enlabeled acetic anhydride was added in separate portions.

hAfter acetylation, the samplee were ecidified with concentrated HC1.
About 1 mg bovine serum albumin was added to each fraction and each solution
was placed in a pre-soaked dialysis tubing and dialyzed against 4 litres of

distilled water with a few changes. -

b) Digestion of acetylated samples

a
. After thorough dialysis, the acetylated samples were freeze-dried and the
L3

contents dissolved in 1-5 ml of 107 ammonium bicarbonate solution. Aliquots of

these samples were digested for 2 hours at 37°C withiﬁapain in the presence of
R i

excess 2-mercaptoethanol, The amount of papain used for digestion was

equivalent to a quarter of the protein content of the sample. The digestion

was stopped by freezing and the frozen samples were lyophilized.

¢) High-voltape electrophoresis

Each proteolytic digest of acetylated samples was dissolved in a few drops
of pH 6.5 béggir (acetic acid-pyridine-water, 0.3:10:90, by volume) and then

- spotted in the middle of a sheet of Whatman 3 MM paper 56 x 15 cm. Enough
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radioactivity was spotted to enable subsequent detection by autoradiography

A drop of a mixture of the dye markers Xylene cyanol FF (blue) and E—DNP-L-

+ lysine HCl (yellow) was also spotted along the origin on each side of the

paper. Electrophoresis was performed at pH 6.5 (acetic acid—p;tidine-water,
0.3:10:90, by volume) at 3000V for about 1 hour or un the dyes -were cb0uti_‘
10 cm apart,

-Seccnd—dimcnsional electrophorés;s was achieved by cutting out.thc radio-
active strip from the first-electrophoresis'and stitching it onto a cheét of
Whatman 1 MM paper (45 x 56 cm) 15 cm from the anode end. ' The dye markers were

applied as before and electrophresis was carried out at pH 2.1 (acetic acid-

‘formic acid—water, 4: 1:45, by volume).

,Electrophoresis at pH 3.5 (water¥acetic'acid%pyridine, 19:1:0.1, by volume)
o3 : . .
was also carried out on Whatman 1 MM paper. However, a longer rum, about 2

hours was necessary for better resolution of the peptides.* . : -

d) Autoradiography

After electrophoresis, the' chromatogram was air-dried. The midpoints of

the dye markers plus other identification marks were made with radicactive

* iInk and the electrophoretogram placed under an x-ray film between folders. This

was stored in the dark under even pressure overnight or for a few days. After
& .
development, the radicactive markers were used to align the film with the

original electtophoretogrém.

]
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PRELIMINARY INVESTIGATIONS ON l?v—HYDROXYSTEROID DEHYDROGENASES FROM RABBIT R
' KIDNEY L X

’ . . . - . *

1 The soluble and microsomal 17~ hydroxysteroid dehydrogenases of female

rabbit kidney - substrate specificity and nucleotide requirement

The 105, -000 g supernatant and the microsomai oellet prepared from rabbit
_kidney homogenates were assayed for both 17a— and 178- hydroxysteroid
-dehydrogenase activities. Table X shows .the relative enzyme activities tonéhgi R
:.various estrogenic substrates and the androgens, epitestosterone and - |
':testosterone.' In the soluble fraction with NADP+ as coenzyme, the activity N
"toward these substrates decreases in the order" epitestosterone > l7a— L
l:estradiol 3—glucuronide > l7a—estradiol i testosterone > 17B—estradiol > 178— o
i 'EStradiol 3—g1ucuronide, demonstrating a.higher l7a—enzyme activity than 178*

ienzyme activity. The activity obtained with epitestosterone is about 1.6 times:
-greater than that obtained with l?a—estradiol 3—glucuronide and :19: tbmes
t_greater than that obtained with l?a—estradiol Although testosterone is
;oxidiZed at a rate of about 24 times less than its androgen counterpart’
¢epitestosterone, its rate still exceeds that of the ‘free l?B-estradiol or its
'hghmmde&"_r | . -
| K In the soluble fraction with NAD+ as coenzyme, the- activity toward these
'71substrates decreases in. the order: 17a—estradiol 3—g1ucuronide >

epitestosterone > testosterone ﬂf;stradiol > 170-estradiol > 17B—estradiol

3-glucuronide:' ThHe soluble l70-engyme invariably shows a higher activity with

s
@
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| dfff\\ TABLE 1
Substrate Specificity and Nucleotide Requirement of the Soluble and
Microsomal l7-Hydroxysteroid Dehydrogenases of Female ﬁ\Bbit Kidney

N

- ¢ . Specific Acﬁivity_(unnits/mg protein)
| .'s_‘iibsti.:.ete' L i '7 . NaD+ o NADP+
| : . . ‘ - Soiuble Micrnsomal Soluble | Mierosomal
"'fiid—sséradioi__ﬂ, o '_13.7: ' 0.7 47.3 1.8
,.ii73;egﬁfaaidlff;q_‘ 20,1 84.6 . 26,1 6Qt&>
'%Zgiﬁiﬁfjiigi_' .jl140.6 6.9 o s49.0 33,4
. 17B;Ee§radiolf | ‘. Cooas 7.7 .. 17.7 16.0 -
.3—glucukonide‘ g '
Epitestosterone L s 5.5 886.0 59.1
Testosterone o [ 5\52.4 47.7 36.5 9.7

o, . »
—

.-A uunit of enzyme activity is defined as the amount of enzyme catalyzing
.ﬂthe oxidation of 1 picomole of substrate pér minute under the specified
‘_:conditions of thﬁ assay.

\\\
s
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NADP+ than NADY Fof example, the oxidation of epltestosterone in the presence

of NADP* is 15 times greater than with NabDt, i

While the 170-enzyme activity toward all substrates is found prédﬁminantly
in the soluble fraction,“the diséribution.of the 17B~enzyme activity is
dépendent on the substrate employed.l The activity toward i?B—estradiol ig

'

higher in the microsomal fraction whefeas the activity toward testosterone is
higher in the soluble fraction. Both the soluble and the microsomal
testosterone dehydrogenase and the microsomal 178-estradiol dehydrogenase

activities appear to prefer NADY whereas the soluble 178-estradiol dehydrogenase

* shows no obvious preference for either nucleotide.

2. Comparison of the NADP+—dependent l7-hydroxysteroid dehydrogenase activities

in the soluble fraction of male and female rabbit kidney

The male and female rabbits used in these studies wefe approximately two
monthé old. The 105,000 g supernatanés.prepared from kidney homogenates wer
~assayed for the NADP+—dependent 17-HSD activities with both estrogen and
androgen substrates. fable 2 1lists the similarities in the dehydrogenase
activities of the kidneys of both sexes. No significant'differéﬁces are
observed. The specific activity of the male kidney l7a-estradiol dehydrogenase

is 47.9 junits per mg protein, agreeing very well with the cumulative specific

activity of 40.7 punits per mg protein of the female rabbit kidney toward

l7a~estradiol.

3. Effect of glycerol and freezing on the soluble 17-hydroxysteroid

dehydrogenase activities of female rabbit kidney

Two homogenates ome with 207 glycerol (v/v) and one without glycerol were

prepared, in the usual homogenizing buffer (0.25 M sucrose+ 0.5 mM DTT) from

(47 ]
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" TABLE 2 :

The Relative Activities of the Soluble NADP*udebendent.17—Hydroxysteroid

M

Deh&drogenases of Male and Female Rabbit Kidney

i Ty
Activity Relative to 170-Estradiol
In Female Kidney
Substrate - Female * ) Male
170-Estradiol : ' 1.0 1.2
178-Estradiol 0.5 0.6
l70~Estradiol
3-glucuronide 12.0 . 12.2
17B-Estradiol
3-glucuronide 0.4 0.4
Epitestosterocone . 20.3 ‘ 27.3
Testosterone 0.7 - 0.7

%
*The values are from means of eight experiments.

10~20 pl aliquots of the soluble fraction were usually used for .the assay
with 1l7¢-estradiol.
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each kidney of‘thé same animal. The'iOS,OOD o4 supernatants.were then prepéred
as described‘in the General Methods (p.59). Table 3 compares the effect of
inclusion of glycerol in the buffer on thelsolﬁble l?aJ‘an& 178-HSD énzyme
activities. No,significant difference is evident with the relative enzyme
activities prepared in the presence or absenc% of 20%Z glycerol. However,
storagé of the crude cytosol at 4°G, in the presence of 20Z glycerol was
observed to praotect the enzyﬁe significantly, the half 1life being about a
month (not shown).‘ In contfast, the fraction stored without glycerol was

[y

essentially devoid of enzyme activity after 17 days. However, the 17¢~HSD
,activity of the crude cytosol was stable to freezing. As much as 627 of -the
original activity remained after two months of storage in the freezer at —20°C_

“when assayed . with epitestosterone and 170-estradiol. Freezing in the presence

of 20% glycerol, however, did mot further protect the enzyme stability,

4. 17-Hydroxysteroid dehydrogenase activity as a function of pH

The pH dependence of the female rabbit kidney 17-HSD was determined by
incubating aliquots of the 105,000 g supeinatant with substrates. l7¢-estradiol
3—glucuréﬁide‘and 17B~estradiol at several pH values in the range pH 7.0 to 11.0,
The activity curves of the oxidative reactions with the two substratés are shown
in Figure 1. Both the 17¢0- and 17f-enzyme activities exhibit a broad pH profile.
With glycine-NaOH as’ buffer both enz&ﬁes have pH optima at ab&ut 9.5 whereas with
Tris-HC1l buffer, the pH optimum rangeé gfom 9;10 for the 17c-enzyme and from 9;5—

10.0 for the 17B-enzyme. With glycine buffer at pH gﬁeéter than 10 both enzyme

activities decrease rapidly.



-~ 76 —

TABLE 3

Effect of 20% Glycerol on the Soluble 17-Hydroxysteroid Dehydrogenase
Activities of Female Rabbit Kidney

-

/ Activity Relative to l70-Estradiol without Glycerol
etrate Without Glyecerol With Glycerol
: 1 Kidney* 1 Kidney*
17a~Estradiol ' 1.0 ) 1.2
178-Estradiol 0.4 ° ) . 0.4
170-Estradiol : '
" 3-glucuronide 10.4 ‘ 1.6
" 17R~Estradicl .
3~glucuronide 0.3 0.3
Epitestosterone ' 18.8 _ 22,8
Testostercne _ 0.5 : , 0.6
_ .

3
*The ratios to 17a-estradiol were calculated from means of two separate

experiments. The average specific activity toward 17a-estradiol is 52.3
Hunits/mg protein in the absence of glycerol and 60 7 punits/mg protein

in the presence of glycerol.
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FIGURE 1° - e

- -, o pH Activity Curves
The crude.solﬁble fréction of female rabbit kidney was assayéd‘fér
l7a—estfadi§l B—Elucuronide and 178—estra&iol dehydrogenase activities
from pH 7;0 to 11.0. 0.1 M Trils-HCl was used over the pH range 7.0 to
10.0 and 0.1 M glycine-NaOH from pH 8.5 to 11.0. The data are from a
set of triplicate‘experiments. 5 ul énd 50 1l enzyme aliquots were
used for the substrates l7a—estradiol'3—g1ucuronide and 17B—estradioi

respectively.
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5. Iscelectric focusing of the crude soluble 17- hydroxysteroid dehydrogenases
of the female rabbit kidney, - pH range 2-10 o : ' \

;Figure 2 demonstrates the heterogeneity of both the l?a—‘aﬁd_l?B—HSDs.

Three to four peaks of enzyme activities are apparent with epitestosterone and‘

.
-

l7c-estradiol 3-glucuronide focusing within the pH raﬁge 5-6." Howeve%, Qith
testosterone three major ena§me peak; are sebarated and their apparent'isoelectric
' points are quite distinct frdm the 17a¥enzyge. fhus, the ‘major %7a- and l?B;HSD
activities are separable on the basis of-their ionic properties.

DiSCUSSION Y

Both the NAD(P)+—depende;t\17a; and 178-hydroxysteroid dehydrogenase
activities are present in the female rabblt kidney subcelluIar fractions The
soluble fraction contains the majority of the NADP*- —dependent 170~HSD activities
toward the estrogenic and androgenic substrates. These activities are generally
higher than the soluble 178-enzyme. The relatively low 17B-HSD activities of the
cytcaol 1s not a consequence of cold-inactivation as indicated by‘the additioﬁ of
207% glycerol during fractionation. The property of cold-inactivation ané
- protection by glycerol is characteristic of the human placental 17R~estradiol
dehydrogenase (Jarabak_gg_al, 1966). 1In fact, the 17B—estradiol dehydrogenase
of the rabbit kidney is mainly localized in the microscmal fraction and it
prefers NAD'Y to NADPY. 1In contrast, the 178-HSD of the soluble fraction
exhibits highest activity toward testosterone and can utilize either NAD* or
NADPY. The preference for NADPT of the soiuble l70-enzyme of the rabbit kidney

is also exhibited by the corresponding enzyme present in the liver of this

animal (Hasnain & Williamson, 1974). The utilization of either NADY or NADP*
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FIGURE 2

'Isoelecfric Focusing of the Crude Soluble l7-Hydroxysteroid Dehydfogenases
of Female Rabbit Kidney, pH 2-10

A
' ~

The soluble fraction was prepared from 17.6 g of kidneys in 0.25 M sucrose
containing 0.5 mM DTT. The fraction was concentrated to 5.2 ml and |
‘.dialysed against 1 mM Tris-HC1~- 0.5 mM DTIT, pH 8.0. About & ml of the
dialysate containing 780 mg protein was applied on to the 1 x 16 em

trough located at the middle of the 0.5 cm thick granulated gel plate.
‘The gel medium was prepared by mixing 12 g Sephadex G-200 superfine in

300 ml distilled water, 6 ml each of ampholyte. pH range 5-7 .and 2-10, and
23 mg DTT. The gel slurry was deaerated, poured into the 20 x 40 cm gel
plate and then air-dried to the consistency as described in the [General
Methods (Method 1, P-62 ). Focusing was carried out initially at 600V

(39 mA) for about 16 hours during which time the voltage\and current
changed to about 800V and 4.8 mA respectively. The final voltage applied
was 1000V at 6 mA which then remained constant. At the end of 7 hours,
each 1 X 16 cm gel slurry was removed into separate tegt tubes to which

2 ml of distilled water was added. Aliquots of the gel suspension, 100enl
for testosterone and 5 Hl for epitestosterone and l7a-estradiol 3-
glucuronlde were used for enzyme assays. The gel suspensions were also

used for pH determinations.
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by ;he kidney soluble 178-estradiol dehydrogenaee is also a property of ﬁhe
corresponding liver enzyme (Hasnain, 1975) and the humen placental l7é~
eetradiol dehydrogenase (Karavolas & Engel, 1971), among many others. This dual
nucleotide specificity of the fabbitrkidney 17~HSD may also mean another

catalytic property of the enzyme i.e. acting -as a- transhydrogenase, the latter

_functioq being inherent of the human placental l7f-estradiol dehydrogenase

( erabak et al, 1962; Xaravolas & Engei, 1966). . .

k‘e variety of hydroxysteroid dehydrogenase activities in t‘he rabbit kidney

cytosol indicates that the E;Ehey plays an active role in the inactivation of

estrogens (amﬁ perhaps androgens) .in this animal. Further, the differences in

the oxidative rates of the various sebs;retes suggest the preseﬁce of different
S

17—HSDS in the rabbit kidney cytosol Preiiminary isoelectric focusing revealed

the presence of .multiple forms of both the sgluble 170~ and 178-HSDs in the

kidney. The presence of large amounts of nucleic’ ac1ds in the crude 105, OOO g

supernatant may have contributed to the blurred pattern seen in Figure 2

(Righetti & Drysdale, 1976). A consistently higher ratioc of absorbance at 260 mm
to that at 280 nm (1.21-1.33 : 1) of the crude cytosol reflects this high nucleic
acid content. Despite the poor resolution of the isoelectric focusing, the

ionic propeyty of the crude 17a-HSDs of the kidney tytosol displays characteristics
similar to the liver 170-HSDs (Haenain, 1975). However, the kidney 17B-enzyme
differs from the liver 17R-enzyme described by.Hasnain, in that the former enzyme
possesses a very acidic enzyme form not found in the liver.

The soluble 17B-HSD activity of rabbit kidney is equiva%ent in ﬁale and
female. This is in contrest to the guinea pilg kidney NAD(P)+—linﬁed 176~HSD
activity, the female exhibits only a trace of activity for-several Cig—
hydroxye;eroids when_compared to the male (Shen & Kochakian, 1978). However,

the administration of testosterone produces progressive induction of the soluble

178-enzyme level to that observed in the male animal (Shen & Kochakian, l§79).
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RV
Because the properties of the rabbit kidney 17-HSDs (such as substrate

specificity and pH optima) are similar to the liver enzymes of this animall/\

o
the purification of the kidney enzymes was initiated so that a more rigordus

‘comparison of these activities in the two tissues could be made. These
studies weré‘primarily concerned with the 170-HSD because of its high activity

in this tissue relative to the 17B-enzyme. However, the latter enzyme

~activity was also monitored for comparative purposes.
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CHAPTER 1V

PURIFICATION OF ThE SOLUBLE NADP+—DEPENDENI 170~-HYDROXYSTEROID DEHYDROGENASES
OF FEMALE RABBIT KIDNEY
~

.

1. Calcium phosphate gel fractionation

Absorption and deéorptioﬁ from calcium phosphate gel of the 105,000 g
supernatant of rabbit kidney resulted in about 1.5 fold purikication of the
l70~enzyme (Table 4) removing most, if not all, of the hemoglobin associated
with the cruﬁe fracti;;. Approximately 367 of the original contaminating'
proteiﬁ‘was removed in this case. 4The reﬁovery of the 17g-enzyme activity was
better than 83% depending on the substrates used. The 17Bf-enzyme was also

retained in this fractionation. The recovery of the 17f-enzyme activity was

more varied ranging from 377 wheﬁ_assayed with 17f-estradiol to 897 with

testosterone.

2., Sephadex G-75 (superfine) column chromatography

Gel filtration of the concentrated enzyme fraction obtained by calcium

4 .
phosphate gel fractionation on a column of Sephadex G-75 (superfine) eluted
the 170-enzyme as a single peak: the activity profile with 17a-estradiol is

shown in Figure 3. Other l70~enzyme activities with ep%testosterone and 17a-

estradiol 3-glucuronide co-chromatographed with this peak. Furthermore, the

' bulk of the 17B8-enzyme was also retained in this peaK although a small
Proportion of the 17B-enzyme migrated slightly faster than the main péak free

of the 1l70-enzyme. This phenomenon was observed with both 17R~estradiol and



TABLE 4

Purification Scheme of Female Rabbit Kidney Soluble 17-Hydroxysteroid Dehydrogenanes

I Recovaery
Step + Total mg Subatrate® Total Activity Specific Aceivity®s Purificatfon-fold Activity Protain
Protein {bunite) (Munits/zg protein)
105,000 g 2338 EpiT 1,950,000 833 . - 100X 1002
E2GCA 1,230,000 526 -
E:a 108,300 46.3 -
T 45,500 19.5 -
E:B 45,000 9.2 -
By BGA 15,000 15.0 - -
e ".';"""‘;" 1491 EpiT 1,743,000 1169 1.4 89.3 63.8
kel fractionation E3GGA 1,020,000 684 1.3 82.9
: E:a 106,800 .6 . © 1.5 » 98.6
T . 40,300 27 1.4 B6.6
E:R 16,500 1.1 - 36,7
E1BGA . 23,350 15.8 1.1 . 67.1
Sephadex G-75 160 EpiT 1,286,000 8627 9.6 65,9 6.8
effluent : E,aGA 898,000 5354 10.2 69.7
Eia 102,000 638 Y138 94.3
T 25,300 132 6.8 55.7
E:B 7,500 . 46.8 2.4 16,7~
E3BGA 7,700 48.1 3.2 21,9
DEAE-cellulone
chrooatography
L]
Pesk [ 24.2 EpiT 345,500 14,301 17.1 17.7 1.0
Ea6GA 385,200 15,944 30.3 31.3
E:a 18,500 765 . 16,5 17.1
T 2,760 114 . 5.8 6.1
Peak II & IIY 24.6 EpiT 460,300 18,731 22,4 3.6 1.1
E2aGA 147,500 6,003 P VN ' 12.0
E:z 30,600 1,245 26.9 28.3
T, 6,320 ° 257 13.2 ) 13.9
Pakk IV 12.6 EpiT 150,000 11,872 14.2 7.7 0.5
E2aGA 15,800 1,152 2.4 1.3
Eza 5,900 468 10.1 5.5
T 3,580 284 14.6 7.9

#The abbreviaced substrates sra: BpiT = epitentosterone; EaCA = l7g=-estradiol 3-glucuranide;. Ejq ~ 1la-estradiol;
T = testosterone; E;8 =~ 17f-estradiol and E3BCA = 17B-estradiol 3-glucuronide,

#*The apecific sctivity values wvers calculated befare the total activities were rau‘nded-ufh\_,
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. FIGURE 3

Sephadex G-75 (superfine) Column Chromatograpby of Rabbit Kidney

17-Hydroxysteroid Dehydrogenase Activity

.- . Qi{ v
-HSD activity fractionated by calcium phosphate gel was further

purified by gel filtration on a Sephadex G-75 (superfine) column,

5 x 90 em. The equilibrating and elution buffer was 10 mM Tris-HCl-
0.5 mM DTT, pH 8.0.

@

The 17

0.1 ml aliquots of the column fractions (about
10 ml) were used in the agsays with 170-estradiol.

N

e
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_testosterone as substrates knot shown). This minor ﬁeak of 17f-enzyme
activity was discarded.

The gel filtration gave a“purification of 10-14 fold for the l7c-enzyme
activities (Table 4). About 907 of the protein present in the calcium phosphate
fraction was ;emoved by this step while retaining 74-96% of tﬁe 170-enzyme
activity from the preceding step. The recovery is dependent on the substrate
‘assayea. On the éther hand, the fecovery of the 17f~enzyme activity ranged from
33-63%, the overall recovery from the original crude high speed supernatant being

177 with 178~estradiol or 562 with testosterone.

3. DEAE-cellulose column chromatography — 170~ and 178-hydroxysteroid

dehydrogenase activities

«

Chromatography on DEAE-cellulose of the 17-HSD fraction from Sephadex gel
filtratlon revealed the wiltiple nature of the 17a~enzyme (Figure 4). A)single
peak of 17a-HSD activity (Peak I) toward epitestosterone and_l?a—estradiol 3-
glucuronide, (Figure 4b) and l?a~éstradiol (Figure 4a) was eiuted at a salt
gradient between 40.mM and‘46 mM (fractions 46~70). The remainder of the first
sal£ gradient, between 46~60 mM NaCl (fractions 71-125) eluted the contiguous
peaks II and III, mgre evident with the l7c~estradiol 3-glucuronide as substrate;
a second enzyge pea:\}?faétions 107-125) within peak III was also apparent. This
peak was not present when enzyme activity was assayed with 170-estradiol 3-

glucuronide.

The second linear salt grédient, 60-120 mM NaCl, eluted off the "residuaiﬁ
l7a-enzyme activity in a broad pea? IV-spanning fractions 126-190. Very little
178-enzyme activity as evidénced bg the assgy with testosterone (Figure 4a) was

associated with these fractions or with thgge fractions eluted off in the first
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FIGURE 4 .

DEAE—cellulose Column Chromatography of Rabbit Kidney
’ l7a— and 17B-hydroxysteroid Dehydrogenases -

The 17-HSD activity partially ﬁurified by Sephadex gel filtration.énd
calcium phosphate gel fractionation was chromatographed.on a DEAE-~
cellulose column (2.5 x 40 cﬁ) The enzyme activities were eluted‘in
a 1.2 litre linear gradient of 30 60 mM NaCl in the 10 mM Tris-HC1-0.5
uM DTT, pH 8.0 buffer folldwed by a second 1 2 litre linear gradiént
of 60- 120 mM NaCl in the same buffer. _Ten ml fractions were collected.
Aliquots of enzyme used in the assays ‘with epitestosterone and l7a-
estradiol 3-glucuronide weré 30 ul; 17p~estradiol, 300 pl and
testosterone, 500 ul. '
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salt gradient. However, a major'l?B-énzyme peak was evident between\fgactions

—

7 190-210. No significant 170~ or 178-enzyme activity was fqrther eluted when 200

ml of the eluting buffer éontaining 2d0 mM NaCl was passed through the column.

This ion;exchange chroma;ography step resulted in a total activity recovery
of about 45-51% of the l70-enzyme and an overall protein recovery of about 2.6%
of the origihal‘starting material. The highesﬁ purification achieved in these
peaks was 22~fold for epitestosterone, 30-fold for 17u-estradiol 3—glﬁcuron%de
and 27—fold for l7a—estradiol The extent of purification of ‘enzyme activities
for ea;h substratg var;ed among the different en®yme peaks (Table 4).

Aédition of 20% glycerol (v/v) in the eluting buffer reduced the flow rate
of the column considerably. 'Horeover, it modified the elution pattern of the
enéyme activity peaks by "squeezing" them essentially entlrely into the first
salt gradient effluents while retaining the same number of enzyme activity peaks.

The fold of purification of the various enzyme activities under these peaks did

not improve. Therefore the addition of glycerol to the column buffer was

discontinued.

4. DEAE-cellulose column chromatography - 30~ and 17a-hydroxysteroid

dehydrogenase activities ’

In view of the numerous reports on the bi-specificity of steroid

dehydrogenases, eg. the 3(17)B-HSDs from Pseudomonas testosteroni (Marcus &

Talalay, 1956) and rat erythfbcytes (Heyns & de Moor, 1974), the 30, 20R-HSD

.

from Streptomyces hydrogenans (Gibb & Jeffrey, 1971) the debatable 178,200~HSD

from human term placenta (Purdy et al, 1964) and especially the 3a,17B8-HSD
ffom female rabbit 1liver cytosol (Thaler-Dao et al, 1972), the activities of

the partially purified 170-HSDs toward 3-hydroxysteroids was éxamined.

~



T 92 -

The protein fractioﬁ for’t e ﬁEAB-cellulose chromatography was obtained
by calcium phosphéte gel fractiEPétion and Sephadex gel filtration as deseribed
earlier.‘lThe'salt gradient e@ployed for elution of the column was that
descriﬁed in Fig;re 4. The enzyme actiﬁity patterns of the steroié
dehydrogenases assayed with two 3&—hydroxysteroid'éubstratQS, androsterone and .
5a—an§fostan—3d,i78-dioi and a l7a-hydroxysteroid represented by epitgstostérone
‘arf shown in Figgre 5. It is evident that both the 3a- and 17a—enz;mg activities
exhibit the same elution profile. In addition, the 3a—ﬁSD activities are
considerably higher than that ¢f the 170-enzyme, a feature whiFh allows the
detection of a fifth peak (peak V, fractions i%l—EZO) not obvious.with any of ﬁﬂe
l7a—hydroxysteroid substrates. .This peak V coﬁtains the major (though negligible
with respect to the 3q- or 17a-enzyme activities) 17f-enzyme activity exhibited
with So-dihydrotestosterone shown in the inset in Figure 5 . With Sa-androstan-

30,17B-diol as substrate no conversion to androstanedione, a possible produﬁt

from oxidation of both 3o- and 17f-hydroxyl groups was detected under the conditions

of the assay.

.

The distribution of the ebitestosterone, androsterone and l7g-estradiol 3-
glucuronide dehydrogenases in the various DEAE-column peaks is represented in
Table 5. About half of the total 17a-estradiol 3-glucuronide activity is present
in peak I whereas.the,highest activities for epitestosterone and androsterqne are
foundvin peak III. The distribution of the latter -two activities is similar in
peaks I to TW. Only 1-2% of the total.17u—enzyme is found in peak V. In
contrast, about 8% of thﬁftotal_3a~HSD is contained in this peak.

The ratioc of the total activities of epitestosterone : 17a—espradiol 3;

glucurconide in the DEAE-column effluents is 2:1 whereas that of an&rosterona :

epitestosterone is 2.4 : 1. The latter ratio is in good agreement with those



»
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FIGURE 5 ° - B \

DEAE-cellulose Column Chromatography of Rabbit Aidney
3o-, 1l7c¢ and B-hydfdxystéroid Dehydrogenases

The“conditions for chromatography were as described for Figure 4. Thé'
enzyme aliquots used in the assays fqr-androsterone, 5arandr§§bag:3?,l73-
diol and epitestosterome dehydrogenase actiﬁitiés in the first. salt
gradient eluates (fractions 10-129) were 5, 10 and 20 ul respectively.
For the second salt gradient eluates (fractions 130-233), fhe amounts
of enzymes used were 10, 20 and 50 pl with fespect to the above °

3ubstrate$ in the same order. For 5a-dihydrotestosterone dehydrogénase,

0.5 ml aliquot of enzyme was used. -
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TABLE 5

Distribution of Rabbit Kidney 3(17)o-Hydroxysteroid Dehydrogenases
: in the Various DEAE-cellulose Column Peaks

Substrate . % of Total Activity - Total munits
DEAE Peak
I IT IIT Iv v 1007
l7¢-Estradicl 48.06 18.4 26.7 5:5 0.9 ¢ 500
3-glucuronide ‘
Epitestosterone 23.8 14.7 38.5 20.8 2.2 960
Androsterone . 24,4 17.6  32.0 18.4 7.6 2270

3

The designations of the DEAE-column peaks 3{2 as described in Figure 5.

The enzyme activities under each peak were-

oled separately and each
fraction concentrated by ultrafiltration to about 2 ml. For enzyme assays
a 20 x dilution of the concentrate was made and the following aliquots of
enzymes were used: .androsterone, 1-2 ul; epite§tosterone, 2-4 yl; and

. 17a-estradiol 3-glucuronide, 2-4 ul for peak I, .5-10 pl for peaks II and
ITII and 20-40 pl for peaks IV and V.



DI

obtained in the preceding purification steps. The crude high speed

Supernatant fraction displayed an androsterone : epitestosterone ratio of

2.5 ¢ 1; the calcium phosphate gel fraction 2.2 : 1 and the Sephadex gel
filtration fraction 2.9 : 1. |

The substrate spe;ificities of the rabbit kidney 3(17)a-HSDs after DEAE-
cellulose chromatography is summarized in Table 6. When 17g-enzyme activity
is measured with estrogen substrates, peak I exhibits a much higher specificity
toward the glucuronide derivative o% 17c¢-estradiol than other peaks. Peak-II‘
shows the highest 17nq-enzyme activity toward the androgen, epitestosterone.
Measurement of 3¢-HSD activity with steroidlsubstrates of the 5Sg-configuration
with trans A/B ring fusion, viz. androsterone and 5a;androstan-3a,l?B—diol,
show that this activity is much higher than the 17q-enzyme activity. The
'activity ratios of androsterone : epitestosterone in peaks I to IV range from
2.5~3;? i 1 whereas that of 5&~aﬁdrostan—3a,178—diol : epitestésterone is
1.6-2.0 : 1. Etiocholanolone which has the same functional groups as

androsterone but has a 58-structure with cis A/B ting junction, is a poor

»

substrate.

Only trace amounts of 17B-enzyme activity are present in peaks I to IV,
the ratio of testosterone : epitestosterone being less than 0.02 : 1 (Table 4).
However, in peak V the ratio of ﬁestosterone-: epitestosterone was found to be
0.14 : 1 (not shown). This peak also appéared to be more "specific' for
androsterone than for epitestosterone, the ratio of androsterone to‘

epitestosterone being about 5 : 1 compared to the lower ratios obtained with the

other enzyme peaks.

: e
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TABLE 6 -

Substrate specificities of the Rabbit Kidhey'3(17)G-Hydroxyste;oid
Dehydfogenases After DEAE-cellulose Chromatography

Specific Activity

Substrate (nmole of product/min/mg protein)
Peaks: I 1T LIIX w v
17a-Estradiol 0.6 1.5 0.7 0.4 0.2
17a-Estradiol - | -
3-glucuronide . _ 16.8 7.4 6.1 1.5 0.9
Epitestosterone /////’ ‘ 12.3 20.0 16.3 9.7 . 4.3
An‘dros.terone 45.2 49,1  47.3 26,8  23.5
‘-5a—Androstan-3a,17}3—:1101 23.8  35.1  32.4  15.2 9.8
Etiocholanolene 1.4 3.1 2.3. "1.0 0.5

The designaéions of the DEAE~column peaks are as described in the text.

The enzyme activity under each peak was first pooléa énd then concentrated

to less than 2 ml. For the assay with epitestosterone 2-4 ul of ten—time—
diluted samples of enzyme peaks I to V were used. Aliquots of enzymes used.

with other assay substrates were then calculated accordingly.
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5. Iscelectric focusing experiments of rabbit kidney 3(17)a—hydroxysteroid :

dehydrogenases

a) Isoelectric focusing of DEAE-column peak I

The enzyme fraction from peak I ebtained by DEAE~cellulose chromatography
was subjected to iscelectric focusing over the pH‘range 5-7. ~The focused
pattern is shown in Figure 6;h‘Two main peaks of -enzyme activities IA and IB
tow;rd 3o-hydroxysteroids (Figure 6a) and l7a~hydroxysteroids (Figure 6b)'are,
separated. The majofity of the enzyme aceivity with respect”eo all substrates
resides in peak IB. However peak IA varied in different preparations depending
on how well the DEAE-column peaks I and II were ‘separated or on the manmer the

fractions under these peaks were pooled. This suggested that the focused peak

IA was a contaminant from DEAE peak II. This point will be discussed in a

later sectien.

b} Isoelectric focusing of DEAE-column peak II

]

In the same electrofocusing experiment just described for DEAE~coiumn peak
I, a sample of the partially purified DEAE-column peak II enzyme was applied in

a differept track on the same gel slab. .The enzyme activity pattern efter
focusing is shown in Figure 7. With Sa-androstan-3a,17R8-diol and epiltestosterone
as substrates, a single broad peak (peak II) is obtained. A similar peak is- E
displayed by androsterone substrate but shoulders (peaks IIa and IIb) on each |
side of the main peak are evident. The minor peak IIb is also exhibited.by
l7a~estradiol ?—glucuronide substrate, the major activity being found under the
main peak II, although slightly shifted. Further, the relative activity toward
170-estradiol 3-glucuronide dehydrogenase is considerably less than that toward
epltestosterone or the 3a-hydroxysteroids. The activity profile with 17a—estre&ibi

(not shown) followed that of epitestosterone.
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FIGURE 6

~

Isoelectric Focusing of 3(17)a-HSD Activity in DEAE-cellulose
Chromatography Peak I

W

. ey

Electrofocusing of peak I enzyme activity waé done simultaneously with
thosé of peak IT and III from the same column. After removai of salt
by dialysis about 0.8 ml fraction of each column peak I, II and III
containing 81, 83 and 96 milliunits of activity with epitestosterone
respectively were each mixed with about 24 mg Ultrodex and 0.1% of pH
5-7 ampholyte. The samples were applied in the respective slots (1 x 4
em) on the gel plate shown in the following diagram.

NE:
|1

I III

| -+ % =
. The gel slurry consisted of 12 é Ultrodex in 300 ml distilled water, 15 ml
ampholyte pH 5-~7 and 23 mg DIT evaporated near the cracking limit (357}.
In this case, 307 evaporation was ailowed. Initial focusing was carried o;t
at 600V (10 mA). After 19 hours at 640V (3.8 mA) the voltage was increased
to 1000V (6 mA) which remained relatively steady. After 6 hours, 1 x 4 cm
strips of gels were scraped Into separate tubes and the gel slurry mixed
"with 1 ml of 10 mM Tris-HC1-0.5 mM DTT-20% glycercl, pH 8.0. The fractions
from the edges were scraped accordingly for pH determinations. These were
suspended in 1 ml 10 mM KCl solution. The gel suspensions containing the
focused proteins were carefullyiﬁéll mixed and aliquots of the suspensions
- were assayed for enzyme activities. TFor DEAE-column peak'I focused fractions,
the following enzyme aliquots were used: epitestosterone, 10-30 ul;
.'androsteroqe, 5-20 pl; Sa~androstan~-3ct,178-diol, 10 pl and 17a~estradiol
3-glucuronide, 10-30 pl.
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. 'the various substrates.-

Co-101 -

Lo L FIGURE FIGURE 7
~ . Isoelectric Focusing of 3(17)a~HSD Activity in DEAFE-cellulose
i -

Chromatography Peak II .

P \

The preoaration of eozyme oample'aodofocusing coﬁditioné‘aré as described

‘T in Figure 6.  The following enzyme aliquots were used fer assays with

epitestosterone, 10 pi; androsterone, 4 ul;

P 50—&ndrostan—3a 17B—diol d ul and 170—estradiol 3—glucuronide, 30 ul.
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c) Isﬁelectric focusing of DEAE-column peak III

Concuffent with the electrofocusing of DEAE-~column peaks I and II ehzymes

we have also applied in a third track, a sample of the partially purified pgak
I11 enzyme fraction. This fraction is resolved into two major peaks, IIIA and
IIIB (Figure 8). Both peaks including two minor omes are active toward the 3o-
and 170-hydroxysteroid substrates. 'The l7a-estradi§l.3—glﬁcuronide dehydrogenase
activity in peak IIIB is much less than the other hydroxysteroid dehydrogenase
activ1ties. This.peak might correspond to the area within DEAE—column peak III
(Figure 4b) which exhibited a low 17a—estradi:;téablucuronide dehydrogenase

activiey.

d) Isoelectric focusing of DEAE-column peak IV

The electrofscusing of the partially purified DEAE-column peak IV enzyme
fractions was carried out in-conjunctibn with a sample of fhe DEAE-column peak I
enzyme the lat§er'fraction Seing ﬁsed as a point of reference for the apparent
isoelectric point determinations. The DEAE-column péak IV enzyme, dbon focqsing
1s resolved into three main—peaké IVA,‘iVB and IVC all of which-are active
toward the .3c- and the lfa—ﬁydfbxystgroid substrates (Figure 9). The glucuronide
derivative of 17¢-estradiol was also oxidized, but poorly (not shown). 4 very

acidic peak in the vicinit§ of pI 4.5 is also observed with androsterone
substrate.

Since the two focused peaks, IA-and IB, of DEAE~column peak I in this same
experiment (not showﬁ) were foundlin exactly the same fractions as in the previous
run shown in Figure 6, the lsocelectriec focusing profile of the DEAE~column peak IV

can be correlated to those of the peaks I, II and IIT illustrated in Figures 6, 7

and B.
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FIGURE 8
Isoelectric Focusing of 3(17)a—ﬁSD Activity in DEAE—cellulosE

éhromatogiaphy Peak III

4
.
.

The preparation of enzyme sample and focusing conditions are as described

in Figure 6. The following enzyme aliquots were used for assays with the

varlous substrates: epitestosterone, 10 ul; androsterone and So-androstan-

3a,17B-diol, 5 ui; and'l?&—esfradiol 3-glucuronide, 30 nl.

”~
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FIGURE 9 -

Iscelectric Foéusing of 3(17)a~HSD Activity in DEAE-cellulose
Chromatography Peak 1V

- This peak was focused in conjunction with the DEAE-column peak I. Both

samples were treated according to the standard procedure. The

par}iculars are: ‘

Peak I 0.8 ml containing about 81 millivunits of activity
with epitestosterone.

Peak IV 1.7 ml cbntaining about 51 milliunits of activity
with epitestosterone.

The samples.were applied in é%fts as illustrated.

| 1

v

H ‘ -) -

Preparation of the gel slurry and conditions of focusing wefe as described
in legend for Figure 6, Treatment of the gel sluréies after focusing was
also as described previously. Aliquots of enzyﬁe suspensions used in the
assay were as follows: .

epitestosterone, 20 ul; and;osterone, 4 ul; 17a~estradiol 3~glucuronide,

100 yl and So-androstan-3a,17B8-diol, 5 Hl.



Enzyme Aclivity (m units/ml)

10

1

VA

VB

- 107 - .

J

'—-0 Epitestosierane
—a Andrnsl:rona
o-=0 Sa.Androstan 3a, 118-dial

| .
15 10
em from anode

15 30 35



- 108 -

e) A composite isocelectric focusing profile of DEAE—column_peeks I, T1, III,

Figure 10 shows a direot comparison of the 1socelectric ooints of tﬁe focused
fractions ogrthe anion exchange column peaks I, II, I;I aoo IV assayed eith
epitestosterone substrate. 'Four distinct enzyme forms, IVA, IIIA,_II and IB are
featured, their apparent isoelectric points being 5.54, 5.67,\5.98wend 6.11
respectively. On the other‘hand, the pl of theafocused peak IVB overlaps with
enzyme form IITA whereas enzyme fofms IIIB and TA overlap with II, allowing for
the experimental-error of *1 cm fractionation. The additional peaks are probably
not "true" molecular enzyme forms but stem from cross contamination taking into
considerahion the contiguous nature of the DEAE-cellulose chromatography enzyme
elution profiles (Figures 4 & 5). 1In particular, this has been. establlshed for
enzyme form IA _which is actually part of enzyme form II: Supporting evidence
from gel electrophoresis is presented in Chapter V.

An identical composite iscelectric focusing pattern was obtained for
substrate Safandrostan—Ba,17B—diol.'Véimilar profileés were also obtained with
substrates androsterone and l70-estradiol 3—glﬁcuroniee excepf for the additional
peaks IIa andFIIb (Figure 7) and oﬁher'less established differences. It is also
noteworthy that the focused enzyme forms increase in acidity in good oorreletion
with the elueion pattern.of the DEAE-cellulose column peaks with increasing salt

concentrations.

3

Monitoring the peak tube enzyme by electfophoresis in polyacrylamide gels
stained for protein and with steroid substrate we have obtained pure samples of
enzyme forms IA, IB, II and IIIA. Figure 11 shows the siogle protein band
obtained with each of the above mentioned proteins. These proteins'bands also
stained for enzyme activit& (see Chapter V).w

When the purified enzyme forms of IB, II and IITA were‘subjected to

eléctrophoresis in the presence of SDS, no apparent subunit structure of these
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FIGURE 10

A Composite Isoelectric Focusing Profile of 17a-HSD Activities

in DEAE-cellulose Column Chromatography Peaks I, II, III and IV

The activity patterns obtained with epitestosterone

Figures 6, 7, 8

and 9 were superimpoéed to provide the composite piclture shown.

1
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'FIGURE 1i

- .

(sps) Polyacrylamide Gel Electrophoresis of 3(17)&-Hydroxysteroid

Dehydrogenases after Isoelectric Focusing RS

+

Electrophoresis in 10.57 acryiqmide disq‘gels.yere carried out according
to‘Davies (1964) as described in the General Methods (p.65 ). 10-25.-ug
ﬁroteins.detefmined by the UV absorption method (Layme, 1957) were

applied to the gels. In the case of SDS—acrylamide gels, 5-10 ug proteins.
were applied. The procedure of Weber .et al- (1972) was followed
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'proteins'uas‘observed (figufé 11). These proteins migrated as single bands uith
"mobilities close to those of-chymotrysinogen A (45,000 MW) and the monomeric
subunit of aldolase (40,000 MW) A molecular welght of 40 000 41,0000 and
41,000 was estimated for enzyme forms IB II and IIIA respectively.

The apparent molecular weights of the less purified proteins of IIIB and
. IVA uere alsg estimated to be 40,500 and 41,000 respectively. However, these
values were only calculated from the most’intensely—stained protein band on the
gels (not shown).

Table 7 summarizes the substrate epecificitiee‘of some of the multiple
forms of the hydroxysteroid dehydrogenases after isoelectric focusing. With
‘l7a—hydroxysteroidet the activities of all'enzymes except IB, are much higher
twith‘epitestosterone‘than with the two estrogen substrates. Eneyme IB displays
" the characteristic high activity toward l7a—estradiol 3—glucuronide. When the

oxidation of‘3u-hydroxysteroids'of.tﬁe S5¢~androstane series at C-3 are compared
with the l%a—hydrokysteroids at C-17, androsterone is the best substrate for all
the enzymes although enzymes IIIE and IVA appear to have an equal rate with 5a-
androstan—Ba,l?B—diolf Apparently, the So-structure of the androstanes is
important for the 30~HSD activity because etiocholanoleone which has a 5B-structure
is poorly oxidiaed. We have.also tested 5a-an&rostan—38,l78—diol and

teétosterque as-possiple eubstrates,'but neither the 3f~hydroxyl group of the

former steroid or‘the 17BR~hydroxyl groups of both steroids were oxidized to any

- ‘significant exteﬁt. This_shows that the 3R- or 17B-HSD activities are not
=associated w1th the 3(17)a—HSD activities.

Enzyme form IIIb which’ has amoverlapping pI value with enzyme II exhibits
*similar Substrate specificity characterized by a low l7¢-estradiol 3-glucuronide
'Idehydrogenase activity but the 3u—HSD toward androsterone and 50-androstan-3o,178-

Y

.-diol of enzyme II is higher than that of enzyme IIIB.‘ A similar situation is
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Substraﬁe Specificities of the Multiple Forms of the 3(17)&-Hydroxysteroid
Dehydrogenases of Rabbit Kidney Cytosol after Isoelectric Focusing

[

Specific Activity Relative to 17u~Estradiol

qéubstrate ‘ |
Ch . o ‘ Enzyme*:- ‘ ‘ . A

| " IB° I IIIA --_IIIBf-.;;VA‘ IVB.
170-Estradiol : 1.0 1.0 - 1.0 1.0  1.0° 1.0
17a-Estradiol 33 4.0 13 105 1.1 3.8
3—g1ucuronide : : T
Epitestosterone 7 .28 16, 300 12 27 . .25
Andyosterone | 1200 71 95 42 63" - 86
Sa-Androstan-3a,178-diol 727065 . 63 46 . 63 sg
Etiocholanolone v 2.1 '1.6-"f'2.1, :,fl}S'fA-'l.G 1.8

B

*Enzymes forms IB, IT and IIIA are homogeneous whereas IIIB, IVA and IVB are
heterogeneous. The incubations were carried out .as described in ‘the Gener:ﬁr
Methods. 10 pl enzyme aliquots were used in the assays with epitestosterone.-

The aliquots of\enzymes ‘used for other substrates were adjusted accordingly
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”'evident with enzymes IIIA and IVB In this case,_the activity of the enzymes
"f.toward 17c-estradiol 3—glucuronide is quite different while the rest remains
-w‘ relatively constant. These data may provide evidence for the close identity of

 the’ enzymes II and IIIB or ITIA and IVB bearing in mind these enzymes,'except :

LY

h - II and IIIA wére not homogenous.

C£) Isoelectric focusing of DEAE—column peak v

Isoelectric focusing of DEAEhcolumn peak V produced the enzyme activity
profile with androsterone shown in Figure 12, ' The very acidic form VA has a
pI value .of 4 6l. It is not established whether the two minor peaks with pls '1
.of 5 33 and 5.44 represent additional multlple forms although the ‘more cathodic
form is 1n close prox1m1ty w1th enzyme form IVA (Figure 10) w1th respect to its
pI value._ The polyacrylamide gel electrophoresis behaviour of the most acidic.

" . peak is of considerable 1nterest This is_discussed in_the,next-chapter.

<
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FIGURE 12

Isqelectric Focusing of DEAE-cellulose Chromatdgraphy
' * Peak V Enzyme Activity:

_'The gradient was made up of 6 ml pH 5-7 and 6 ml of pH 4-6 ampholine.

- About 22 mg of protein containing 173 milliunits of androsterone
dehydrogenase activity in 3 ml was applied on ‘to the slot allocated

‘in the middle of the geliplate. The preparation of the gel plate was

" as’ described in Figure 6.  Initial voltage applied was 600V (12 mA) for
20 hours after whlch the voltage was 610V (2.8 mA). Final focusing was
'earried out at lOOOV (4 6 mA) for ‘Znother 6& hours. 8 Ul enzyme aligquots

was - used for assay with androsterone substrate.
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DISCUSSICON

The NADP*—linked 17&- and 178-HSDs of female rabbit kioney can be -
separated by DEAE-cellulose column chromatograpoy."Hoﬁever, asaociated with'
ehe‘llaeepzymes afe'the 30-HSD activities which have a high preference for
3o- hydroxysteroids of the 5a-androstane series The 3a-HSD' activities of
young adult male rabbit has been studied earlier by Kéchakian and co—workers
(Aoshima et al, 1964) to a limited extent. .In agreement with the present o
study, the NADPf-dependent 3o-enzyme activity was localized in' the soluble
fracﬁicn.. Although the Presence of l7a—HSDJwas detected in the adult male
rabbit kidney homogenate as early as 1952?l(kochakian EElEi’ 1952) no follow-
up etudies have been reported. . |

-The bifunctional specificity as well as peterogeneity,of the rabbit
‘kidney 3(17)a—HSDs‘merit some considerations, first of all, is tﬁe
heterogeneity of the enzyoe'"real”° Evidence provided so far indicates that
it is unllkely that the multiple steroid dehydrogenases are artefacts 1nduceo
by protein ~ carrier ampholyte interaction during isocelectric foeusing This
phenomenon hag been observed in the electrofocusing of acidic wool protein
(Prater, 1970), yeast isoc1trate dehydrogenase (Illingworth 1972), bovine
serum albumin (WalleV1k 1973), ERNA {Galante et al, 1976), certain acidie dyes
(Righeqti et al, 1977b), heparin (Righefﬁie&'Gianazza, 1978) and phosphoprotein
- of dentinm with a high content of strongly acid phosphate groups (Jonsscn et al,
1978) among others. A common relationship among most of these proteing or
compounds is that they are strong acids or polyanions elther phosphoryla\ed or
sulphonated and they exhibit apparent pI values less than 4.5, Righetti_gg_gl

- (1977b) suggested that in the pH range 4-9 there is no ampholyte-protein
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interaction but with stronhly acidie proteins or with unusual structures such

. as bovine serum albumin which binds to a number of ligands, the interaction

with ampholyte is a strong possibility. ‘However, in contrast, results excluding
any protein-ampholyte interactions have also been reported for albumin, ferritin
and B—glueuronidase (Dﬁan & Messer, 1975) and'two peptide hormones (Baumann &

. vy
Chrambach, 1975). In our studies heterogeneity of the kidney enzyme was apparent

Yy
- Y

even before isoeiectric fqousing i.e. during Ef?f:ielluiose chromatography.
Moreover, when refocusing of a particular enzyme peak was necessary we did not
observe the‘developmentrof new enzyme forms. It is also unlikely that the
multiple 3(17)a~HSDs are artefacts generated during the purification procedures
the same reiative amounts of the different forms or the same enzyme activity
profiles being obtained from different rabbit kidney preparations Furthermore
‘we observed multiple forms of the kidney enzyme persisting throughout é&e whole
purlficatidn ‘procedure when: the various fractions were subjected to polyacrylamide
gel electrophoresis and the gels stained for enzyme activities.rhesé data will
be presented in the next ehapter. : L - h S
Taking advantage of the flexitility or "openness" of .the flat-bed
isoelectric focusing system whereby different samples can be compared
51multaneously we have ruled out what appeared to be extra multiple forms of the
rabbit kidney enzymes. lThese extra\enzyme forms were in fact due to cross-
contaminations arising fron'incomplete separation.during DEAE—eeliulose

chromatography fractionation. The general conclusion is that there are at

least four forms of the rabbit kidney hydroxysteroid dehydrogenase active

toward both 3a-and 170-hydroxysteroids. In addition there is one very acidic .

form which hag‘a higher specf%}city for 3a-hydroxysteroids than the 17~

hydroxysterofids. This enzyme also ekhibits an apprecilable activity'toward
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l7B-hydroxysteroids. Originally, we had focused the various DEAE-cellulose :
column peaks I-IV individually in separate Tuns: and obtained a total of up tor
10 enzyme forms.. Because of the poor reproducibility of pI values it was
difficult to establish whether they were all distinct enzyme forms. We have:

also carried out focusing using a narrower pH gradient (pH 5.5-6.1) obtained

- from the fractionation of the original pH 5-7 ampholyte. But the shallow

.9

gradient caused che enzyme peaks to spread more widely making the pI yalues
less discriminating, Ferhaps it is worth noting that the pl values reported.
for the rabbit kidney multiple forms are at best appro\imate. These values are
assigned to the maximum concentration of a focused protein and are tnerefore
average values. In fact, the determination of true-isoelectric points of'
proteins is a major technical difficulty (Righetti & Caravaggio, 1976{
Delincee & Radola, 1978). Another problem associated with isoelectric
focnsing 1s working with‘ampholytes of thelpH range 5-7. This pH range has ”“
the disadvantage of a minlmum buffering capacity (Fredriksson, 1977). Apparently,
this minimal buffering capacity is not due to the lack of amphoteric species
focused in this region but to tne fact that tne'compounds focusing in this
intervai are "poor" carrier ampholytes (Righetti et ‘al, 1977a).

The identification of 3o-enzyme activity with the 170a~-HSDs of the rabbit

i
kidney opens up several possibilities Most importantly,_is this coincidence
a true identity? The co—purification of the two enzyme activities is highly
‘supportive evidence., A relatively constant ratio of 3o—enzyme activity
(represented by androsterone) to l70-enzyme actiyity (represented by
epltestosterone) of 2.2-2.9 : 1 was maintained up to and including the Sephadex

filt;ation step. However, after DEAE-cellulose column chromatography and

isoelectric focusing whereby these activities were resolved into multiple forms,
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slightly different ratios were obtained. This is expected considering that
‘these multiple forms differ in substrate specificity. The-best evidence for
the common identity of the 3o~ and 17q~HSD enzyme comes from the co—migration
of the two activitles in polyacrylamide gels. This, as well as evidence from
substrate kinetic studies are dealt with in Chﬁpters V and VI. |
Hitherto, the presence of 3(17)a-HSD has not been encountered in the
literature but several workers have identified the 30-HSD activity with the
purified 178-HSD (or vice versa} of different sources. Thaler-Dao et al (1972)
Teported the presence of a 3u,l?B—HSD in the female rabbit liver ¢ytosol. Shen
and Kochekian‘(1978) also found a 30-HSD activity -associated with.two of the
purified forms of the NADP*Qdependent 178~HSD of male guinea pig kidney

cytosol. In contrast, a l178-estradiol dehydrogenase activity was found to be .

associated with a pure 3a-HSD of Pseudomohas testosteroni (Battais et al, 1977).

One notable feature apparent from the substrate specificity S?QEEFS of {the

,/’

kidney enzymes is the high specificity of enzyme IB for lja—estradiol §~
g lucuronide compared to other enzyme forms. This specificitflwas also observed
with one of the rabbit liver enzyme forms (Hasnatu,& Williamson, 1975). Tﬁis
reiterates the close relationship between conjugetion with glucuronic acid at
C-3 of l70-estradiol, and oxidoreduction at C-17 during the metabolism of
estrogens in the rabbit. However, higher activities were generally observed
with androgenic substrates than with estrogens. This was elso seen with the
l7a~HS£s (Hasnain & Williamson, 1977) and 17R-HSD (Thaler-Dao et al, 1972) of i

female rabbit liver. Furthermore, with respect to the androgenic substrates,
the'BG—HSD activity of rabbit kidney exceeds that of the l70-enzyme activity.
This is in contrast with the intrinsic 3a~HSD activity of the 17B-HSD determiued
by Thaler-Dao et al (1972) and Shen and Kochakian (1978). 1In both of these

instances, the 17B-HSD activity (with testosterone or Sa-dihydrotestosterone) was
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higher than the 3a-enzyme activity (with androsteroﬁe or etiochoianolonej. VIc 
addition, the substrate specificity of the rabbit kidney 30-HSD actirity differs
from the_rabbit liver 3a—enzyﬁe actiﬁity determined by Thaier—Dao'et_gl (1972)
in that the former shows a preferecce for plg-steroids with the A/B ring fused
in a trans manner whereas the latter eﬁzyme prefers aigig configuration of.the
A/B ring. On the other hand, the 17R-HSD activitr of the male guinea pig
'kidney cjtosol (Shen & Kochakian, 1978) showed the same discrimination as the
rabbit kidney enzyme with regard to the A/B ring configuration.

The multiple forms of the rabbit kldney 3(17)a-HSDs are charge isomers since
.they differ in their pI valuea during isoelectric focusing or have different
elution characteristics from the DEAE—cellulose.column._ The identical eolecolarl
weight of these multiple forms is an evidence against t;eir being size isomers.
The majority of the multiple forms of guinea pig kidney (Liu & Kochakian, 1972ab;
Shen & Kochakian, 1978) and liver (Kobayashi & Kochakian, 1978) 17B—H$Ds have also
been shown to differ in electrical charge rather than molecular size. The
molecular weights of tcese guinea pig enzymes ranged from 31—34,000; slightly
smaller than the average value of 40,700 found in this study for the rabbit
kidney 3(17)a-HSDs or the 39,600 reported for six forms of toe rabbit liver 17a-
HSDs (Hasnain & WilliamSon, 1977). No apparent subunit structure of the rabbit
enzymes was observed in these studies ruling out the possibility that these
-multiple forms might originate from a combination of non—identical subunits.
The_l?B—HSD of porcine testes also has a monomeric structure with a molecular
weight ot 35,400 (Inano et al, 1977). However a dimeric subunit structure haa
been shown for the human placental 17f-estradiol dehydrogenase (Burns et al, 1971,
1972) where the subunit molecular weight is about 34, 000 A tetramerie

v
e

composition has been reported for the 3(17)B-HSD of Pseudomonas testosteroni
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(Schultz EE.él’ 1977), the monomeric molecular weight being 23,500. This
enzyme in its native state is believed to Se formed by a combinatiqn of two
subunits of éimilar molecular weight but different_aminp'acid'qomposition to
generate a family of tetrameric proteins. These nmultiple forms or iscenzymes

are also charge isomers. The active forms of these enzymes which ﬁdssess both

the 38- and the 17B-HSD activities are the two subunits within the tetrameric

v

structures, In contrast, the active form of the human placental EDH is the

dimer (Pons et al, 1977).
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' CHAPTER V
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POLYACRYLAMIDE GEL. ELECTROPHORETIC ANALYSES OF THE MULTIPLE FORMS OoF 3(17)&—
HYDROXYSTEROID DEHYDROGENASES OF FEMALE RABBIT KIDNEY

The purification of the rabbit kidney 3(17)deSDs was monitored by
electrophoresis in lO 57 polyacrylamide disc gels, staining for either. 3a- or

. 170~HSD activities. The results from one particular set of experiments unless
‘ 3
otherwise stated, are presented.

i

1. Substrate staining of 3(17)&-HSDS present in the crude 105,000 g supernatant
- of rabbit kidney ' : ‘ ' ‘W_

Figure 13 shows the complex patrerns of enzyme activities of the cytosol”l
obtained with either and;osterone or epitestosterone substrates under two ‘
experimental conditions. Witn 2 nM cyanide present in the substrate'staining },
reagent mixture a cluster of three to four bands of lesser mobility stained‘with |
androsterone (Figure 13 gel and scan a) or epitestosterone‘(Figure_lB gel and
scan b) are observed. The intensity of the different bands depends-on-the
substrate. However, there exists a very intense band (the most anodic form)
whicn specifically stains for 30~HSD activity under rhersrandard conditions.

Gel and densitometric scan ¢ shoﬁs the staining of tneacontrol gel in tne absence
of either steroid snbstrate‘but in rhe presence of cyanide. The achromatic or
colorless band seen neat the top.of the gel or the trough on ‘the scan is
presumably due to the cyanide~insensitive superoxide dismutase (SOD) activiay
(Weisiger & fridovich 1973). This band is also observed in the substrate—

stained gels a and b of Figure 13. The action of the SOD activity has been

shown to inhibit the reduction of nitroblue tetrazolium {NBT) and nhus prevented .
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the formatiqn of the purplish blue diformazan causing instead the formation
h dof achromatic bands (Beauchamp & Fridovich, 1971) The band indicated'by an
arrowhead is likely -an, artefact developed on storage of the gels. This blue
band 'in contrast to the normal purplish-blue substrate stained. bands, is not -
observed in the fresh‘gels and from the densitometric scans which mere usually
carried out immediately after-substrate stainings;'

When the polyacrylamide gels containing the same amounts of proteins are- .
_Stained for 30- or 17u—enzyme activities‘in the absence of cyanide (Fiéure 13
gels and scans d and e) only the most anodic band exhibiting the 3u~HSD actiVity

is observed The cluster of bands of lesser mobility seen in the presence of

.cyanide are‘not obvious in this case but are seriously obscured by achromatic

.- bands due to the SOD activities. These 50D actiVities are cyanide—senSitive

 because- they are not apparent when the staining reagent containsgcyanide (Figure :
-13ab). About four of these enzyme forms are present and are. seen more clearly
as troughs in the - "blow~up scan prov1ded in the 1nset g (Figure 13) . This.
_1nterferenc§ by multiple forms of the SOD prevented several earlier attempts to
demonstrate on gels the occurrence of multiple forms of the l7a—enzyme in' the
crude cytosol, after calcium phosphate gel fractionation or after Sephadex gel :
chromatography Although the addition of cyanide circumvented the problem, the
resolution of the different multiple bands in the gels did not 1mprove. This' N
' was partly due to the high protein load required to get enough enzyme activ1ty
for substrate staining or due to the closeness in the net charges under the

4

electrophoretic conditions, of the different multiple.forms of the.steroid

"dehydrogenases.

LY
r

2. Substrate staining of the 3(17)u~HSD activities after calcium phosphate gel
fractionation and Sephadex gel filtration

The complex pattern of multiple enzyme activities seen on polyacrylamide .



FIGURE 13" e o B
Polyacrylamide Gel Electrophoresis of the Crude SolubIe 3(17)a—HSDs
' " of Rabbit Kidney* o '

N

,'Electrophoresis and substrate staining Were performed in 10 52

o polyacrylamide gels as described in the General Methods (p: 65 )

50 ub of the crude 105, 000 supernatant containing about 1700 punits
- of "enzyme activity with androsterone was applied to gels a. and d.
~100 ul containing about 1400 uunits of enzyme activity with'

epitestosterone was applied to gels b and e. The control gels c. and

f (the latter not shown) containedclﬂo M1 of enzyme . Gels a, b ‘and

c, were stained in ‘the presence of 2 mM- cyanide whereas gels d,’e and ‘

_f were stained in the absence of cyanide.f The absorbance reading

‘as indicated represents the mid point of the full scale used for each
:of the. den51tometric scan. Each ‘gel was scanned from the top (cathode
.end) for a distance of 7 cm. The band marked Wlth an arrowhead 1s .an g

o artefact (see teat)

'
i

:uﬂziiw
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gels stained with either androsterone or epitestosterone persisted through the

>

Tcalcium phosphate gel fractionation (Figure lA gels and scans-a, b c) and

Sephadex gel filtration (Figure 14 gels and scans d e, f) The intensity of. the

~ individual bands especially those of the more cathodic forms varies from step to

step One peculiar feature of the gel electrophoresis of the calcium phoSphate

gel is the presence of a very sharp non-specific stained band near the top of all :‘

the gels including the control This non specific band is removed by Sephadex ‘

B \

‘gel filtration whereas the cyanide~insensitiye “S0D activity associated with the

,crude cytosol is eliminated by calcium phosphate gel fractionation. The‘

‘both androsterone and epitestosteroae. In addition;rone major and one-minor

four enzymatically active bands.of 1esser mobility are present,jactive toward -

electrophoresis of the gnzyme activities of the Sephadex gel filtration step

clearly show co—purification of the 3&— and 17a—proteins Moreover,—at_least

-1

- band of fastest mobilities stain specifically for 3a-HSD activity

o — o ——

o
T4

3.{ Substrate staining of the 3(17)a-HSD activities after DEAE—cellulose column:'.

"‘chromatography r

a) UEAE—cellulose column peak I to V enzyme activities

The designations of the different DEAE enzyme peaks I to V of rabbit kidney o

R

are as described in ﬁlgure 5 Ehe substrate-stained gels and their corresponding
+ . - ‘
densitometric ‘'scans of the various DEAE-enzyme peaks are presented in Figure 135A

- {with androsterone) and Figure lSB (with epitestosterone) Several features are

worth noting First of all, there is gradation of increasing acidity of the"
different multiple forms which parallels the elution pattern of the enzyme
activities from the DEAE—cellulose column.  For example, the most basic enzyme )
form on the polyacrylamide gel corresponds to the enzyme peak I that is. eluted

from the DEAE—cellulose column at‘the lowest salt concentration whereas the most

.
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FIGURE 14
Polyacrylamide Gel Electrophoresis of 3(17)auHSDs in the Calcium :57"“ '
',j{.'_5‘ Phosphate Gel Fraction and’Sephadex Gel Filtration Fraction

B ]

Electrophoresis and substrate staining were carried out as described in._; e

"Athe General Methods (p 65) ‘ The calcium phosphate gel fraction o

‘ containing about 1900 uunits of androsterone dehydrogenase activity and.-ﬂ
';1700 uunits of epitestosterone dehydrogenase activity was applied to
'.gels a and b respectively and stained accordingly. Gel ¢ is a control f
‘Gels d’and e are .of the Sephadex gel fraction containing about 1200
‘punits of activity toward androsterone and 900 uunits of . activ1ty

toward epitestosterone respectively - Gel f is-a control for the
'Sephadex gel.enzyme fraction All the gels were stained in ‘the presence

“of 2 mM cyanide. The scanning conditions are as described in Figure 13
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FIGURE 15

Polyacrylamide Gel Electrophoresis of 3(17)a—HSDs in the DEAE-cellulose .

Column Chromatography Peaks I to V

Electrophoresis and substrate staining were carried out as described in
the General Methods (p.55'). The gels stained with androsterone (A)
contained 1200-1700 punits of enzyme activity whereas those stained with
epitestosterone (B) cbntained 1100-1400 punits. A control gel for each
enzyme'fracticn (I to V) was also run (not showm). Onlfithe control gel
for enzyme fraction II stained.in the absence of stercid. All the gels
were stained in the absence of cyanide. The scanning conditions of the

gels are as described in Figure 13.

\
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*

acidic form on the gel corresponds to the fraction (peak V) retained the longest’

on -the ion-exchange column. Secondly, there is considerable overlap in the &
mobility of the enzyme activities of the various DEAE-column peaks on the
‘ polyacrylamide gels. Thirdly,‘althoegh it was demonstreted in the earlier
putifieetiqﬁ steps that the most acidic enzyme forms on:the gel stained speeificelly

' fer‘the 3a—hydtoxysterbid (Figure 13 & 14), with an excess of this particular

' - enzyme fraction (DEAE—peak vy, dehydrogenation of the l7a—hydroxyster01d is also

‘illustrated (Figure 15B V). This is in accord with the substrate specific1ty
.study of the peak V enzyme where it was shown earlier that although this’
particular enzyme peak exhibited highest activity toward the 3a-hydroxysteroids

it could also catalyze the oxidation ‘of 1l7c-hydroxysteroids (Table 6).

*b) Composite profile of DEAE-cellulose column enzyme activities
When various aliquots of enzymes of the DEAE- Cellulose column enzyme peaks

are comblned and subjected to electrophore51s, four bands of lessér mobility -

(bands 1-4) staining for either 3a— or l7¢g-hydroxysteroid substfate are obtained’
(Figure 16 gels and scane a,b). Band 5 which previously stained specifically |
with 3a—hydroxysteroid (Figure 12, 13) is also active with epitestosterone in
this case. However a minor band (band 6) is also obvious with the androsterone
 substrate. This was also obvious in the Sephadex gel filtration stepl(figure 14
gel end scan d); In a different experiment,'bands 5 (major) apd-ﬁ (minot) were
also observed with 5a—androstan—3a,f78—didl substrate when the various DEAE-
column enzymes'were ﬁoeled and electrophoresed (not shown) The band marked
with an asterisk in scan a and b of Tigure 16 is attributed to artefact formation
perhaps due to freezing and thawing. This is shown more clearly in Figure 16

scan e. The pattern was obtained from a combined fraction of the four DEAE-

enzyme peaks (I-IV) that had been frozen and thawed three times- prior to
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FIGURE 16

oy,

v

Polyacrylamide Gel Electrophoresis of 3(17)&—HSD5 in the Combined DEAE-
cellulose Column Chromatography Peaks - Effect of Freezing and Thawing

Electrophoresis and substrate staining were carried out as described in
the General Methods (p. 65) The various‘coneentrated DEAE-columi enzyme
.fractions (I to V) were pooled and applied io gels a, b.and e¢.  Gels a
and b were stained with androsterone and epitestosterone respectively
whereas gel ¢ is a contrel. The densitometric scans d and e are from
gels (not shown) stained with epitestosterone. The enzyme fractioms
applied in these gel§ were the pooled fraction of the concentrated DEAE~
column enzyme peaks I to IV from a different preparation as above. The
samples in gel d were frozen and thawed once whereas those in gel eAwere
frozen and thawed three times. The dashed tracings represent the control
gels. All the above gels were stained in the absence of cyanide. The

scanning conditions are as described in Figure 13.
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\

-electronhoresis. Tne gel was stained with epitestosterone. While the four
‘enzymatically active ‘bands (bands 1-4) on the gel correspond to those obtained
with the: fresh- enzyme fractions (Figure 16 scan d) the band marked with the
asterisk is obviously an artefact.

Another characteristic feature of the gel electrophoresis of the DEAE—
column fractions is the presence of a non—steroid staining band in the control.
gels, (Flgure 16 gel and scan c) associated particularly with DEAE—peak IT (band
~ 2) enzyme activity. This‘phenomenon has been descrioed as due to "nothing
dehydrogenase" aCtivity (Pearse, 1972). Some of the properties of this activity

will be presented in a later section.

L]

4. Substrate staining of 3(17)0-HSDs after isoelectric focusing

a) Individual electrofocused enzyme activities
The densitometric scans and their corresponding androsterone-stained gels
-of'the various focused enzyme fractions of rabbit kidneyliA, IB, II, IIlA, IIiB,
IVA and VA are presented in Figure 17. The designations of the focused ensyme_
fractions are as assigned in Figures 6, 7, 8, 9, 10 and 12, One enzymatically_
active band is observed with each'of the focused fractions except VA, Encyme
- forms IA and II also show activity,lalthough less.intense in the absence of the
steroid substrate. This characteristic has been made use of to establish the
common ldentity of the two enzyme formsl—— IA being a CILOSS contaminant of 1I.
Their relative migration in the polyacrylamide gel provides additional evfdence.
Both IA and II enzyme forms migrate sligntly fastér than the enzyme form'iB which
constitutes the most cathodic form. Enzyme form IITA which had a lower isoelectric
point than IIIB (Figures 9 & 10) migrates accordingly on the polyacrylamide gel,
the former enzyme being the faster moving -specles whereas enzyme IIIB migrates

the same distance as enzymes II and IA, all of these having the same apparent

lsoelectric point. Shifted further toward the anode in accordance with its more
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FIGURE 17 -

. Polyacrylamide Gel Electrophoresis ‘af 3(17)a-HSDs after

Isoelectric Focusing L

Electrophoresis and substrate staining were carried out as described in
the General Methods {p. 65) The electrofocused fractions applied on

the gels were as described in Figure 10 and 12 All the gels except IBc,
TAc and IIc wére stained with. androsterone. These exceptions represent
the control experiments stained in the absence of added steroid. All the
control gels for enzyme fraction IIJA, IIIB, IVA and- VA stained negligibly
in the absence of steroid (not shown) The protein stains corresponding
to fraction TA, IB, II and IIIA are shown“in Figure 11. The scanning

conditions are as described in Figure 13. -
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acidio-isoelectric poiut-is the enzyme form IVA, “However,‘gel eiectrophoresis-
of the-enzyme.VA which has'the lowest isoelectrio.point ptoduces Ewo oietinct
'enzymatically active bands, a gel pattern sbmilar to that observed after DEAE-
cellulose chromatography (Figure 15 gel and scan V) The‘slower moving band has
a mobility similar to that of enzyme IVA but the two forms have<Quite diseimilar-‘e‘:

iscelectric points (Figures 10 & 12).

h) Composite profile of electfofocused enzyme activities

Electrophoresie‘of the combined fdcused enzyme fractions and staioing witha
; androsterone or epiteetosterone produced the patterns shown in Figore'ls gela;
\ and scaos‘a andrb.- Again, four forms of.lesser mobility staining diffetentiaily"
.with aodrosterone or epitestosterone‘and a.very‘acidic fotm staining:ouitg'y
2specif£cally with androsterone are observed. The coatro]?gel also shows tlie
- characteribtic non—specific.stainiog.corresponding to enzyme form iI or IA
'(band 2).. The reoonstltuted enzyme profile after 1soelectric focusing resembles
‘_thdue electrophoretlc patterns obtained with the crude 105,000 g enzyme fraction
" (Figure 13) or with the fractions after calcium phosphate gel fractionationm,
Sephadex gel filtration (Figure 14) and DEAE-cellulose column chromatography
(Figure 16). R

The protein staining with Coomassie brillant blue of the polyacrylamide gels

of the various

gctrofocused fraotjons which revealed the homogenous nature of
enzyme fr‘ctions IB,'IA(II) and IIIA (corresponding to bands 1, 2 and 3

respecﬁ vely on the polyacrylamide gels) have been presented earlier (Figure 11).

5. Some properties of the "nothing dehydrogenase' activity

As noted . earlier, the nonspecifie reduction of NBT in polyacrylamide gels
in the absence of added steroid substrate was partioularly linked to the
partially purified DEAE-cellulose column peak I1 enzyme activities or the

homogenous eieotrofocused IT or TA fractions whereas with other enzyme forns,



7-‘epitestosterone respectively. Gel e represents the control experiment

_140_ L
| :FIGURE 18,'

Polyacrylamide Gel ElectrOphoresis of 3(17)a—HSDs in the

) Combined Fractions afiter’ Isoelectric Focusing

L

fElectrophoresis and substrate staining were : carried out as described in

:General Methods (p. 65) Gels a and b were stained with androsterone a

”stained in the absence of steroid All the gels contained the same total

',amount of protein._ The‘scanning conditions are as described in

. .Figure 13. -
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this phenomenon was less apparent or not present al all The intensity of the '

formation of the diformazan band in the absence of the added steroid substrate '

was invariably lower than the staining in the presence of the steroid (Figures

l6 17 & 18). We have carried out some further studies on this "nothing

.dehydrogenase activity in an attempt ‘to identify the source of the endogenous SR

~
or exogenous substrates . Some properties of this activity are summarized as

’
follows:

1. PCMB at a final concentration of 1 mM inhibited ‘the appearance
of 'the "nothing dehydrogenase’ band as well as the steroid—stained
band when the sulfhydryl reagent was added to the enzyme prior

Ty

¢ to electrophoresis or to the staining reagent mixture.'

i

~y 2. Sodium cyanide at a final concentration of 2 mM did not inhibit

'the non—specific staining

3. Theé non-sPec1f1c staining was equally intense in gels with or

without glycerol

4. When methanol or - ethanol was omitted from. the staining reagent

mixture, the non—specific staining was still observed

"

N

alir

EC N
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To demonstrate the existence of isozymes or multiple forms of an. enzyme

it is imperative to establish their presence in the crude tissue extract in

.order to rule out any artefactual formation which may accompany purification

.fof thé enzyme (IUPAC -IUB CNB, 1977) One commonly used technique for resolving‘

multiple forms or isozymes is zone electrophoresis. Once resolved, the isozYmes

-can be identified by ‘various histochemical staining techniques - We have used

electrophoresis in polyacrylamide gels and the PMS-NBT staining technique to‘

- localize the 3(17)a—HSD activities of rabbit kidney and. demonstrate the
.-heterogeneity and co—purification of these enzymes during various stages of the
-_purification procedures. The results in- Chapter v showed ‘that the multip11c1ty o

-of the rabbit kidney 3(17)o-HSDs was indeed present in the crude cytosol <At

least four molecular forms active toward both ‘the l7d— and 3a—hydroxysteroid

..and one major acidic form quite specific for the: 3a—hydrgxysteroid were apparent

- when these enzyme fractions, reconstituted or otherw1se, at various stages of

the purification procedures were subjected to polyacrylamide gel electrophoresis.‘

These observations were. in keeping with the isoelectric focusing data presented

n.in Chapter IV The difference in charges of the multiple forms revealed by.

'polyacrylamide gel electrophoresis in conjunction with the isoelectric focusing
' profile of these proteins further supported the. view that these proteins are -

. charge isomers Furthermore, the co- purification of the 30— and l7a~HSD

+

‘ factivities was illustrated by polyacrylamide gel electrophoresis id addition to
. the substrate specificity studies and various other protein separation methods

employed in the purification of these enzymes.
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Although the formation of an artefact due to repeated freezing and

thawing of the 3(17)a-HSD enzymes was noted in an isolated case, this could

N

not account for the extent of heterogeneity of these enzymes., The possibie

'caueefs) of the heterogeneity of these kidney steroid dehydrogenases will be

discussed in a later chapter. However, storage in.the cold of the cytosol

or the presence of 2—mercaptoethanol has been shown to affect the
electrophoretic pattern of the 17B—HSDS of the adult male guinea pig kidney
(Liu & Kochakian; 1972b; Shen & Kochakian, 1978), liver (Kobayashi & Kochakian,

1978) or those of the female guinea pig kidney (Shen & Kochakian, 1979). More

‘molecular forms of these enzymes were apparent in the fresh sample in the .

‘absence of mercaptoethanol than in its”presence. But, upon storage at 4°C or

-20° C more forms were generated both in the absence or presence of the sulfhydryl

reagent Recent results from our laboratory (unpublished) have shown that

: ‘h immediate polyacrylamide gel electrophoresis of the fresh cytosolic 3(17)a-HSD
.u_ot the rabbit kidney yilelded. essentially the same number of enzyme bands as the .
;samnle\which uas stored overnight or longer at -20°C. -However, we did not study

'; the effect of the absence of sulfhydryl reagent on the electrophoretic ‘pattern

" of our enzymes ‘ 5

‘_.As mentioned earlier,in the text, several initial attempts to demonstrate
the nultiplicity of the rabbit kidney 3(17)a—HSD activities in the crude cytosol,
the fractions after calcium phosphate gel fractionation or Sephadex gel
filtration, in polyacrylamide gels proved unsuccessful. The problem was due to
the interference by multiple forms or isozymes of superoxide dismutase (SOD) in
these crude extracts. These activities appeared as achromatic bands on the gels

in,the PMS~NBT staining system and unfortunately coincided with or were localized

. near the sites of the hydroxysteroid dehydrogenase activities (except the most

facidic enzyme form). To circumvent this problem we made use of the inhibitory

v

g

.
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action of cyanide on the’ SOD -activities (Beauchamp & Fridouich 1971)
Apparently, cyanide inhibits the cytochrome c peroxidases which might interfere
by causing a peroxidation of the diformazan. However cyanide—insensitive S0D
N activities also exist (Weisiger & Fridovieh, 1973). The latter activity was
first demonstrateo in chicken liver excracts and was burified to homogeneity.
This cyanide-insensitive enzyﬁe was of-mitochohdrial origin with a molecular
weight of 80,000 composed of four'subunits of eﬁual size and it contained
mangaoese. In concrast, che faster moving cyanide—seﬁsitive S0D activities

(at least three) of the chicken liver preparations were of cytosolic location -
with.a molecular weight of about 31,000 composed of two subunits of equal size
and they contained cooper and zinc. The pig heart was also shown to contain
two electrophoretically distinct bands of SOD activity cne in the cytosol
~inhibited by cyanide and the other in the mitochondria insensitive to c¢yanide
(Weisiger & Fridovich, 1973). -However, more recently both cyanide~sensitive
and cyanide—insensitive S0D activities have been reported in the liver
mitochondria of rat, mouse and chicken (de Rosa et al, 1979). .These workers
’used 2 mM sodium cyanide to completely inhibit the cyanide;sensitive enzyme.
Cyanide did not affect the mitochondriai activity even at concentrations as
high as 8 mM.

We- have adopted a sooium cyanide concentration of Z mM in our PMS-NBT
assay system aod.demonstrated the presence of multiple forms or‘isozymee of
both the cfanide-insensitive SOD and cyanide—sensii}ve 50D activities in the
rabbit kidnl .cytosol.- We were fortunate that the cyanide-insensitive SOD
species did not occupy the sites of the slower moving group of HSD activities. ﬁ\\\-‘
Hitherto, these SO0D activities have not been reported in the rabbit tissues
although they have been isolated from a wide range of eukaryotes and procaryotes

(Fridovich, 1978). 1In view of the wide occurrence of the SOD in tissue extracts
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. v
and its inhibitoty action on NBT reduction under aerobic conditions it may
be recom@ended twith caution) that cyanide be included in the standard PMS-
NBT staining mixture if reliable steroid dehydrogenase reactions were to be

)
demonstrated, especiall& in crude extracts. Moreover, oxygen has been shown

ﬁb stroﬁgly interfere with the reduction of NﬁT unde; aeroﬁic cohdi&iong
(Worsfold et al, 1977; Ponti gﬁ_gl,'l973). Worsfold EE_g};(i977) studying the
lactate dehydrogenase isozyme paﬁfern‘of mouse muscle oBéérved_that a vacuum-
evacuated PMS-NBT stainiﬁg mixture enhanced the diformazan considerably while
the sémple sta;ned‘in air displayed weak bands or no bands at all.‘ Although
staiﬁing EE.XEEEE improved the picture this may not be very practical espeéially
when the reaction has to be carried out in the dark and at elevated temperéture.
During the course of'our electrophoretic studies of the multiple fopms,of
the rabbit kidney 3(17)a-HSDs we have aldo encounterei the so-called "nothiné
dehydrogénase” activity (NDH). Pearse (1972) described this activity as the
NBT reducing abiiity.in the absence of added substrate but in systems containing
NAD(P)+. However the NDH activity has also been shown in systems not involving
ﬁhe PMS—-NBT reaction ﬁixture but demonstrated by spectrgphotomgtric reductiqn of
NADY (Mezey et al, 1969) or in a system without the participafion of NAD??)* (de
Ligny et al, 1975). Restricting our discussion of NDH to the PMS-NBT systéﬁ
iﬁ gel electrophoresis the occurrence of thié activity haé beéﬁ variable. These
include the study of alcohol deh&drogenase in starch gel (ghaw & Koen, 19653)
aldehyde dehydrogenase in polyacrylamide gel (Robbins, 1966), galactose
dehydrogenase in starch gel (Beutler, 1967); lactate dehydrogenase in
polyécrylamide—gel, cellulose acetate or starch gel (Falkenberg et al, 1969;
Ferguson, 1971) and malate dehydrogenase (Silverstein &'Geller, 1974) and/or

glutamate dehydrogenase in starch gel or polyacrylamide gels (Ressler & Stitzer,

1967; Gill, 1978). Explanations for the discrete non-specific staining include

i -
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the péssible bresence of Substrafe as an impurity in the chemicals used in
staininé tBeutler, 1967) or the presence of some reactive groups in.the éel
matrix similar to the substrate (Falkenberg et al, 1969). The potential
substrate might also be a non-dialyzable species closely attached to the enzyme
macromolecule (Silverstein & Geller, 1974; Gill, 1978). The poséiﬁility that
the buffer system might act as substrate was also considered. Shaw & Koen
{1965} dete;ted the NDH band in both the Tris and phosphate buffers whereas
Ressler and Stitzer (1967) observed the NDH band in both veronaliaﬁd glycine

buffers. Recently, Gill (1978) investigated twelve enzymes in the snail

Cepaea nemoralis using four diﬁferént buffer/gel systems. The NDH activity was

LY

detected in only two systems one of which was the discontinuous Tris-glycine
(pH 8.3) /Tris-HE1l (pH 8.9)‘systeﬁ; 'Moreover, the NDH activity was attributed
to either_glutémate or malate dehydrogenase activity.

The rabbit kidney NDH in this stﬁdy was inhibited by the addition of PCMB
to the enzyme samplé prior to elect?ophéresis or to the staining reagent
mixture. This'made it likely as earlier suggested by Pearse (1972) that ‘prot:ein
bound sulfhydryl compounds might be responsibié for the reduction of ﬁBT
. in the absence of the added substrate. There is evideﬁce that autoxidation of
thiols (dithiothreitol, 2-mercaptoethanol, feduced-glutathione and ethyl
mercaptan) generate superoxide’'radicals Whigh reduce the NBT to its diformazan
(Misra, 1974). We have observed the reduction of NBT in the staining reagent
.mixture by the addition of dithiothreitol but this Qas not demonskrable in
polyacrylamide gelé. The possibility that the NDH reaction might involve
cytochroﬁe ¢ and cytochrome ¢ gxidase was investigated by the addition of
cyanide to the PMS-NBT reaction mixture. No Inhibition ﬁas observed. Wé also

ruled out the participation of methanol (solvent for the steroid substrate) or

glycerol (mixture for enzyme sample for loading on to the gel surface) as
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substrates. Alcohol:&ehydrogenase being thg majothDH activity reported by
Shaw and Koen:(1965) was not detected.with our staining system or with the
recipe of Shaw and Koen (1965). E

| Although the NDH_acti;ity was observed in gel electrophoresis of several
other- steroid dehydrogenase studiés (Liu & kéghakian, 1972ab; Poilow et aif}
1976b; Shen & Kochakian 1978, 1979) these authors méde'no comments‘on_it.
Often, the phenomenon of the NDH reaction was viewed as a serious source éf
error in the histochemical demons£ration of dehydrogenases in tissue.sections
(Pearse, 1972; Anéerson & Hoyer, 1974) or in steroid dehydrogenase localization
on polyacrylamide gels (0'Connor et al, 1977). On the contrary in our study
the NDH activity was congidered an intrinsic propérty oflthe particular
steroid dehydrogenase enzyme and we further made use of this property as a

~ .
marker in the identification or separation of this protei?/from another.

-~
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CHAPTER VI

‘COMPARATIVE STUDIES ON THE PROPERTIES OF 3(17)&—HYDROXYSTEROID DEHYDROGENASES
' OF FEMALE RABBIT KIDNEY AND LIVER

1. Comparison of the substrate specificities of the kidney and liver NaDPt

dependent 17-hydroxysteroid dehydrogenases in the crude cytosol

Two characteristic differences are observed among the 170~ and 17B—hSD
activities present in rabbit liver and kidney (Table 8. Firstépf all, while

the specific activities of l?a—estradiol dehydrogenase and the epitestosterone
dehydrogenase are very similar in both tissues, the 17a~estradiol~3-glucuronide
'dehydrogenase activity is about t/;ee times. higher in the kidney than the liver.
Secondly, the 178 HSD is consistently higher in the liver, the highest activity
being exhibited with testosterone which is 94 times gredter than\the corresponding
kidney enzyme. With free estrogens, “the, actiV1ty toward l7a—estradiol is about
twice that of the 17B—estradiol in the kidney-whereas this situation is ‘Teversed
in the liver. With androgens, the activity ratio of epltestosterone to
testosterone in the kidney is 29 : 1 whereas that of the liver is 0.29 : 1. One
common feature shared by the two tissues/isﬂthe preference of both the 170- and
17B-enzymes for androgenic shbstrates

The '30-HSD activities were also localized in the crude cytosol of the

rabbit kidney and liver. At two separate occasions when these activities were —~
measured the ratio of androsgerone to epitesrosterone dehydrogenase activities

in the-kidney was found to be 2.5-3.0 : 1. The liver 3wc-HSD activities was also

consistently higher than the 170-enzyme activities; the ratiodgg\indroeterone :

epitestosterone activity being 5.4 : 1.
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TABLE 8

.Substrate Specificities of the Female Rabbit Kidney and Liver -
17-Hydroxysteroid Dehydrogenases 'in the 105,000 g supernatant

4
. . Specific Activity:.
Substrate _ (picomole product/min/mg protein)
Kidney#* ) Liver#*
170-Estradiol 40.7 + 4.1 38.9 &. 11.7
178~Estradiol .19.6 % 2.% 57.2 *  10.7 3
‘izglﬁiﬁiiiiﬁi 488.7 £ 69.0  132.0 = 7.0
‘ﬁzgzﬁiﬁiiiizi 4.2+ 1.7 C2%.0% %5
Epitestosterone ) 825.2 * 111.5 787.7 * 136.7
‘Testosterone T, " 28.8 + 5.8 2712.5 % 225.0

*The values are means of 8 experiments * standard deviation.

**The values are means of 2 experiments * % range ( difference between. two . values )
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2. Isoelectric focusing pattern of partially purified l7u-hydroxysteroid

dehydrogenases of rabbit kidney and liver
AN

Y

At least four molecular enzyme forms of the epitestosterone dehydrogenase
of rabbit kidney were apparent after isoelectric focusing of the enzyme
fraction previously partially purified by calcium phosphate fractionation
and Sephadexlgel filtration. The apparent pI values were 5.41, 5.60, 5.76 to
5.80 and 6.04 (Figure 19): In contrast, three distinct enzyme forms of the
liver fraction prepared in the same manner as the kidney sample were obtained
after‘isoelectric focnsing. These liver enzyme forms were focused at pH 5.76,
3.90 and 6.17. Thus the most anodic enzyme form of the kidney and the most
cathodic enzyme form of the liver appear to-be unique to each'tissue whereae

the other forms have essentially overlapping isoelectric points.

3. Comparison of isoelectric focusing patterns of rabbit kidney and liver

l7a~hydroxysteroid dehydrogenases present in peak I of the DEAE-cellulose

column chromatography

It was previously shown that when the soluble l7a-hydroxysteroid -
dehydrogenases of female rabbit liver, partially purified by calcium phosphate
gel fractlonation//ﬂa Sephadex gel filtration were subjected to DEAE-cellulose
chromatography (Q.4_1itre salt gradient, 25-70 mM NaCl) four peaks of enzyme
activity were separated These peaks were monitored with l7a—estradiol and its
glucuronide derivative (Hasnain & Williamson, 1975). The activity profile
obtained with epitestosterone is shown in Figure 20.

- Iscelectric focusing of the DEAE—colpmn peak I enzyme activity of the
liver (Figure 20) resolved the enzyme further into two peaks, IA and IB shewn

in Figufe 21. The figure also compares the focusing profile of the kidney DEAE-

peak I enzyme activity (Figure 6) carried out simultaneously with the liver
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FIGURE 19

Isbelectric Focusing of Rabbit Kidnéy and Liver 17a-Hydroxysteroid
Dehydrogenase Activities after Sephadex Gel Filtration

N

- Both the kidney and liver enzyme samples were partially purlfied by
calcium phosphate gel fractionation and Sephadex gel filtration, After
concentration of the active fractions, g 1 ml aliquot of each sample
containing approximately 275 milliunits of activity toward epitestosterone
was applied to separate 1 x 4 cm troughs allocated in the middle of the
- gel plate. The composition of the gel slurry was as follows:

300 ml distilled water; 12 g Sephadex G-200 superfine; Ampholine 5-7,
12.0 ml; Ampholine pH 3.5-10, 1.2 ml; DIT 23 mg. - .
Initial voltage appliéd was 600V (15 mA) After 17 hours, the voltage |
was 680V at 2 mA which was then stepped up to 1000V at 3.4 mA for an
additional 8 hours. After focusing the gel slurries were scraped into
individual test tubes and 2 ml of distilled water added to each tube,
5-10 .pul Aliquots of the gel suspension were assayed for enzyme activity
with epitestosterone. The same gel suspension was also used for pH

gradient measurement.
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FIGURE 20

DEAE—cellulose Column Chromatography of Female Rabbit Liver
: 17&-Hydroxystero;d.behydrogenases

LT . . |
The 170-hydroxysteroid dehydrogenase activity previously partially purified
by calcium phosphate gel fractionation and Sephadex gel filtration was
chromatographed on a DEAE-cellulose column (2.5 x 40 cm). The equilibrating
buffer was 10 mM Tris—HCl at pH 8.0 containing 25 mM NaCl and 0.5 mM DIT.
The 170~enzyme activities were eluted with a 2. 4 litre linear gradient of
$25-70 mM NaCl in the Tris-buffer. 5 ul aliquots of the fractions collected
{(about 10 ml) were assayed with epitestosterone. The protein absorbance

"readings at’ 280 nm were not monitored
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enzymes. The“activities with lld-estradiol 3-glucuronide are shown in

Figure 2la and with epitestosterone in Figure 2lb Liver IA:enzyme di3p1sys

's higher dehydrogenase activity with epitestosterone than with 17a-estradiol

(-8

B;glucuronideﬁ_ This order is reversed with liver IB enzyme. This latter .

.'enzyme, high in l?a—estradiol 3—glucuronide dehydrogenase activity is similar

-nonspecifically in the absence of - its substrate as seen previously with the

to the kidney enzyme IB which exhibits the same preference and has essentially
the same -iscelectric point. Kidney enzyme IA (which represented enzyme form :

. II) also -co-focused with liver enzyme IA,

.

The purity of the liver 14 and ‘IB enzyme forms was monitored by

polyacrylamide gei electroPhoresis. Gels were stained for protein and for

enzyme activity. Figure 22 shows Ehe homogeneous ‘nature of the two proteins

‘The single bands of protein also stain for enzyme activity with epitestosterone

"
substrate However in the control gels, liver enzyme IA also stains

kidney IA or II enzyme forms. The control gel of the liver 1B enzyme

deliberately lefit longer in the staining reagént mixture did not show the

nonspecific nothing dehydrogena%e activity, . ' l

>

-
a

Polyacrylamide gel eléctrophoresis of the liver 14, 1B enzymes in the

presence'of'SDS also shows one. protein band (Figure 22,‘gels g & h). The ‘

mobilities of the two ﬁroteins correspond to a molecular weight of . 41,000 fot}} '

“iiver IA and 42,500 for liver 1B enzyme

The purity of the kidney IB and 11 eééymes has been established previously

(Chapter 1Vv). The following studies are aijed at further comparisons of the o

. .
twd pure enzyme forms from each of the two tissues. ' o

.

é

A
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S '  FIGURE 21

Comparison of Isoelectric Focusing of Rabbit Liver and Kidney

DEAE—cellulose Column Peak I l7a Hydroxysteroid Dehydrogenase Activities

5 L
Fractions from‘peek I of the DEAE~column chromategraphy of the kidney of
liver enzymes were pooled, concentrated dialyzed and, further concentrated,
1.2 ml of the kidney enzyme contalning 170 and 231 m units of enzyme
activities toward epitestosterone and l7g-estradiol 3- —glucuronide ‘
respectively were subjected to isoelectric focusing. The liver sampie e
consisted of 1.5 ml containing 662 and 321 m unifs of activities toward
epite/tosterone and - l?a—estradiol B—glucuronide respectively. Focusing
was carried in the Ultrodex geél system in 2.07 ampholyte for 17 hours at
600V and final focusing at iOOOV for,an-;dditionali6ﬁ hour. After
focusing each fraction was scraped“into separate tést'tubes and eluted
with 2 ml of distilled water. For'the'assayffor enzyme activity,lthe
following aliquots were used:
Liver fraction: 1-2 Ul for epitestosterone and 2-4 nl for l7d—estradiol

3-glucuronide.

Kidney fraction: 5 pl for epitestosteronme and 5-10 1l for l7a-estradiol
3 glucuronide. ' : :

The pH gradient was determined by the use of a combination pH electrode.

e
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FIGURE 22

(SDS) Polyacrylamide Gel Electrophoresis of Rabbit Liver IA and IB
' 470~HSD after Isocelectric Focusing '

Electrophoresis in 10. 5% polyacrylamide gel was carried out as describedl
\in the General Methods (p 65). 10-20 ug of protein fractions IA and IR
" were applied to gels a and d respectively. Gels b and e containing

enzyme IA and IB respectively were stained with epitestosterone. Gels ¢
and f are their respective control experiments. Gels g and h containing

IA (10 pg) and IB (2 ug)d Proteins respectively were electrophoresed
in the presence of S5DS. ' '
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- N\
4, Sdbstrate specificities of the purified enzyme forms of rabbit . liver
and kidney

a) Oxidative reactions

The rejative activities of the kidney 3(17)G—HSDS towaré.various substrates
‘have beern shpown in Tabl; 7 and part of these are repraéﬁced in Table 9 to enable
comparison gith the two corresponding liver enzyme forms. Like the kidngy
enzymes, the purified liver enzymes also exhibit higher oxidative rates of the
hydroxyl group atLC—B than at C-17, androsterone also being the better substrate
among the two SG—éndrostang steroids. With eétfogenic substrates, kidney enz}me
II and liver enzyme IA afe very similar:in having a low 17g-estradiol 3-
glucuronide dehydrogenase activity in céhtrast with the kidney and liyer IB &P
enzymes which have a high activity toward: the 3—glucuronide derivative of 17a-

estradiol.

| We*have.tested a seriles of stei?ids as possible inhibitors to the éxiaation
of epitestosterone catalyzed by the purif&ed enzyme forms of the liver and
kidhey. The ;Eggbition by various non ra&ioacéive Crg—, Ci1g- ana Coi1-steroids
‘dre presented in Tables 10a, 10b and 10c.

All four epitestost;rone dehydrogenase activities are weakly inhibited by
1l7a-estradiol present at five times the concentration of the epites;csterone
substrate (1 uM) (Table 10a). 17c-Estradicl~3-acetate consistently shows a
highér inhibitibn than l7c-estradiol with all the four enzyme forms especially‘
with kidney and liver IB enzymes. Hdwever, with 17a-estradiol—B—trimethylacetate
and 6-keto-17g-estradiol the inhifito;y effects of the two steroids vary among
the different enzyme formé. In general they are w;ak inhibitors. Both i?—\

eplestriol and 16,17-epiestriol also inhibit the oxidation of epitestosgterone

poorly.
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TABLE 10a - .

. Inhibition of Oxidation.of‘Epitestosterone by Various Estrogens

/ .
. _ % Inhibition
Compound ‘ Enzyme -~ K IB K II L IA L IB
L

170~Estradiol | 10 8 9 5
170-Esfradiol~ 28 16 25 30
3-acetate )

l7a;Estradiol-

3-trimethylacetate 6 14 25 10
6-Keto-170-Estradiol - ' 15 9 18 17
17-Epiestriol 7 10 N 4
16,17~Epiestriol . 100 13 - 11 6

[y

30 Y1 of methanol containing 15 nmoles of nonradioactive steroids were
dispensed into separate test tubes and the contents were dried down under
nitrogen.‘ The nonradioactive steroids _were then re-dissolved in 30 p1
methanol containing 3 nmole of radioactive epitestosterone substrate. The
reaction mixtures in a final volume of 3 ml each were made up accordingly
in glycine buffer pH 9.5 containing 0.5 pmole NADP* as described in the
General Methoda. The reactions were started by the addition of aliquots of
the purified enzymes. The control experiment was carried out without any
inhibitor present but including all other ingredients. A reaction blank
was also dome consisting of radiocactive subatrate and nucleotide but in the
absence of enzyme or inhibitor. All the values glven were the ‘average of

duplicate samples. NA = not available, -



one and 50-pregnan-3a, ZOB—diol with all the four EenzZymes. However, only with
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In contrast to the estrogens, androgens of the Sa—androetane series with
3u—hydrox§1 or l?a-hfdroxyl functions strongly intiPit the oxidation ot
epitestoeterone (Table 10b). For example, in the case of li#er IB‘enzyme
50-androstan~30-o0l-17-one (androsterone) at a concentration equal to that of
the epitestosterone substrate (1 uM) dinhibits the reaction by 97%. However,
the different enzymes respond differently to the various. 50-androstane iohibitorsﬁ
present at different concentrations. Generallf: androsterone is more potent
than the 50-androstan-3a,17f-diol, a result in keeping with the ectivity
observed when these steroids were used as substrates.(Tables 6 & 7). Although
Sa-androstan-17a-ol-3-one is not available as a radioactive eubstrate, the
strong inhibition by this steroid suggests that it could be as good a substrate
as.androsterone for all the enzymes especially liver IA enzyme. It is.also
evident thet the SB-endrostene steroids are poor inhibitors and possibly poor

substrates as previously shown with etiocholanolone (SB—androstan—3a~ol—17—one)

.(Tebles 6 & 7). Similarly, 5a—adﬂrostan—38,l78~diol also shown to be utilized

negligibly by the kidney enzymes is seen here to be a-weak inhibitor with the
liver enzymes. However, 4-androstene-38,17a-diol is e good dinhibitor.

The inhibitory patterns obtaioed with Czl—steroids are shown in Table;100
With Sa—pregnane steroids strong inhibition is exerted by Sa—pregnan—Ba 0l-20-
liver IA enzyme is the oxidation of epitestosterone significantly inhibited by ‘
Sa—pregnan—20a-01 -3-one. Among the weak inhibitors are 5a-pregnan-20B-o0l-3-one,

.

Sa—pregnan—3a,20a—diol, and the 5f-pregnane steroids (Table 10c). One apparent

" difference between the inhibitory actions of 0137/5£3\p21—steroids is the effect

of the presence of double bonds in these structures. While the 4-androstene-38,
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) TABLE 10b
inhibition of Oxidation of Epitestosterone by Various C;s-steroids
: % Inhibition
Enzyme
Compound [conc.] KIB  KII, ©LIA  LIB
Sa—Androstan—Sa—ol—l7—one 1 uM 22 19 24 97
(Androsterone) 5 uM 61 52 62 97
5a-Androstan-17a-o0l-3-one 1 M - - b 34
' .5 M 62 61 89 73
Se-Androstan-3¢,178-diol 1M - - 9 39
: ' 5 uM - 28 29 36 48
Sa—AndIostan—BB,l7B—diol , 10 M - - 5 8
SB-Androstan—Ba—ol l7-one

(Etiocholanolone) 5 M ? 28 8 18
58-Androstan-3a,17R8-diol 5 uM 2 6 —_ 3
10 uM — — 7 -

4-Androstene-3B,17a-diol | 1 M — — 17 27
5 uM 52 47 38 59

a4

¥
The assay conditions were as
A

described in Table lOa.'

N\



TABLE 10c¢

Inhibition of Oxidation of Eﬂitestostgrone by'Various Czi-steroids

-

-~

% Inhibition

. - _ - Enzyme
Compound ' KIB KIT LIA LIB
50-Pregnan-3a-01-20-one .66 Sl 72 83
Sa-Pregnan-200-ol-3-one . 8 6 . 48 12
Sa~Pregnan-208-~01-3-one .. \\\}4 7 11 13
Sa;Pregnan-sa,z_cJa-diol B 0 10 22 12
Sa-Pregnan~-3, 20B~dicl - - 42 30 43 59
- 5f-Pregnan-3a-o0l-20-one 22 28 23 18
~ 5B~Pregnan~20B-o0l-3-one 14 19 18 -
5B-Pregnan-3a,20a-diol _ '
(Pregnanediol) . _ 17 710 13
SB-Pregnan-3c, 208-d1ol B 5 19 9 24
‘ . : a
4-Pregnen-17a-0l1-3,20-dione 5 3 1 30
(l7a—hydroxyprogesterone) .
5-Pregnen-38,20a-diol . L 14 16 © 9 30
3-Pregnen-38, 208-diol 13 15 2 -

The assay conditions were as described in Table 10a.

.
.
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170-diol.is a gogd inhibitor (Table 10b), both’%ﬁ—hand As—pregnene steroids .
tested are generally weak inhibitors except with liver IB enzyme where 170-

hydroxyprogesterone and 5-pregnen-38, 20u-diol showed an appreciable inhibition.

'b). Reductive reactions

Since dehydrogenase reautions are usually reversibld %e decided to study

the reduction of various ketosteroids in the Presence o In many cases,
the pH optimum of the reductive reaction is lower than the oxi tive reaction.
For example, the reduction of estrome by the human placental 17B;ustradioll
dehydrogenase was found to be optimal at pH 6.2 whereas the pH optimum.of-thé_
oxldative reaction was near 10 (Langer &.Engel, 1953). Similarly the human
ovarian 17f-estradiol dehydrogenasé has pH_dbtima of 6.9 and 8.1 for the
reductive™and oxidative.ueactions respectively (Pittaway, et al, 19775. Muronu '
and Payne (1976)‘r2poz§gd u pH optimum of 5.6 for the.reduction of

. androstenedione catalyzed by rat testicular 178~HSD. The rates of the forward

and reverse reactions catalyzed by 30~HSD of Pseudomonas testosteroni are also

strongly pH-dependent (Talalay & Marcus,-1956). The rate of oxidation of
) A
‘androsterone rises logarithmically with the pH froﬁhﬁ to 10 whereas the rate
of reduction of 5a-androstan-3,17-dione increases as the pH is lowered from 7.5

to 5.8. -The reduction of 5So~dihydrotestosterone by mouse kidney 30-HSD was
- . .
found to.have a pH optimum between 6 and 8 (Mowszowicz & Bardin, 1974).

We have determined the pH optima of the four purified liver and kidney

enzymes using 50~dihydrotestosterone as substrate (Figure 23). Both kidney II

and liver IA enzymes show 4.broad pH profile with an optimum at pH 6.5 for the

liver IA enzyme and pH 6.0 for the kidney II enzyme. In contrast, both the

kidney and liver IB enzymes show a sharper pH profile with an optimum near pH 5. 75.

X
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RGN B . FIGURE 23

pH Activity Curves'of-Redaction-pfISG;D;hyﬂroteatgsﬁarone

- The Tris—maleate buffar (0 05 M) was prepared by'the methodnof Gomori
" (1955). -The assay. miXCure consisted of 0.5 Umole of NADPH 2 ml of
~buffer at the indicated pH, 3 nmole of radioactive 5&—3"
‘dihydrotestosterone 'in 30 ! ‘methanol. The final volume was made up
‘to 3 ml by the addition of 0 15 M KCl The reactions wete started

by the addition: of 3, 8, 10- and 20 Ul of LIA, LIB K11 and KIB enzymes
respectively

.j\
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We have determined the reductiveé rates of various ketosteroids with the

four purified enzyme forms employing 0.1 M Tris-maleate buffer at pH 5. 85
Table 11 summarizes sbme of these results, expressed relative to tne reduction
of estrone, Essentially the same trend of substrate specificity as the
oxidative direction is observed in the reductive direction. With estrogene;
- both the kidney and liver IB enzymes prefer the glucuronide derivative of
estrone to the free estrene whereas in the case of the kidney II and 1iyer_IA
enzymes, the preference is not as marked. The high specificity of these
enzymes for the glucuronic acid'moiety of the steroid apparently can not bej
replaced by a sulfate group as seen with estrone sulfate. When the reduction
‘ ot the carbonyl function at.Cfl7 ;f androstenedione is compared with the

reduction of estrone glucuronide, the two steroies are either equally reduced
£§ the kidney and liver IB enzymes or the reduction of the androgenic steroid
is considerably.greater than the estrogen as in the case of kidney II and liver
IA enzymes. This is espeeially obvious with the liver IA enzyme. The 11ver Ia
enzyme is also highly spec1f1c toward the reduction of the carbonyl group of
androsterone. Even greater rates of reduction of carbonyl function at C-3 of
.5a~dihyerotestosterone are observed among the four enzymes. Apparently, the
presence of a double-bond in ring-A of androstenedione impedes the reduction of
the carbonyl group at C-3, since no other radioactive‘metabolite other than
epitestosterone is detected. This is supported by the observation that when
either radioactive epitestosterone or testosterone is used as a substtate under
the reductive conditions and in the presence of excess enzymes, no distinct
metabolite is detectable.

The reduction of androstenedione at C-17 is strongly inhibited by the

addition of nonradiocactive androstanedione or Sa-androstan-170-o0l~3-one, at
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equimolar or higher concentrations (Table 12). It is possible thaﬁ‘these.
saturated steroids éfe géod substrates. -

We have also exaﬁined.the ability of.the purified 3(17)x-HSDs of rabbit -
kidney and liver to reduce the carbonyl function a; C-20 of Eadioactive
_pregnenclone. ThisAwas prompted by the observationé of the ability of humﬁn
placental 17B-estradiol dehydrogenase to catalyze the reduction of progesterone

at C-20 (Purd$ et al, 1964) or the ability of cortiscne reductase (20B-HSD) of

Streptomyces hydrogenans to act as a 30~HSD (Gibb & Jeffrey, 1973). Moreover

ggme Cz1-steroids with 20a- or ZbB—hydroxyl groups were shown to be inhibitors
to‘thé oxidation of epitestosterone (Table 10c). Significant activity was
observed with all the four enzymes, the ratios to estrone act1v1ty being 5 : 1
~ for kldney IB, 11 : 1 for liver IA and 2 :-1 for both kidney II and  liver IB
eﬁzymes. ﬁoth 200~ and ZOB—metébolités were presumed to be the pfoductslof the
reduction.at C-20, but it'was not egtablished whethér there was a preferential
formation of eith;f of the reduced metabolites. These metabolites run very
closely with each'ather-in'either tﬁe benzene : acetone (4 : 1, v/vj system

(see Chapter II, p.58) or in the benzene : ethyl acetate (7 : 3, v/v) system.

| . -3
5. Kinetic studies of rabbit liver and kidney 3(17)a- hydroxysterOLd

'dehydrogenases

a) Effect of substrate concentration:

Estimations of the Michaelis constants (Km) and maximum velocities (Vmax)
of the purified enzymes for the substrates epitestosterone.and androsterone are
presented in Table 13. The Km and Vmax values were obtained by Lineweaver-Burk

double-reciprocal plots, four of which together with the Michaelis-Menten plots

are given in Figure 24ab and Figure 25ab. Thg Michaelis-Menten plot for liver
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.TABLE 12 _

i

Inhibition of the Reduction of Androstenedione by S5a-Androstane © -

. Steroids
- ‘ ' ! % Inhibition
Inhibitor Concentration Enzyme -, LTA LIB .
Androstanedione _ 1uM . ' 55 ) 90
5 uM ‘98- 98
10 uM 100 ‘ 99
5a—Androstan—17a~ol~3—6ne - 1w 79 74

5 uM 100 95

L)

- i

30 ul of methanol containing 3, 15 or 30 mmoles of nonradioactive steroids were
dispensed into separate test tubes and the contents dried down under nitrogen,
The nonradioactive steroids- were then re-dissolved in 30 ul methanol containing
'3 mmole of radioactive androstenedione substrate. The reaction mixtures in a
final volume of 3 ml each were made up accordingly in 0.1 M Tris-maleate buffer
PH 5.85 containing 0.5 pmole NADPH. The reactions were started by the addition
of aliqgots of the purified enzymes. The control experiment consisted df all
componen?s except the inhibitors. A reaction blank containing radiocactive

substrate and nucleotide but no enzyme or inhibitor was also incubated.
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. FIGURE 24 ab

Lineweaver-Burk Plots for Kidney IB and Liver IA Epitestosterone .

P *Dehydrogenase Activities

4

Each point on the graph is an averége of three incubations, but

the value obtained from each incubatiod waé cohsidered in the linear
regression analyses. The slopes?(Km/Vmax) and'intercepts on the
Y-axes (l/Vmax) obtained from the.linear.regression analyses were

used to calculate the Km and Vmax values, The units of v and é are

" nmole product.min‘l.mg protein™?! and min.mg protein.nmole} respéctivély.‘

-
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FIGURE . 25 ab

 Lineweaver-Burk Plots for Liver IB and Kidney II Androsterone; -

Dehydrogenase Activities

Each point on the graph 1s an average of three incubations, but” J
thé‘valﬁe 6btained from each incubation was consideréd in the linear.
regression analyses, .The slopes (Km/Vmax) and intercepts on the -
Y-axes‘(l/Vmax) obtaiped froﬁ the linear .regression analyses were
used to calculate the Km and Vmax values. The units of v and % are

.nmole product.min‘l.mg protein—! and min.mg prote:'l;n.nmc.wle—1 respectively.
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eénzyme IA, when incubated with‘epitestosterone showsré.characteristic
 substrate inhibiﬁion at steroid toncentrations greater than 2 WM (Figure 24b).
With otherxenzyme forms: this inhibition was not appareht up to the
conceﬁtration limit of 4 uﬁ tésted.’ .

Considering Ehe Km values of the various enzym?s obtained with '
epitestostgrone and androsterone, tge kidnéy and liver 1B enzyﬁes appear to
have very similar affinity for the two substrates examined (Table 13). Similar
Km values are alseo obtained for enzymes KII and LIA with epltestosterone but
these are about 5-fold lower than tﬁose obtained with kidney and liver IB
enzymes for the same substrate., In contrast, with androsterone, KII and iIA
enzymes exhibit a 7-9 fold higher Km values compared to those obtained with
these enzymes for epltestosterone.

In most cas;s the Vmax values differ considerably, especially the LIA

drosterone dehydrogenase activity which is aboyr 9-fold higher than the
conresponding LIB androsterone dehydrogenase activity. 1In al1 instances,
anérosterone gives a higher Vmax than epitestosterone. Overall, it appears

that the better substrate, androsterone, has a high Vmax rather than a low

Km.

b) Effect of nucleotideconcentration

The dependence of the purified liver IA epitestosterone,dehydrogenase

. hgtivity on NADP*Vconcentrations is shown in Figure.26. A Km value of 3.1 uM
for NADP* wags obtained with epitestosterone as the second substrate, The
effects of NADP*+ concentration on the other three purified enzyme activities
toward androsterone and epitestosterone were also very similar (not shown).

The nucleotide Saturation levels 1in all cases were low. The concentration of



- 180 =

FIGURE 26
Dependence of l7a—Hydrqusteroid Dehydrogqgase'ﬁctivity of Liver IA
‘ on NADP+

The 170-hydroxysteroid dehydrogenase activity of liver IA enzyme toward
epitestosterone (final concentration, 4 uM) was assayed:under varied
NADP™ concentrations. The assay conditions were as described in the

General Methods (p.5¢ ). The unit of v-! = min.pmole product,
L]
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nucleotide employed in the deté?h{EiFion of the kinetic constants shown in

Table 13 was in the order of 1 mM. This value far exceeded that required

-

for enzyme saturation. Also in our routine assays we used 167 yM NADPY which

again exceeded the saturating conditions.

c) -Inhibition of l7a-hydroxysteroid dehydrogenase activities by androsterone
f

The inhibition of the oxidation of epitestosterone by androsterone is

. , .
shown in Figures 27-30. The inhibition patterns of the Dixon plots (reciprocal

of rate against inhibitor concentration) for liver IA enzyme (Figure 27a)

»

liver IB enzyme (Figure 28a) and kidney II enzyme (Figure 29a) are all of the
" linear competitive type (Dikon, 1953). The inhibitor constants, Ki; are 0.4,
0.84 and 0.45 UM respectively. The slopes of the [S]/v against [inhibitorJ

plots (Figures 27b, 28b and 29b) are "essentially parallel in each case which

Toay

f a linear competitive type of inhibition (Cornish-Bowden,

is characteristic

- 1974)., However?

the inhibitory pattern with KIB enzyme (Figure 30ab) is less
straightforward because at high inhibitor concentrations {at or above 2 uM)
both the Dixon and the [S]/v versus [I] plots become non-linear (parabolic ?).
In addition, at low inhibitor concentrations the plots do not clearly indicate

whether inhibition is of the competitive or mixed type. ~

6.. Effects of sulfhydryl reagents and metal ions

hS

Table 14 shows the effects of two metal ions and two sulfhydryl reagents
on the oxidation of epitestosterone catalyzed by the purified liver and kidney
enzymes. Both of the metal ions tested are potent inhibitors abolishing greater

than 487 of tha enzyme activities even at 1 UM concentration. Para-

chloromercuribenzoatk at 1 UM concentration also inhibits greater than 07 of
) » ‘

" )
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: : . FIGURE 27

Androsterone inhibition of the Oxidation of Epitestosterone by the Liver

]

IA Enzyme

The indtial velocities Vv were measured in the Presence of various
concentrations of inhibitor (androsterone) at two or three fixed
substrate (epitestosterone) concentrations as indicated The units
are 1/v = min. mg protein. mmole™* and [S]/v = min.mg protein. m1~?
The linear regression method was used to plot the Iiﬁes. Each point
.on the graphs is an average of two readings but all experimental

points. were considered in the 1inear regression analyses.

)
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FIGURE 28

-

Androsterone inhibition of the Oxidation of Epitestosterone by the Liver

IB Enzyme

See legend in Figure 27.
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FIGURE 29

Androsterone inhibition of the Oxidation of Epitestosterone‘by the Kidney
IT Enzyme

s

See legend in Figure 27.
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. ) FIGURE 30

Androsterone inhibitiaffof the Oxidation of Epiteétosterone by the Kidney

1
b

IB Enzyme

See legend in Figure 27.
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TABLE 14 Y
-~
Effects of Sulfhydfyl Reagents and Metal Ions ‘on Epitestosterone
Dehyﬂrogenase Activity

B

% Inhibitdion

Enzyme
Compound [Fi“al KIB  KII LIA  LIB °
. , conc.] '

HgCl, 1N 65 7% 84 80

1 mM . 100 100 87 88
CuCl, 1 M ' 52 48 63 80

, 1 mM - 60 47 76 83 B

pCMB 1M " 1 74 75 . 82

1 mM . : 100 92 97 98
Iodoacetate: 1 mM 0 9 4 8

The incubation mixtures were as described in the General Methods (p-56 )
<

- except that the sulfhydryl reagents and the metal ions were added at the

final concentration as indicated. The contro} experiments were carried

out in the absence of the enzymes or in the absence of the sulfhydryl

reagents and metal ioms.



the enzyme activity. In contrast, another sulfhydryl inhibitor, ilodoacetate

even at a ‘higher concentration shows very little or no inhibition.

’

7. Chemical modification of rabbit liver and kidney 3(li)a—hydroxysteroid

dehydrogenases

The similarities of the physico-chemical properties of the purified 3(17)a-
HéDs of the rabbit liver and kidney described so far suggested that these |
multiple forms might be closely rélated in structure. To unravel the possible
similarities or differences in‘thg primary structures of these proteins we
employed a "finger-printing" method involving acetylation of these proteins
with !“C-acetic anhydride. Upon proteolytip digestilon, radicactive peptides
were separated by high-voltage electrophoresis and the peptide patterns were
visualized by éutofadiography. It was necessary to use radioactive labeling
because of the micro-quantity of proteins available. The yield of!Z;ch pure
kidne& enzyme from eight kidneys (about 56 gm) was about 300 g for IB and 400 ug
. for fraction II. Acetylation of amino groups, viz. the e-aming groups of lysine
residues and the o-amino group of the amino-terminus (if any) was selected as
the method of choice because of the following reasons: a) lysine is one of the
major constituents of proteins and is usually exposed on the "surface" of the
molecule and therefore readily accessible to chemical reagents;*nb) acetylation
of amino groups is rapid, mild and relatively group-specific. Acetic anhydride
was used by Kaplan et al (1971) to determine the relativeareact;vities of the
amino groups of elastase by a competitive labeling tgchnique. We have adopted
the trace-labeling procedure to obtain autoradiograms of the rabbit kidney and

liver 3(17).-HSD proteins. An acetylated ampholyte sample of pH 5-7 range was

also obtained.
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Figure 31 shows an autoradiogram of the four acetylated proteins and
ampholyte, all digestgd by papain and electrophoresed at pH 6.5. Comp;ring
the liver IA and IB peptide patterns, both the acidic‘apd basic peptides are
very similar. However, differences are also apparent especially among the
basic peptides. For example, the.basic'peptide spots at 6 and 17 units from
the origin are distinct tolthe liver IB protein. Similarly, the basic spots
at position 16 and 18 are unique to the liver TA protein. While the kidney II
protein reveal close resemblances (except for the acidic spot at position 21)
to the ldiver proteins, the kidney IB protein behaves abnormally in that no
discrete spots are discernible but instead smear throughout the length of the
electrophoresis. Eluting the radioactivity off the paper and re—eléctrophoresis
atvpbe same pH did not -Improve the resolution. 1In fact, the radiocactive smear
is present in the peptide maps of the'otherlthree proteins but to a less
extent. The smear is not due to ampholyte which is present in the final
purifiéation step of the proteins.. The acetylated species of the ampholyte
display a characteristic acidic behaviour at pH 6.5. The second dimensional
electrophoresis of the ampholyte ét pH 2.1 (Figure 32) confirms tﬁéz no
interaction with any of the dehydrogenase proteins is evident. Pe?haps it
should also be pointed out that an unfractionaged ampholfte SE\?%/S—T range
was used in the acet;lation and if there were any amphoteric specieg associated
with the proteins they would be in the vicinity of pH 5.9-6.1 and of
negligible amounts. |

The second dimensional electrophoresis of the radioactive strips at pH 2.1

of the liver I4, IB and kidney II samples is shown in Figures 33, 34 and 33

respectively. All three proteins generate very similar peptide maps at this pH.
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FIGURE 31

Autoradiogram of Papain Digests of lt‘C-—ace.tj,'lat:ed Proteins of Rabbit

Liver IA and'IB, Kidney IB and II and a Sample of Carrier AmeQ;in\.
. of pH Range 5-7

The papain digests of the 1“(\I-—an’:et:ylated proteins or amphoteric species
of the ampholyte wefe subjecﬁed to high-voltage electrophoresis at 3000
V for 1 hour at pH 6.5. B and Y marked the 'positions of the midpoints
of the migration of the blue dye marker (xylene cyanol FF) and yellow
dye mérker (€-DNP-L-amino-lysine) respectively.

»
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-FIGURE 22 . ' .

Autoradiogram of the Second Dimensional Electrophoresis at pH 2.1
of Carrier Ampholyte

—‘\
The papain digest of the I“C—acetylated carrier ampholyte was
electrophoreéed first at pH 6.5 and then at PH 2.1. Electrophoresis

was carried out at 3000V for one hour. The symbols are as described
in Figure 31. .
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"For the ease of discussion of the maps; those peptides that are acidic basic
" and neutral at pH 6. 5 will be referred to as region A, B and N respectively.
Thus, in region A of the liver Ja protein, there are two peptides, marked as

"a" and "c¢", unique to this protein whereas in the same region of the liver IB

\
-protein, peptide_"b"-ié distinctive. Comparing the region B peptide patterns of
the two liver.proteins; spot ngn is unique to the liver IB sample. In other
unmarked cases, the differences apparently reside in the intensity of the -
radioactivity present. Fewer peptides are-resolved in the pH 2.1
electrophore51s of the kidney IT protein (Figure 35) This was partly due to
the relatively shorter running time at pH 6.5 of thigcgarticular electrophoresis.
But the. general peptide pattern resembles those of the liver tissue.

. The amino-terminal peptides of region A of all the thre& proteins are of

. 5. .

considerable intereet. These are acidic at pPH 6.5 (Figure 31) and neutral at
pH 2.1 (Figures 33, 34_& 35). These properties exclude the‘presence of
argininyl or histidyl residues 'in these peptidee. A autoradiog:am'of‘these
.;Nwterminal peptides is shown in Figure 36 when the radioectivity-in this region
for each of the three proteins shown in Figures 33, 34 and 35 was eluted off
and re—electrophoresed at pH 6.5, ‘ - Common to all the three proteins.viz. the
liver IA and IB and kidney I, was the peptide having an R¢ between 0.56 and
0.60. But the migretion'of‘other spote were quite distinct although reiatively
close.to each other. Again, the autoradiogram of the kidney IB sanple was
unsuccessful because of low radiocactivity.

Although the region N of the three protein samples at pH 2.1 showed no

discrete peptide spots other than smearing toward the cathode, the

electrophoreses of these radioactive strips at pH 3.5 revealed some distinctive
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. FIGURE 33

Autoradiogram of the Second Dimensional Eléctrophoresis at pH 2.1
of Liver IA Protein

The papain digest of the !* C—acetylated liver 1A protein was
electrophoresed first at pH 6. 5 and then at pH 2.1, Electrophoresis
was carried out at 3000V for one hour. The symbqls are as described
in Figure 31. The spot located on the bottom right-hand cormer in

between the ma;ks, origin and Y, was due to the radioactive
identification mark,
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FIGURE 34

‘

Autoradiogram of the Second-Dimensional Electrophoresis at pH 2.1
' of Liver IB Protein

%
[

The conditions are as described in Figure 33 and the symbols in Figure
31. ; '

| -
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'FIGURE 35

Autoradiogram of the Second Dimensional Electrophoresis at pH 2.1
of Kidney II Protein

The conditions are as described in Figure 33 and the symbols in
Figure 31. |
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- oy : ‘(
FICURE 36 .

Autoradiogram of the Amino-Terminal Peptides of Liver IA, IB. and
Kidney IB and IIX Proteins at pH 6.5

The radiocactivity strip; of the N-terminal peptides (i.e. materials
_at orﬁgin) at pH 2.1 of the liver IA; IB and kidney IB (not shown) .
and II proteins were eluted separately and re-electrophoresed at pH
6.5. The kidney IB sample contained too little radioactivity to

produce a visible radiocautogram. The Rg scale was an arbigrgry one,

25 cm from the origin being assigned as 1 unit.

S
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features. These autoradiograms are shown in Figures”37, 38 and .39 for the
liver IA and IB ;nd kidney II proteins respectively. First, comparing the
liver IA and IB ﬁattérns, a végy similarldistributipn of the peptides is
ob;erved. An unique feature of the two ﬁattﬁrﬁs is the presence of the
radioactive sﬁot marked "a", migrating closely with the yellow dye markef.

The peptide spots "b" and "c" are unique to the liver IA proﬁein. However,
two similar spots also marked "b" and "c¢" are observed with the kidney II
protein (Figure 39), but spot "a" common to the two liver proteins, is cléarly

absent in the kidney sample. At the moment other differences or similarities

among the three proteins remain unresolved.
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FIGURE 37 R
| . - i . . .
Autoradiogram of the Neutral Peptides of Liver IA Protein at pH 3.5

-
I
ya

PR . . -
: . : .
-
'

The neutral peptides of liver IA protein at pH 6.5 were first subjected
to a second dimensional electrophoresis at' pH 2.1 seen in Figure 33 and
then at pH 3.5. Electrophoresis was carried out at 3000V for 2 hours.

The blue dye marker was at the bottom of the chromatogram and not

included in the autoradiogram. *
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FIGURE 382

.

Autoradiogram of ‘the Neutral Peptides of Liver IB Protein at pH 3.5
‘ . - .

The neutral peptides of liver IB protein at pH 6.5 were first subjected

. to a second dimensional electrophoresis at pH 2. 1 seen in Figure 34 and

then at pH 3. 5 The conditions are described in Figure 37.
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¢ . * FIGURE 39

Autoradiogram of the Neutral Peptidés'of'Kidney II Protein at pH 3.5

The neutral peptides of kidney II protein at pH 6.5 were first subjected

to a second dimensional electrophoresis at pH 2.1 seen in Figure 35 and

then at pH 3.5. The coaditions are as described in Figure 38. Note the

pogition of the blue dye marker, B.
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DISCUSSION

The relatively high level of 17a—hydroxysteroid dehydrogenase in the
kidney and especially the presence of an enzyme form highly specific for
the glucuronide derivative of 170-estradiol or estrone, suggests that the
kidney plays an active role in extrahepatic estrogen metabolism in the

rabbit, The following metabolic pathway has been proposed (Layne et al,

1975):
178-Estradiol .L—_:; Estroqe :::::; 17a-Estradiol
/ .
UDP—Glucuroﬁic ' UDP-Glucuronic
_ Jf o / ' v -
178-Estradiol 3-glucuronide 17a-Estradiol 3-glucuronide
‘ N .
(minor) ‘:\ _ /
RN \JK :
Estrone 3-glucuronide UDP-N-Acetyl-
glucosaminide
' v

Estradiol 3-glucuronide
17&-N—ace;¥iglucosaminide

With unconjugated estrogens, the predominant 178~HSD activity of liver
1 3
catalyzes the interconversion of 17B-estradiol and estrone (Hasnain &
9
Williamson, 1974). However, after formation of the 3-glucuronide derivative

conversion into the l7a-epimer predominates due to the presence of the 17q-HSD

specific for the glucuronide derivative (Hasnain & Williamson, 1975, 1977).
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l7a-Estradiol 3-glucuronide is the only substrate for N—acetylglucosamiﬁyl
tranéferase (Coliins et al, 1968) wg;ch transfers N—acetylglucosamine.from

the nucleotide donor, UDP-acetyglucosamine to the 17a-position of the

steroid to form the double conjﬁgate whicﬁ is released into the blood (Quamme
et al, 1972) and_suﬁsequently excrétgd in the urine (Layne et al, 1964;

Layne, 1965). However, théIB—glucuronide derivative of estrome and 170-
estradiol are also found in blood but mot excreted in the urine (Quamme et

al, 1972). The presence in the kidney of an additional enzyme‘form highly
specific for estrohe 3-glucuronide or 170-estradiol 3-glucuronide is therefore
advantageous. The kidney is also abundant in N-acetylglucosaminyl transferase'
(Collins et al, 1968). The kidney therefore servés as a final site to compléte'

)

the detoxification of estrogens which either escape full conjugatibn with
reépect to N—acetylg&ucoéaminide formation within the liver or are deconjugated
after leaving the liver. 1In this connection, enzymatic hydrolysis of steroid
N-acetylglucosaminides has been demonstrated in the rabbit tissues in in 32552
studies (Whittemore & Layne, 1965; Hoffman, 1978). The present study
reiterates the close relationship between conjugation with glucuréhic acid at
C-3 and oxidoreduction at C—i? of the steroid in the rabbit liver and kidney.
The high specificity of the rabbit liver 17c-enzyme for l7c-estradiol
3~glucuronide has been studied, the high acﬁivity being lost if the glucuronic
moiety was removed or replaced by glucose or galacturonic acid {(Hasnain &
Williamson, 1977). When coﬁpared to the oxidation of l7a-estradiol, the higher
activity with the 17g~estradiol 3-glucuronide was due to a higher Vmax, rather

than a difference in the Km value. 1In the present study it was shown that the

3~glucuronide of estrone as well as of l70-estradiol are good substrates for one
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of the 1iver.or kidney enzyme forms. Moreover, the presence of a sulfate
group at C-3 of estrone did not result in the high activity observed with
the glucuronide derivative. This stressed that in the interaction with the
ensyme the carboxylic.group as well as the configuration of the glucuronide
substrate was important. The apparent absence of an enzyme specific for
estrone sulfate comparable to .that of_l7a—estradiol 3—glucuronide may'be
related to the nature of the estrogenic steroids found in the urine. _These
conjugates are the glucuronioes or N—acetylglucosamlnrdes but not sulfate
(Layne, 1970}, |
The substrate specificity studies of the purlfied rabbit liver enzymes
further revealed that like the kidney enzymes, they also catalyzed the
oxidation of 3a-hydroxysteroids in addition to thé 170- hydrotyster01ds
Previous reports on the rabbit liver 17a-HSDs (Hasnain & Williamson, 1974
1975, 1977) did not 1dent1fy this 30-HSD activity. However, Thaler-Dao
et al (19725 had shown a 30-HSD activity associated with the purified 17B-HSD
of the female rabbit liver cytosol. This particular protein had e'very anionic
character and a molecular weight of 36000 by SDS-polyacrylamide gel
electrophoresis. Also_in the raboit liver cytosol Takenoshita and Tokd (1978)
have identified a 3—hydroxyhexobarbital dehydrogenase which‘catalyzed‘the
dehydrogenation of 58—3nérostan—3&,l78~diol to 5f-androstan-3a,-ol-17-one.
In the previous chapter (Chapter V) it was stated that the 30-HSD activity
of the rabbit kidney 17a—ﬁSD showed a high preference for 3a—hydroxysteroids
of the So—androstane series as opposed to those of the SB-androstane'series.
Data from inhibition.studies presented in Chapter VI indicated tﬁat the substrate

specificities of both the rabbit liver and kidney 30-HSDs may be extended to the
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'oxidation of some 3a—hydroxyl groups of 5a—pregnane steroids. But the 203-

or 20B-hydroxyl groups of these steroids may also be responsible for the

" inhibitory actions in view of the ability of the 3(17)x-HSDs to catalyze the
reduction of pregnenolone to its 20—reduced metabolites. This wide spectrum

of substrate specificities of thé rabbit hydroxysteroid dehydrogenases is not ;
completely unprecedented, the multiple specificity of hydroxysteroid dehydrogenases
‘has been demonstrated with other systems. The 3a-HSD activity of cortisone

reductase {(20B-HSD) of Streptomyces hydrogenans (Gibb & Jeffrey, 1971; Edwards

& Orr, 1978) is a pertinent example. The 17B~HSD of,ménkey liver (Fan eﬁ al,
1978) or rabbit ovary (Rodway & Rahman, 1978) and the 17B—estradiol dehydrogenase .
of human endometrium (Tseng & Gurpide 1979) may all'function as 20a0-HSDs.

Earlier, the 17f-estradiol dehydrogenase of human placenta had been shown to have
20a—HSD activity and competitive inhibition of the two activities was indicated

by kinetic¢ analyses (Purdy.gglgi,‘lgﬁé), but other;worke:s found no measurable
200~HSD activity in‘a pure preparation of the 17B-estradiol dehydrogenase
(Kafavolas & Engel, 1971). The purified porcime testicular 178-HSD has alsoc

been shown to exhibit 200-HSD activity to the extent of one seventh of the
l78—enzyme_activity {Inano & Tamapki, 19?4).

The structural requirements‘of the steroi& molecules for 3o~ or 17¢-HSD
activity of the rabbif kidney and liver warrant further discussiqn. The
reduction of 3-ketosteroids to 3&-hydroxysteroidslocdﬁrs only with those
combounds'lacking a A“dbuble bond . Presumably either 5a or SBlreduction of the
A%, 3-ketosteroids muét'précede the reduction of the k?tone group at C—B;# Such
a restriction appears to be a common characteristic among the 3u— or 3R-HSDs
‘isolated from other sources. These examples include the soluble 3u-HSD of the

liver (Tomkins, 1956) or the ventral prostate (Taurog et al, 1975) of rat and

( #Although 44-3 ketone reduction may not go to an appreciable extent, the

reverse reaction could be quite rapid: ¢ Orr, J.C. personal communication ).
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the 30~HSD and 3(17)B-HSD of Pseudomonas testosteroni (Talalay, 1963).

I o .
However several contrasting points are also‘{eatured among these enzymes.

First, the bacterial 3g-HSD is entirely specific for NADY and for 3o~hydroxyl

groups of Ci9-, C21-, Cay-steroids. The A/B ring fusion of the steroid may

be trans or cis although,é change_in configuration of the A/B ring f;om trans
to cis reduces the maximum'rafe of oxidation to about.SOZ (Télalay, 1963).
The ra£ ventral prostatic 3a~HSD also favors ﬁhe 5q—reﬁuced steroid (Taurog
et al, 19755. On the othef”hand the rat liver enzyme reacts with a variety
of 3a~hydroxysteroids of the Ciyg.and C21 series but the 58 analogs are reduced
more rapidly than the Sarreduced steroids (Tomkins;‘lQSG)J In contrast, Fhe

-

3B~ and 17B-HSDs of Pseudomonas testosteroni, also NAD+—specific, promote the

reversf%le oxidation of 3B-hydroxyl groups of Ci9- and Cz3-steroids in which

the A/B riﬁg fusions are trans or cis ang the o#idatiop of 178~hydroxyl géoups

of the Cyg- and Cj;g-steroids. The discrimination shown by the‘enzymes with
regard to the A/B ring fusiéﬁ of the 5a—‘or 58 stfuctufes can be explained by
their_conformational differences. Conformational analysis of 5Soa-steroids such

as androsterone or 5a-androstan~3a,l78—dioi (Duax & Norton, 1975) shows that

they have a planar structure while the 5B-steroids, for example. SB-androstan-3q,
17B8-diol, are characterized by a marked bowing of the A-ring about the C-5,10
bond relative to the remainder of the steroid molecule. The present studies
have shown that the Sa-structure is important for interaction with the 30-HSDs |
of the rabbit kidney. With respect t0>the l70~enzyme activity the reactivity
decreases with increasing unsaturation of the A-ring as indicated.by the relative
activifies of the ehzymeg toward l7¢-estradiol and epitestosterone. The presence

of an aromatic A-ring may therefore be an impeding factor.



- 219 -

s

The rabbit livér and kidney enzymes, are strongly inhibited bj loﬁ
concentrations of HgZY, cu®* and PCMBVbut not iodoacetaﬁe.'_Hasnaiﬁ;(lQ?S)'
has shown that Mg®, ca®", Mp?*, Fe?* and iodoacetate havé‘ﬂo inhisitory
. effect on two liver 170-HSD enzymes. The resistance of the rabbit kidﬁéy'and
l%ver 3(17)0~HSDs to iodoacetate cannot be exb;ained on the basis of'
inaccessibility of the reagent‘to sulfhydryl groups siﬁce PCME, a larger
molecule than iodoécetate, readily reacts. One p;ausible‘explanation may
be the slow reacti#ity of lodoacetate compared to PCMB. Webb (1963) noted
‘that protein sulfhydryl groups are frequently resi;tant to iodoacetate and that
their reactivity can be increased by denaturation. Nevertheless the inhibition
of the rabbit kidney and liver 3(17)a—HSDs‘by PCMB as well as by heavy mefal
ions suggests the free sulfhydryl groups must be present for-enzyme'activiﬁy.

- A vdriety of steroid dehydrogenases have also been shown to be sulfhydryl

enzymes, examples being the 30-HSDs of rat liver (Tomkins, 1956) or of

Pseudomonas testosteroni (Talalay, 1963) the human placental 178-estradiol
dehydrogenase (Langer & Engel, 1958) the 3a, l7B—HSD.of female rabbit liver.
(fhaler—Dao et al, '1972) and the guinea pig kidney 17B-HSDs (Liu & Kochakiap,
1972a; Shen & Kochakian, 1978).

In ad&ition to the data feported in Chapter IV and V indicating the common
identity of the 3w~ and 17a-HSDs of rabbit kidney and liver we have obfaineé
information from kinetic analyses that this is so. Kinetic competitipn-studies
of the four enzyme forms bf the rabbit kidney and liver 3(17a-HSDs revealed
competitive inhibition ofnthe oxidation of the 17a~hydroxysteroid substrate by
a 3o-hydroxysteroid. This means thaf these hydroxysteroids were_competing.for
the same binding site in the enzyme., A linear competitive type of inhibition

was observed for three enzymes whereas the fourth enzyme displayed a parabolic-

type competitive inhibition. This latter phenomenon was also observed by
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Blomquist et al (1978 ) in their ‘inhibition studies of human placental 17B—HSD
‘by cyclohexanol. This situation could arise when the combination of a
molecule of inhibitor at the active site of the enzyme allowed the binding

of a second molecule of the inhibitor so that two molecules of inhibiter
contributed to the exclusion of the substrate (Roberts, 1977). This
explanation is analogous to the one offered for substrate inhibition where it
1s possible for a second substrate(s) molecule to bind to the enzyme—substrate
complex(ES) to produce an inactive complex(SES) Substrate inhibition at

high steroid concentration was observed in this study with epitestosterone
.with tIA enzyme (Figure 24b) ‘as waslpreviouslylreported by Hasnain and
Williamson (1977) for the rabbit liver l7o—HSD Talalay (1963) also reported
zthat the kinetic behaviour of the majority of the 3B~ and 178- hydroxysteroids

acted upon by the 3(17)B—HSD of Pseudomonas testosteroni exhibited inhibition

at excess substrate concentration.

We have emphasized the importance of the 17a~HSD, particularly the enzyme
form quite specific toward estrone glucuronide or l7a—estradiol 3- glucuronide,
in the inactivation of estrogens in the rabbit. But the intrinsic 3a-HSD
activity as well as the l7a—HSD toward the androgens suggest that these
multiple forms are also important in the metabolism of androgens in this
animal, Unfortunatelj, there is a paucity of information concerning this
aspect ‘Although it was reported that the metabolites of testosterone were
rapidly and almost completely excreted (70-90Z7 in 24 hours) in the urine of .
intact male rabbits (Taylor, 1971) as glucuronides (ﬁajor) or sulfates (minor),
the identity of the actual metabolites were not discnssed.r However, it is
known that the sheep and the rabbit share a peculiar urinary and biliary

excretion pattern of estrogens in that one of the major metabolites 3is the

N
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170—epimer (Velle, 1963). Rgcently, androgen metabolism in sheep has been
studied (Yamamoto et al, 1978). It was found that when radioactive
testosterone, androstenedione or epiltestosterone were administered to the
animal, epitestosterone was the @éjor metabolite detécted in Ehe urine or
bile. In*the urine, epitestosterone was excreted both as a glucuronide and
sulfate but in bile it was present only as the glucuronide. Other metabolites
also as glucuronides or sulfates that were identified inqlude androsterone,
etiocholanolone and 5B-androstan-3ct,17B-diol. If this excretion pattern of.
androgens holds true for the rabbit a high activity of the ﬁ?i?)a—HSD_toward
androgens, may be of great relevance to the animal. In the rabbit kidney
where the 178-HSD 1s low, the formation of epitestosterone which is biologically
inactive may have a regulatory role in preventing the presence of a large
'aﬁount of biologically active androgens in the circulatory system. These
active andfogens may include testosterone or its reduced metaboiites,
So-dihydrotestosterone or 5So-androstan-3a¢,178-diol. These sterolds have been
shown to mediate androgenic actlon in various androgen-sensitive tissues
(Liao, 1877). view of the bioclogical potency of 5a-dihydrotestosterone and
Se—androstan-3a,17f-diocl and considering the.high activity of the 30-HSD which

y -

effects the interconversions of these twolste:oids, it is spéculated'that this .
activity is physiologically important. ﬁowever, it has yet to be establisged

whether testosterone metabolism is a step necessary for the expression of its

fuii biological activity. This also necessitates the study of the 50— or, the

5B-reductase enzymes. At this time, the information or the androgen metabolism

in the rabbit remains fragmentary.

W,
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It is of interest to compafe the 3(17)d—HSD of rabbit liver and
kidney with thé sex steroid-binding protein (SBP) of,immatufe rabbit serum.
This SBP has been purified to homogeneity (Mickelédn & Petra, 1978) and it
is a glycoprotein with é 30% carbohydrate content. The molecular welght is
variabie depeﬁding on the method of analysis but the value of 36,475 obtained
by equilibri;m sedimentation ultra—centrifugafion in 6M guanildine-HCL containing
0.1M mercappoethénnl is generally accepted the molecular weight of the nat'ive
SBP. This approximates the molecular weight of the %abbit kidney and liver
enzymes of our study. But a comparispn of the amino acid composition of the
SBPF (Mickelson & Petra, 1978) and the rabbit liver 170-H5Ds (Hasnain &

. L

Williamson, 1977) reveal significant'differenées. The former is a‘more
acidic protein as indicated by a higher ratio of Asx + Clx/His-{ Arg +‘ﬁys
compared to any of the multiple forms of the rabbit liverlenzymes. Hansson
et al, (1974) indicated a pl value of 5.2 fér tﬁe SBP whereas the rabbit liver
enzymes electrofocuseé above pH 5.7_(Haénaih-& Williamsoh,‘1925; also this
thesis). However one interésting.feature that is shared by the SBP and the
‘rabbit kidney and liver 3(17)c-HSDs is t@eir high'affinity for aﬁdrbgené.
Studies on the binding of varioué steroild hormones to the rabbit SBP show that
this p;otein is mainly an androgen binding protein, the bind;ng specificity
decreasesrin'the order: 5&*dihydrotestostef9ne, St-androstan-3u,178-d4ol,.
testqstefone,ieétrone, 17B-estradiol, progesterone, androstenedione and )
cortisol (Hénsson_g&_gl, 19}4;.Mickelson & Petra, 1978). We have‘shown in this
stgdy that the multiple forms of the 3(17)a-HSDs of rabbit kidney and liver are

egsentially androgen metabolizing enzymes, Another characteristic common- to

the SBP and 3(17)0-HSD is their multiple nature. This property has not been

2
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completely substantiated for the rabbit SBP although the carbohydrate content
‘has been implicated to be responsible for some of the observations such as _
the polydispersity of-the SBP on ultracentrifugation (Mickelson & Petra 1978)
or its heterogeneous elution pattern from. the ion exchange column chromatography

(Hansson et: al 1974) i aw

The peptide maps of the papain digests of the‘purified rabbit liver and
kidney 3(17)a—HSDs revealed small difference; in the structural composition
between the two-forms.in each of the tissues. The peptide patterns also
revealed small dirferences but signifieant homoiogy between the corresponding
enaymes from the two tissues. The apparent variation in the peptide pattern of the
two forms from the same tissue prov1des an argument against the occurrence of
these proteins as conformers (Kapian, 1968).which‘otherwise have the same
sequence but exist in'varying‘conformations. Instead, multiple similar genes
may be involved for the syntheSis oflthese proteins, these genes themselves
may stem from gene duplication during the course of evolutionm (Kaplan, 1968;
Williamson et al, -1973). Duplicate enzymes differ from a closely related
process, alleles of the same gene, in that the former are present in all‘ '
individuals of a species and alsc present in‘varying amounts in different

tissues. These criteria for duplicate enzymes are fulfilled by the multiple

forms of the rabbit kidney and liver 3(17}d—HSDs. From the substrate—’

specificity studies and peptide mapping data it appears:that the kidney II.
and ldiver IA enzymeskhave‘a similar gene distinct from the gene(s) for the
kidney and liver IB enzymes; :The unsuccessfullpeptide mapping of the kidneyl'
IB enzyme prevented its'comparison with the’liver IB'enzyme. However.from

substrate specificity studies and other characteristics it is likely that'
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these two proteins.come frem a similar gene. Shen and Kochakian (1979)
have reported that the male and female kidney of the guinea pilg contained

an identical gene for the 178 HSD.

.spontaneously converted to their_corresponding aci or in vitro

(Robinson & Rudd, 1974).l‘1n this.stndy oﬁlthe rabbit kidney and liver enzymes
it is possible that(successive deamidations.could endow the proteins with a
progressifely more negatire chsrgz. The high.contents of Asx+ Glx of the
rabbit liver enzymes ineicated by their amino acid comnositions (Hasnﬁﬁn &
‘Wllliamson, 1977) and presqpably in the kidney enzymes (since they have
‘similar peptide patterns) make the occurrence of deamidation probable. The
trend of increasing ac1dity of the rabbit kidney enzymes was observed by three
techniques v1z.‘polyacry1am1de gel electrophoresis, isoelectric focusing, and
ADEAE—cellulose column chromatography. The.iscelectric points or the
-electrophoretic mobilities in polyacrylamide gels of these multiple forms
revealed small charge differences except for the most acidie species. It

is unlikely that deamidation occurred during the purification procedures of
theserenz&mes since the same multiple forms were observed in the crude cytosol,

unless the process occurred as soon as the animals were sacrificed. Nevertheless,

i
)

deamidation of proteins or peptides has Been considered as a real. and
significent Eg_ygzg:modification step (Robinson & Rudd,.1974;~Uy & Weld, 1977).
Rabbit muscle.aldolase, a tetramer, offers a well characterized example in.
which deamidation of a particular asperaginyl residue (the fourth amino acid

from the carboxyl-terminal end).of each subunit gave rise to five enzyme forms
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(ﬁidelfort &‘ﬁﬁﬂler;7197é). The hydrolysis was found to occur in !i!g

with a half—life of ‘8 days. Cytochrome ¢ ‘of bovine heart has alse been

Lshown to undergo stepwise deamidation in vivo (Flatmark 1967). Moreover,

the in EEEES spontaneous conversion of asparagine to aspartic acid in a
protein antibiotic at weakly acid pH has been demonstrated (Maeda &.,
Kuromizu, 1977). Recently, Williams and’ John (1979) were able to generate
multiple forms of aSparate transaminase from.pig heart cytosol in gisrg at

PH 7.5 and 25°% by deamidation. The half—life‘was about 20 days. Moreover,
the more negatively charged forms developed in EEEEE were almost fully active.

.However alternative explanations for the difference in charge between the

" multiple forms of this enzyme have been proposed, one of which was the presence‘
.of different amounts of sialic -dcid in these proteins (Denisova & Polyanovsky,_

1973) The presence of carbohydrate has been shown to be partly responsible

for the multiple nature o%}aspartate transaminase from pig heart cytosol
(Denisova & Polyanovsky, 1973) or the adenosine deaminase found in human liver

tissues (Swallow et al; 1977) To date, no 178~HSDs of mammalian origin

(Burns et al, 1971 Pons et al, 1977; Kobayashi & Kochakian, 1978) or the

3(17)B-HSDs of bacterial origin (Schultz et al ’1977) have been shown to be

' L

glycoproteins. We have not attempted to measure the carbohydrate content (if
any) of the 3(17)a-HSDs of rahhit kidney and liver cytosols. - K

The nature of the microheterogeneity of the rabbit kidney and liver
3(17)0~-HSDs and a host of other -17-HSDs (see Introduction section é) remaing

unresolved. But certainly heterogeneity is a general phenomenon among 17-HSDs

and other HSDs. Aukrust et al (1976) demonstrated on polyacrylamide gel

electrophoresis 2~6 forms of 30¢~HSD from Pseudomonas testosteroni. The.rat

-
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'kidney 3u—HSD has also been shown to contain three enzymes capable of
\catalyzing the interconversion of Sardlbydrotestosterone and

Su—androstan-Ba 17B—diol (Verhoeven et al, 1976) Indeed, the recognition

'of isozymes or multiple molecular forms of enzymes in general has been well
documented in the literature (Markert 1977). | B i

Despite the universal occurrence of isozymes, the biological role &of

these multiple molecular forms of enzymes has not been fully evaluated,
ﬁreta.(19j8)'hypotbesized that ”metabolic pathways are unidirectional chain
reactions catalyzed by specific isozymes associated as polyisozymic complexes.'
It was proposed that the differences- in.the physiochemical.properties within

the components of- an isozyme system e.g., net'charge, are responsible for

.

such an assembly in the complex, It is tempting to speculate that the 3(17)a~

HSDs of this study might be assembled in such 2 manner in the cell. The.
multiple specificities of these enzymes toward both 3a~ and I7a~hydroxysteroids
and. their ketones, in addition to the occurrence of multiple forms' of these

enzymes may endow the animal with greater economy, versatllity or flexibility.

N
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GENERAL CONC‘LU'DII.\IQ REMARKS .

A new Stéfoid;metabolizing:énzyme, the 3(155d—hydrokysteroid .
"dehydrogenaéé‘of female rabbit kidney and liver cytosols'ié\gescribed in
‘this thesis. This enzyme exists in multiple forms in both tissues and
catalyzes the NADP(H)-linked rgyersible okidoréductiéﬁs of various 3u-\an&
l7u—hydrdxysteroids. Conjugated estrogens particularly the_3ngucuronidé
derivatives of l70-estradiol or estrone are good substrates compared to their
aglycones. However, In general, the Clngtefo;ds possessing either 30— or
17G—hydfoxyl and their ketqne fuﬁctions are better substrates than the

—_

estrogens or their derivatives.

-

The significance“of one of the multiple forms présent in beth the rabbit
kidéey and liver tissues is related to the metaboliSm of estrogéns in this
animal. This enzyme form (LIB and -KIB) is highly specific for l?u-esfradiol
3-glucuronide or estrone 3~glucuronide which afe intermediary compounds in the
inactivation pathway of l7a-estradiol, 17R-estradiol or esérﬁné (Layne, 1970; ,
Hasnain & Williamson, 1974; Layre et al, 1975). The 3-glﬁcuronide of 170~
estradiol is the only substrate for the transfer of N—acetflglucosamine f;om
UDPFN~acetylglucosamine to the steroid (Jirkﬁ & Layne, 1965; Coiliqs EE_&})
© 1968). The resulting,&gub;e conjugate is thén excreted in the urine (Layne,
1965). The, fact that the specific activity of both N-acetylglucosaminyl
tranéferase‘tdbllins Eg_gl, 1968) and the l7a-estradiol 3-glucuronide
dehydrogenase are high in the kidney coﬁpareq to those pfésent.in the liver
points to the importénce of‘fhe.kidney.in the detoxification mechanism. With

v -

' reference to the metabolism of androgens in the rabbit, it is unfortunmate that
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information is lacking to attach any definite significance of . the existence
of the various multiple forms highly specific for these steroids. Howevet,-*
enzymes which catalyze the intercéhversion of 5a—dihydrotestosterone and‘
5a—andteStan—3a,17B—diol may possibly.piay a2 regulatory role in‘androgen"
metabolism. -

Sufficient‘evidence has been presented that the 3a- and 17a-HSD activities
reside in the same protein and that the multiple forms of this enzyme are not |
artefacts but real intracellular enzymes. The peptide maps showed that the 1iver
IA and kidney II enzymes which exhibit similar substrate specificities may be
the products of one gene On the other hand, the liver IB enzyme which differs
.from the LIA and KII enzymes in substrate sPecificities may be derived from
another gene. At present, the origin of these multiple forms remains
unclarified.

The reguletion of these multiple forms is another interesting area ' yet to
be ekamined. Unpublished work in our laboratory has Indicated that these:
multiple forms are age-dependent. Perhans certain genes may not be fully
activated at all times and that their activity may be modulated by hormones -
accompanying the development of the animal.. If deamidetionlis an explanation
for the miero éterogeneity of the HSDs observed in this study the deamidation
’process may be age-dependent. In the latter situation, the acidic enzyme forms
should accompany|the ©lder animals whereas the basic forms should prevail in the
young. Indeed, age—~dependent changes in the degree of deamidation of glutaminyl
and asparaginy residues have been observed in a large number of proteins

(Robinson_&’ﬁudd 1974). Moreover, it has also been proposed that deamidation

may play a central role as a molecular timer of biological events.
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APPENDIX I

Reduction of NBT by Hydroxysteroid Dehydrogenases

Hydroxysteroid Ketosteroid‘

NADP NADPH,

CH3504

CUO

| .
s . %
O-¢ T oM g

n=-Nu-—- N
OCH:S HJC ¥

NBT (2 C17) diformazan
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APPENDIX I

Structures of Analogues of NAD?

NH, -
NF N; , B
Y- o

¥ |

'nicotinémide adeniﬁe dinucleotide : r
pyridine adeﬁine dinucleotide
3-aéétylpyridine‘adenine dinucleotide
3—c§anopyridine adenine dinucleotide = *
3—iodopyridine adenine dinucleotide
nicﬁtinamide 8-bromoadenine dinucleotide
nicotinamide'B—thioadeniﬁe dinucleotide

thionicotinamide adenine dinucleot%ﬁe

3-chloroacetyl pyridine adenine dinucleotide

nicotinamide [Sfbromo acetyl 4ﬁmethylimidazole]
dinucleotide ) '

CHp- 0-P—g— P~0~CH
i | 0 _
0 O

H H H

X X
~CONH, -H
H ~H
~COCH; -H
~CN - -H
-1 -H

.
-CONH2 -Br
~CONH, ~SH
~CSNH, u
~COCH,C1 —H
—CONH2 -H

except the adenine moiety
is modified as follows:
s

prCHa N
! '§.
HZC'- “-.N
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APPENDIX IIT
-

Structures of Modified Steroids used in Affinity Labeling

BrCHng

STBromoacetoxyestréné © +»~ léa~Bromoacetoxyestradiol
3-methyl ether

1
A

BrCHng A 0

s : ' : ‘ilnll,
: H3CO .
NHCOCH,Br

12g-Bromoacetoxy 4-estreme  4-Bromoacetamidoestrone
3,17-dione 3-methyl ether

A\ .

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

S
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