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SUMMARY “; o , S .
The 175-HSDase activity. in female'fébbits is ébncentrﬁted
“malnlx in three orqan 'livér, lircé inteqtine aﬁd'kidnev
.hhlle most of the 1,a NSDaqc act1\ t\ occur: in kldne\ and
liver, The cpec1f1c aCtl\lt\ of 178-HSBase is hlgher in the.
ll\ET than 1n the lene\ but the rexerse is true of the 17 &-.
) HSDabe dCtl\lt\ The 173 -HSDase actlrat\‘ln rabbit liver 1is
largelv cpecltlc for .the: nucxectlde YAD thie the bulk of
the l?c-HSDase‘activity is associated w1th'thé cofacter Napp®
* However, the solubie 178-HSDase act;éity of rabbit liver has
equal_sPécificities for boﬁh ;oféctofs. The . 17a-HSDase acti- h

- o L ) o ' -
vity in the cvtosol is highly specific for NADP ., - -

. O the basis of the intracellular distribution and spe-

e

cific activities of the lT—HSDasés a pbssiblé,pathtéy for

estrbggp-me;aﬁolism can be_péétﬁlated. Estrone or 178- estrﬂi
—iiecl, upoﬂ épiering tHe'livery can be conjugated by micrcsomal

glucurom}l tra sLerase to forn elther gstrone glucuronlde or

| 178-estradiols3-

lucuronide. The latter can be readll} OXA -
dized by ITB-HSDas

in the nicrosomes or in the c¢cytosol to

by

estrone glucuronlde I\the cytosol estrone glucuromde canl be ‘re-
duced by 17c HSDase to l/a estradlol 3- glucuronlde ‘This

{ . ’ . . -~
o ~



ordef of conﬁugation'and tﬁén reduction isApfobabiv:the most
fllkelv sequence based on the relatlve act1v1t1eq of the
Llffcrent 1,—HSDaHe< in the microsomes and the C)toqol  The ’ 7
'monoconwuqate is further conjugated at carbon 17 bv N-acetyl-
qluco:qmlnvl transferase te form the. double conjugate 17a—es-
'traalol 3- Qlucuronldc 1f-\ ac;tvlqucoxamlnlde ulldllHe\CreFed
_'in the urine, and is the sole urinary excretory product in
the rabbit of injected estrone; 178-estradiol or 17¢-estra-

diol (6, 7). » | R ' -

~ " " :
The 178-HSDase factivity of rabbit liver crtosol is dis-
N ‘ - . . .

tinct and separable f?BmmLhé“f}c-HSDase by the‘techﬁiques.of

ion- e\chanqe chromatography and 1soelectr1c£ocu51ng These .

-

two activities are also dlSLhnCt on the ba51s of thelir au-

cleotlde spec1f1c1ty, but similar in their pH- optlnum ad-

sorptlon properties ., on calcle Dhosphauebqel and elution
profiles upon gel flltratyon. One of the 178-HSDases, hhlch.
is pure, is also quite dl;kfent Ibﬁ 'ghe 17a-HSDases in its
primary'structure as.deteg?ed by peptide mapping.

-

The 17a-HSDase activity can be separated into three
main and one minor fraction by,ion-exchange_chromatography.
The third fraction (énzyme III) is essentially pure on the

basis' of nolyacrylamide gel electrophoresis at pH 8.3 and
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'qu—gel electrb@horesié. ‘Fractions.ildnd IT contain more 
fhan one-enfvme fraction._.EleétrOfocuSing of fraction I

ﬁ-:eparate: %ie activity into 3 pure enzymes hhlle a-similarx
treatment of fra;tlon IT1 separates the activity iﬁto 4 enzy-
mes, two of which are pure and the other two are Cross \

contaminated. None of the purified‘17a-HSDases can oxidize =

3

78-hydroxysteroids. All of the purified 1l7«-HSDases excepﬁ*'

IC have a higher affinity and a faster rate of catalysis for
the substrate epitestosterone when compared with estrogen

cubqtrates' Enzyme IC has 2 similar.MichaeliS constant and
Vmax for the two substrates 1l7a- e:tradlol 3- glucuronlde and
_epitestostercne. En:z yme "IC is highly spec1£1c for l7a-estra-
(/ diol 3-gluc@ronide when connarea w1th other estrogen sub-
,strates such as 17c- estradlol and 1ts glucosvl and galacturo-
nide ‘conjugates. Enzyme IIC has a similar Vmax for both epi-
testosterone and l7c-estradiol 3- glucuronlde but thlS en:y%e
has almost a 10 fold lower Km for.the androgen than the .
estrogen. The other estrogens tested w1th en_yme IICgave a
five fold lower specific activity than.the élhéuronide conju-
gate, * This suggests that proper orientétion of the.gluCuro—c

nide conjugate on en*vnes IC and IIC involves both the stereo-

5pec1fﬂc recognltlon of glucuronlc agid and the chargea car-

boxyl moiety. The questlon as to whether the ‘higher afflnltv

A

for the androgen substrates is due to an extra methyl group or

— d

I~
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due to the lack of an aromatic A ring is not resolved by :he‘
present studies. .

"The activities of enzyme IIC and III are not affected by

. . 2% U 24 2+ . .
the metal ions Mg™ , Mn™ , Ca” , Fe~ nor by EDTA and lodo-

' - T . .. |
acetafﬁfﬂ“ﬁoma@r Cu® inhibits ‘their activity by 50% at a con-
‘ » . - .~

centrationjof 1x10 ~M,
3 . _
The isoelectric points of the multiple 17e-HSDases range
from 5.72 to 6.68. The molecular weights of the purified
17¢-HSDases are all very close to the mean value of 39600

da}tdné. Enzyme III has the lowest molecular weight (38840),

. while enzyme IIC,with a molecular weight of 40500, is the

largest. -The amino acid compositions of the purified enzymes
are alsc very similar. Enzyme III shows distinct dissimilar-
ities for only amino acid residues, glx (glutémine + glutzmic
acid) and asx taSparagine + aspartic acid), when compared to
the amino acid com?ositions of the rest of the 17c¢-HSDases.’
However the peptide maps of these enzymes do :eveal sﬁall
differences in their primaf? structures. All of the evidence
suggests that the'17a-HSDases are very similar enzymes but,

nevertheless, have small differences in structure and func-

tion which mark them as distinct from each other. These-

differences are probably not artifactual, and are cue to

¢> : 'l 4
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elther small pre tranqlatlon varlatlons in the dlfferent
messages (multlgene theorv) or Sllth poqt -ttanslation gene
directed modifications of one main form (one gene theoryj(os);

-
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GLOSSARY
The following compounds are referred to in this thesis

by their trivial names.

Trivial Name : - Compound

M

Estrone . © Estra-1,3,5(10)-trien-3-o0l-17-one

17§ Estradiol Cstra-1,3,5(10)-trien-3, 175-

o

diol

17e-Estradiol . : Estra-1,3,5(10)-trien-3, 1Ta- :
diol )

Estrone glucuronide Estra-1,3,5(10)-trien~3-cl-17one-
3-v1-8-D-glucopyranesidurenic
acid

178-Estradiol : Estra-1,3,5(10)-trien-3, 178- :

- . . . 3 ~

3-glucuronide. diol=3-y1-8-D-glucopyranosidurenic

: | .
17c¢-Estradiol _ Estra-1,3,5(10)-trien-3, l7c-

-

35- 1 ! - 4 " ’ - : g "
5-glucuronide alol-a-yl-S-D-glucopyranos1duron1c

acid

R
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Trivial Name

17a-Estradiol 3-glucoside

-

17a-Estradiel 3-galactu-

ronic acid

17af£stfadi51.33g1ucuronide‘

17-N-Acetylglucesaminide

T " .

Testostercone
gofpitestosterone
Androstenedione

NADP "

xan”

GLOSSARY - “(Cont'd) -

. Comgound

Estra-1,3,5(10)-trien-3, 17a-

diol-S-Yi-S~B—g1ﬁcopyranosidu-

“ 1
ronic acid

q .
Estra—l,S,S(lO}-trien-sl/lTa—
disl-3-v1-8-D-galactopyranosi-

.

dureonic acid

=1

stra-1,3,5(10)-trien-17a-y1-2"
acetamino-2'-deoxy-8-D-glucopy-
ranosid-3-v1-5-Q-glucopyranosid-

uronic “acid .
. .

173-Hvdroxy-4-androstene-3-one

4-Androstene-3,17-dione

Nicotinamide-adenine dinuclec-

tide phosphate'

Nicotinamide adenine dinucleo-

tide
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GLOSSARY  (Cont'd)

Trivial Name

-

nappHl
NADH
UDPGA
' UQPNAG

- Tris
'_DEAE-cellulose;
Cv-cellulode -
DTT

EDTA

TEMED

-

CoonUnd

Nicotinamide adenine dinucléo-

tido phosphate

Nicotinamide adenine dinucle

(reduceqd)

-

(reduced)

-~

otide

Uridine-5'-diphosphoglucopyranc-

stduronic acid

Uridine-5'-~diphospho-2'-aceta-

mido-2'-deoxyv-D-glucopyrancside

Tris (hydroxymethvil) aminomethane/
Diethvlamincethylcellulose

“Carboxymethyltellulose

-

Dithiothreitol

|

Ethylenediamihertetraacetic

acid

N,N,N;N‘—Tetramaﬁhylethylene—

diamine

’ —_— -
1
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; GLOSSARY (-c_o'n't'dl o

Trivial Name : Compound N
PPO : T 2,5-Diphenyloxazole
$DS ' . " - . sodium dodecvlsulphate
Ketodase -, 8-Glucuronidase
s ¢ . -
UDPGalA ' Lo s, Uridine-S“Ldiphosphogalacto—
pyranosidurenic acid.
A o

1z
kT
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INTRODUCTION

Metabolism of Estrogens -

_J -
v . _ . _ .
The estrogens are cighteen carbon steroids with an aroma-

tic A ring. They promote the appearance of female secondary

. .- : ' . '
sex characteristics and the growth and deVelopmenthof female

‘

reproductive organs. hhen ltbeIled etrogen 1s 1n3ected into

-

an‘animal, the steroid aecunulate\ in the uterus, vagina, and

§ o
the anterior pltultary.- There is 2z concomitant increase in

mitotic activity and in the content.of endoplasmlc reticulun,

- . ' . K
protein and RNA in the -uterus and vagina (1). The importance

of the estrogens in their normal phyvsiological roles, and

-

their palliative effects upon certain tumors of the breast and

pPTros f'te gland (2) necessitated the study OEtghe regulation of

the blooc levels of these SLGTOICS. In Qeneral the circulating
A _

1evels of hormones are controlled by ehe rates of svnehe51s,.

Lhe rates of aegrﬂaﬂtlon and the eff1C1encv of the transport

system.

In.the rabbit, the liver is the mein metabolic organ for \‘
esfrcgens.- The steroid initiallf_enters the liver as the cir-
culating form, estrone {1) or 178-esﬁradiol‘but before excre-
rion in the urine there is a complete conversion tg l7c-es-
tradiol (3, 4, 5, 6, 7), which is excreted as the doudble glyco-

.

side 17c-estradiol S—glucuronide-17-N-acetylglucosaminide



+ . )

(6, 12, 13). Studies of the two transferase encvmes involved .=

show that glucuronvl transferase, which conjugates the 5- : 7

position, can tramnsfer glucuronic acid to the 3-hydroxyl .group B

of estrone or eithér of the estradiol epimers (11). The

et

-ac

(¢

vl

/7]

lucosaminvl transicrase 1S, on the other hand, higly

-

~specifitc for the 17a-hydroxyl group, and requires the ﬁfior
addition ofjglucuronic acid to the S-position'(ll, 14). . Thus

it is .of interest whether the addition of glucuronic acid

may precede, ox even facilitate, the conversion of estrone

and 1738-estradiol in the metabolic seguence. This thesis 1is
f ‘ .

concerned with a study of oxido-reduction by rabblit liver
-enzvmes of the 17 function of estrogens and their glucurenides.

Rabbit liver.preparations can also form the esgzoggn.
conjugates l7c1esfradiol(%—galacturonide (42j, l7c-estra-
diol S-galaptoside (43)Vénd'l?a-estfadiol‘S-glqcoside (46).
However these conjugates are not extretéd and as yet théir’

function in vivo 1is unknown. : d

Fl

Hvdroxvsteroid Dehvdrogenases

Hydroxysteroid dehydrogenases (HSDases) Promote stereo-,
. <« f ' . ’
specific and reversible interconversion of hydrexyl and carbonyl

g



Iz

‘.groups located on the steroid skeleton or the sile chain.
The reactions require pyridine nucleotlde cofactors énd'may be

»formulated aucordlng to the rolloulng equation (15)
hvdroquterOId * NAD'(NADP') T+ Ketosteroid + NADH(NADPH) + H

It has been suggested that discrete en:ymes are reéponsible

~

for oxidations at positions 3e-, 38-, 118-, l7a-,

-

8-, 200-,
208-, and 21- of the steréid molecu's (16). Several‘studies
with tissue sli;es and crude homegenate preparations have de-
monstrated the variety and distributio. of these reactions,.
'(17,1é) énd their presence in many orgaﬁismS‘ including bacteria,

fungi, and higher animals, has been documented (19),

-

17-Hydroxysteroid Dehvdrogenases in Animal Tissues

" Purification of liﬁhydroxysteroid dehydrogeﬂases'tl?-HSDases}
has been achieved from the cytosol of human term plécenta-(ze;
© 21, 22; 23}, the microéomes of porcine testes (24) and guiﬂea

.pig kidney cvtosol 625), while'partial,purification.has_been
obtazined from guinez pig liver cytosol (26), chicken liver cy-
tosol (27); rabbit liver cytosol (9, 10), and from fhe membrane
free haemolysate of human erytbrocytes (28). The human pladén-
tel 17gdestradlol dehydrogenase has been studied most e\ten-

sively. It consists of tyo polypeptide chains with a unit
| molecular weight (MW) of 34,000 and'aﬁ?aggregate MW, of 64,000
to'68,000 (29;30). Rece@ily, Engel and Groman.repor?ed the‘

fractionation of pure 178-estradiol dehydrogenase by iscelec-

Q



'trofocu51ng in acrvlamlde gels. The} obtained three promlnenta
and two talnt bandq by’ elther btalnlng for enzyme activity or
for proteln (32). hhen the enzyme aample has 1:oelectrofocubed
in the nresence of SM urea three protein bands were visualized
after :talnlng for proteln. On - tth evidenge the authors (323
-suggested that 3 different moneomers present';n unequal amounts’
could iﬁteract to form six-dimers. . Multiple forms of-l o
17-HSDases have.also,been'observed.in preparations ffom}female
Irabbit liver (9) ané male guinea pié kidney'(SS, 34j. In the
latter ;ase Koéhakién'gi._gg.:(SQI established.thdt at least
one of the main enzyme forms observed on acrylamide gels was
hormone dependent; Upon castratiﬁn of thé animals, they
observéd‘a disappearance oflone of the eniyme béndédwhich re-

appeared after testostercne treatment.

ALl of the 175-HSDases that have been isdlated or partially
purified from animal .tissues have a ng specific requirement
for the.cofactors, NAD" and NADP® (9 10,25,28,35,36). However
all these enzymes have an absolute sterecspecificity for the
178-hydroxyl, except for the rabbit liver 17-HSDase partially
purified'b§ Bgll and_Breuer (10) and by Thaler-Dao gE,gl,tQ).
- Ball and Breuer suggesteé that, on the bas;s of their data, one
enzyme was able to oxidize both the 178- and 17a-hydroxyl groups.
:However, it_should be kept in mind that their preparation was

only partially purified ané the possibility of the presence

of two distinc;genzymes was not completely excluded. Thaler-Dao



. . )
.

t.al, did not observe any 17a-HSDase activity in their rabbit

et.
liver preparation containing 178-HSDase .activity, but did %ind'
that one of their partiglly purified-i?b-HSDase fraetions alsb_
contained SaFHSDasé_acfivity‘ They suggested that, on the

basis of their evidence, the same enzyme was responsible for

the oxideo-reduction at positions 3o and 178. No other stercid

. : . o B o
dehydrogenase from any source exhibits this dual stereospeci-

ficity.

The l?S%HSDases have EroadAsubstrate ﬁpecificitics, in

that fhey can.effect the oxido-reduction of both estrogens énd
‘ : 3

~androgens. One exCeption is the en:ym% from human placental
whiéh has a chéraqﬁeriétic requirement for an aromatic A or B
ring or both (32). This would suggest a differentiation of
function among the enzymes isolated:from the placenta (a target
‘organ) and those from tﬁe liver {a metabolic organ). . The
female rabbit -liver 175-HSDases: (9, 10) arelthréé to four
times more active towards testosterone than estradiol, while
‘the male guinea pig kidney l7B-HSDases'are’thirty five fold
more actave towgrdé‘testosterone than estradiol. Human ery-
throcyte 178-HSDase has the lowest level of specificity with
activifies towards androstenediol, estradicl znd testosterone
in the ratio of Z to 1.5 to 1.5 (28). However, these results

can not be rigidly interpreted because of the lack of homo-

geneity in the enzyme preparations.’

The pH optima of the various 178- and 17c-HSDases show

striking similarities. The female rabbit liver 178- and

-




_l7a-HSDds s.(9 10), and the chicken: llwer 1/8 ~and 17w«-HSDases
[2,) e\hlblt 2 broad pH optlmum in a range from 9. O to. 8 Si
The guinea pig kidmey 17f-HSDases have a pH optimum in the
range from 9.4 to 10¢;,(o4) and similarly . the 178- HSDabe from
human erythrocytes is optimally activelwithin'a pH range of

L0 to lO 0 (28).  Finally, the 1/8 ebtradlol deh}drogenase
from human placenta also ehhlbltH a pH optimum at pH lO 0 (37).
Langer and Engel (37) showed experimentally that this pH
optiﬂhm reflects the ioni:ation of groups on-the enzyme rather
than on the phenolic hydroxyl of estradiol. The porcine testi-
ccular mlcrosonal 178-HSDase does not <hou the usual pH proflle

©and instead has a pH optimum between 6.5 and 7.5 (24).

The Michaelis‘constants which have‘been reported for the
various\l?—HSDases show a great variation, not only among en-
zvmes from different sourceé but also for the same enzyme in
the handé ¢of different workers. For example,‘Km values quotéd.

-6

for the human placental 178-HSDase are 2x10° V (20), 2x10 "M

(38) and most recently 6xI0 /L (36).  Table I lists the rate

constants for the various 178- and 17¢-HSDases that have been S
studied. It is interesting to note that the Vmax for human ‘
placentzl l?B-éstradibl dehydrogenase 1s one'hundred times

higher than the Vmax for the other enzymes listed in Table I.

* The study of the hydroxysteroid dehydrogenases of a grdup
of animals including horse, mouse, sheep, chicken, turkey and

rabbit gained a degree of importance when it was discovered



TABLE I

The Wmm'mﬁ.Michaelis Constants for 17-Hydroxysteroid

‘ cee N ‘
Dehvdrogenases from Different Sources.-

Source - Substrate . Km (M) Vimax (nmel/mg/min)  Reference

Rabbit Liver . 17a-estradiol  5.8x10°° 10 _ 10
- 17g-estradiol  3.5x107° 17 10

Port@ne Testosteronec 8 3?10’6 48 o 24
Testls o : _ 2
Chicken - : yn =5 AE ' -
Liver 17a e;trgdlol 1.2x10 ) | 1.0 27
176-estradiol  1.6x10°° 3.5 27

Rabbit Liver  Testosterone 3.0x10°8 - 9
Human. 17s-estraéiol 2.0x10"° 9000 20
Placenta R =
178 -estradiol  2.0x107° - 38

178 -estradiol 6.0x10" " . - 36

Human Testosterone ©1.7x10°° .- . 28

Erythrocytes
13 -estradiol 5x107° - ' 28




that these énimals were able to convert the 17S-hydr§xyl-of'
estrogens ﬁr-androgens to the_l?a—hydrokf& and subseﬁuenplyl.-“
excfe;e the product'iﬁ fhg urine (39). Ozon and Breuer (405 
and Dollefeld and Breuer (417 reported the presence of 17a-
estradiol- deh»drogenaHe activity in chlcken liver and horse
placenta'respectlxel}. Renwick and Engel (7z) part1allv erl-
fied the 17a- and 17B-HSDa§e.activities from the chicken 1iver
cytosol by chroﬁatography bn,DEAE-éelluiqsé and CM-cellulose.
These HSDase activities coQCErematographed on either of the
jion exchangers. Howevér, a partial separétion of the 178- and
17a-HSDase was achieved on Sephadex G-200. Similar attempts
to fractionate the two activitiés ffom femgie rabbit liver
cytoscl by Ball and Breuer (10} were uﬂsuccessful. Their.
'attempts‘includeq an ammenium sulphate fractionation, gel £il-
tratian on Sephadex G-200 and adsorption on,DEAE-cellulése and
" CM-cellulose. On.the basis éf this data and the results from
theilr klnetlc experiments, they concluded that the oxido;re-
duction of both 17¢- and 178- eeraalol in the rabbit liver 1is
catalyzed by a single enzyme. However, recently Crastes de
Paulet et. al. have achieved the separation of the two acti-
vities (9). By adsorption on DEAE-cellulose they fractionated
the 178-HSDase activity of female tabbit liver into three
fractions, ‘nanelv A, B and -C. Only fraction C was tested for
17¢-estradiol dehydrogenase act1v1tv and no such activity was -

found.




The wark:p;eéented in this thesis, mainiy'thelpurificé—
.tion and chéracteri:atioh of the 17-hydroxystéroid.dehfdfo-
‘genases of rabbit liver ¢yvtosol, ﬁas'undertakénofor the
folloﬁing feasons; firstly'tq study tH¢ importiﬁce of the
17-hydrﬁxysteroid*dehydrogenases.in the mgtabolic sequence of
éstrogens ih rabbit liver; to expiore the nature of the rela-
tionship between oxido-reduction of the estrogen and glutufo-
nidation: and lastly to resolve whether the 17c- and 178-estra-
diol dehydrogenage activities of rabbit‘liver cytosol are both
.due to thé same enzyme (10) ﬁr are sepera?le en:ymejaétivities
such as the chicken liver 17&4 and l78-estradiol dehydroge— |

nases (2Z7).

L
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MATERIALS AND METHODS

C

Materials

Chemicals and their origin are listed below.

Amersham/Searle Corporation (Arlingtdn Heights,_lllinois)

1 - 1‘:‘C—Aceti'c anhvdride, 175-[6;7~°H¢j estradicl and

-

[6,7-"H,] estrone

-

Calbiochem (Los Angeles, California)

Thermolvsin

Canadian Laboratory Supplies (Ottawz, Ontariod)

Iodpacetate; phosphoric acid and_silica gel N

(standard grade)

Eastman Keodak Co. (Rochester, N. Y.y
Acrylamide, bis-acrylamide and tetramethylethylenedizamine

(TEMED)

Fisher Scientific Co., Ltd. (Montrezl, .Quebec)

Ampholytes (LXB), ammonium persulfate, ethylenediamine-

tetraacetic acid (EDTA), and 2all buffer salts and

solvents
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Frazer. Medical Supplies Ltd. (Vancouver, BritiéhﬁColumbiaJ

B,S-Diphenyloxa:ole (PPO)

'Generql Biochemicals (Chagrin Falls, OQhio) |

Ammonium sulphate; (enzvme grade)

P !

~

Mandel Scientific Ce., Ltd. (Montreal, Quebec)

DEAE-cellulose

New England Nuéiear (Boston, Maés.)-
[1,2°H,] "Androstenedione, [I,ZQH?] epitestosterone

[1,2°H.,] testosterone

Pharmacia Fine Chemicals ~ AB (Montreal, Quebec)

- Sephadex G-735, superfine

Pierce Chemical Co. (Rockford, Illinois) .

Sodium dodecy§§§lﬁhate

Schwarz/Mann ({Orangeburg, N. FLJ

Amberlite XAD-2 resin




‘Sigmé ChemicaI.C6,' (St. Louis, Missouri)
Almbnd emuléiﬁ, androstenédioné; boviﬁe serun glﬁumin,
Sromophenol Elue, Coomassié B;illiaﬁt 3iue, cytochreome C,
diothiothféitol, l7a-estradiol, 17f-estradiol, ‘estrone, |
hyalufoﬁidaée TyperIV,‘ 1yso;ymg myoglobin, nicotinamide
adenine -dinucleotide phosphate (NADP+), NADPH, nicotina-
mide adenine dinucléotide (NAD'*_.)g NAﬁH, ovaibumin and
testosterone | |

Warner Chilcott (Teoronto, Cntario)

- Ketodase (beef liver B-glucuronidase)




oy

Methods = = - f“ .

'Preparation of Substrates

The biosvnthetic preparation of i?a—[é;T-JHg}‘estradiol

and 17&-[6,?-°H;].estradi01 S-giucuronide has been reported by

Collins et. al, [6], Layne 33..31. (5] and.Williamson 33; il-
t##).. To synthesize the required substrétes, the .authors were
abie to take advantage o¢f the f;ct that  the rabbit excretes’
l7c-estradiol free of contamination ?y the B isomer (35, 12).
Aboutr 35 IﬁCi(épecific activity 40 to 45 Ci/mmol)of either 175;estradiol or’
estrone was injected into a virgin female NewZealand r:%bbit . The
urine wﬁs cb;lected for 48 hours and then_passed‘over a column.
of Amberlite XAD-2 resin (4#).» The column was eluted first with
water and thén witﬁ methqnol as describéd by Bradlow {453).
The methanol eluate contained the double conjugate 17&[6,?-3H2]
estradiol S-glucuronide'i?—N-Acetyrglucosaminide. The methanol
>

was evaporated and the residue dissolved in 0.1M citrate

buffer (pH 4.2) ané then incubated with hyalurohidase for 48

hours. The product, 17&-[6;7-°H7j estradibl 3-glucuronide,was
extracted with ethyl acetate, pH 2.0, evaporated to dryness and
then made up to the required concéntrétioﬁ with methanol. -~
When 17&-[6,7-3H5] estradiol was required for metabolic studies

the glucuronide conjugate was dissolved in 0.1IM zcetate buffer,

-

pH 5, and incubated with ketodase for 24 hours. The reacfion

T

mixture was then extracted with benzene, the b;nzene extract
4 .
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evaporated, and then dissolved in methanol to give-the required
concentration. Substrates were tested for purity by thin
) . . ¥

laver chromatography. Final purification if required was dene

LS .

by thin layer- chromatography in benzene-ethyl acetate (7:3).

‘l?S-[é,?-SH:] Estradiol Sggluguronide was ﬁrepared accor-
ding to the method of.Collins et. al. (11, 46). A microsomal
suspension, prepired from femqle rébbit‘liver (11), was diluted
with 0.15M Tris-HC1 buffer, pﬁzs.U and -incubated with the nuc-
leotide, UDPGA and l?S—[é,T-SHv] gstradiol at 37°C for 60 minutés.
The reaction mixture was_gxtraqtéd’first_with ben:ene‘;nd then .
with ethvl acetate at pH 200 to quantitatively remove 17¢-
{G,T-Sﬁﬁ] estradiol 3-gkucuronide. Final purification for
either tritiated 17a¢- or 175-estr;dicl S;glucuronide was done
by thin layef chromatoéraphy in the solvent system methyl

ethyl ketone-water-benzene-ethanol (5:1:3:3).

The sfnthesis df the triﬁiated.galacturoﬁide of 17a-
éstradibl wés accomplished in the same manner as thelpfepara-
tion of fritiated 178-estradiol S—glucuronidé, substituting
UDP-galacturonic acid for UDPGA (42). The synthesis of tri-
tiated 178- and 1?a-eétfaaiol 3-giucoside was done according
to the method of Collins et. al. (46). The methyl ester of
tritiated 1l7¢- or 17B¥estradioi 3-glucuronide was synthesised by
‘reacting the steroi& in an éthanol-water‘solution (24:1) with
diazomethane. The steroid ester was dried and the residue dissolved in

methanol. The methyl ester was reacted with sodium borohydride
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. _ | g
for 30 min at Toom tempe;ature and then erporated to drvness.
The rebldue was taken up in a small volume.of dlqtllled water
. and e\tracted several tlme< hlth ethvl acetate. ,Flnal purifi-
-catlon, 1£.requ1red, was achleved by thin layer chromatography
.in chloroform-ethanol (4:1): All tritiated eubetrateq were

ldlIULed with T&leanTt steroid to give a final :pec1f1c actl-

vity of 3. SUC1/Lmol

-

Assav for 17-Hvdroxvsteroid Dehvdreogenase Activities

The inc¢ubation mixtures contained tRY following ir a to-

A

tal volume of 3 ml; steroid eubstrate'{specific activity 4.3
uCi/emolj, 0.003 umel<in 30 ¢l of methancl; NADP+‘or NADPH,

0.5 pmol: glvcine buffer, pH 9.5; 200 gumtol; en:yme'fraceion,
5-400 ul. Samples were_incuba;ed at 37°C for 30»min; The .
amount of en:yme added.to an incubation mixtﬁre was adjusted

so that the extent of substrate. oxidation (reductiom) was less than 405.

Incubations with i?S: or l?a-estradioi or estrone were
terminated by extraction of the incubation medium with § ml;
of benzene. "The organic layer was evapofated to dryness under
nitrogen,“'Radioinert 178-estradiol, l7¢-estradiocl and estrope.
were added to each benzene extract residue and the mixture
was then separated by:thin—layer'chromatography.on'silica
gel N in the solvent, system benzeﬂe-ethyl acetate (7:3).
The estrogens were visualised by spraying with 2% sﬁlfuric
acid in ethanol. - The coloured zones were scraped off the

plates and assayed for radiocactivity in a Nuclear Chicage

.
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Isocap 300 scintillation counter operating-at a trituim
efficiency of 405. Enzyme activity was determined by cél-\
culating_the percentage of radioactivity preSeht in the

estrone zone tfor_the oxidation reaction) or in the 17a- or
178-estradiol zore {for ﬁhe.re%uCtion reaction). When'egtro- -
gen glucuronides or galacturonides were incubated, the stéroids
were extracted with 5 ml of éthyl i;etate 3ft¢r adjusting the
incubation mixture to Pl 2.0 with 1.0 N HCl: The conjugates
were hydrolyséd for 14\hrs with ketodase (1,000 units} in

3 ml of 0.1M scduim acetate buffer, pH 5.0. The free steroids

were extracted with 5 ml of benzene and analy:zed by thin-

w
ct .

laver chromatography as described above for 17a- and 173-e

ra-
dioi. In inéubations with estrogenlglucdsides, the steroids
“were extracted with 5 ml of ethyl acetate and the-ethyl ace-
tate layer was evaporated to dryness._ The conjugates in each
incubation were hydrolvsed with almond emglsiﬁ (0.2 mg) in

3 ml of sodium acetate‘buffgr,;pH 5.0 for 14 hrs. The agly-

' cone was then extracted with 5 ml of benzene and the sub-

strate and product analyzed as describecd zbove for the free

estrogens. When androgens were incubated, the steroids were

extracted with 5 ml of ethyl acetate and the organic layer
removed and evaporated to dryness. . Radioinert testosterone,
epitestoétefone and and?ostenedione ih.methanol were added to
the residue and the mixture chromatographed on silica gel S

thin-layer plates in the solvent system chloroform-acetone

(85:5). The androgéns were visualized by spraying with a -



saturated solution of phosphomolybdic acid in ethanol. The

‘zones of colour were then treated as described for the estro-

*.gen substrates.

’

The recovery of incubateéd radicactivity after extraction

or extraction‘hnd ﬁydfolysis was SSj9S%. Control incubations
were performed either wifhouf enzyme fraction or without nu- -
cleotide #bfactd?s. Neither the extraction procedure nor the
en:yﬁitic hvdrolysis to fofm the aglycone caused the bxidation
of the l?S-_of lfa-hfdroxyligfoup. "The acéuracy cf the assay
~method was T 3% as determined by incubatiqnslcarried out in
tripiicaté.

- Protein ‘conce'ntration .was determined either by the meth_o’d
of Lowry'gg. al. (47) or by measurement of the zbsorbance &t

280 and 260 nmm (48).

Crude En:yme Preparation

-

All procedures for the ﬁurification Qf 17-ﬁSDaSes were
‘carried out at 0-4°C. A firgin female New Zealand white
rabbit waslkiiled by cervical dislocation and the liver was
' removed and immersed in ice cold 0.15M potassiunm chloride.
The liver was homogenized for one min. 1in a Sorvail omni-
mixer with fopr volumes of O;ZSM'sucrpse, containing 0.5m

. dithiothreitol (DTT). The homogenate was centrifuged for 30 min



at 10,000 ¢ and the sppernatant recentrifuged for 90 min-
at 105,000 g. The resulting-supernatant was used in the

purification studies.

Calcium Phosphate Gel Fractionation

Calcium phosphate gel was prepared according to;the method
of Swingle and Tiselius (49). A soluticn of G 5M sodium phos-
phate buffer,'pH 7.0, was added to the rabbit lifer superna-
tant EZO'mg protein/ml) te a final con;eﬂtration of ImM,
The‘supernatant was mixed with a calcium phosphate gel sus-
pénsion kSO mg solidé/ml) in a proportioﬁ of 1 ml of gel fo
3-5 mg of protein. . The mixture was stirred in an ice
bafh for 4S_min and then cgntrif@ged at 2,500 g for 10 min.
The supernatant was detéﬁted"éndithe pellet resuspenééd in 2.
volume of meM phosphate buffer tpH 7.0, 0.5mM DfT)‘that was
1.3 times the volume cof the original calcium phOSphate_gel
slurry. Thg mixture was stirred for 45 min and centrifuge&
2t.20,000 g. The supernatant was decanted and concentrated
to about 15 ml by ultrafiltration in a Diaflo apparatus
(Amicon Corp ) with a PM-10 membrane. The concentrate was
centrifuged for 15 min at 48,000 g to remove insgiuble

material.




Sephadex GQ?S Gel Filtratibn

“The boncentrated-én:yme'frdctibn (1300—1?00 mg protein)
_obtained by célcium phosphate gel fractiqnatibn waé appliqd

to a2 5.0 x 90 cm colﬁmn‘df Séphadex‘G-?S (superfine) that
had been prcviopsly equilibrated in 10mM Tris-HC1., pH 8.0,
0.5mM DTT. The column was elutéd with the same Tfis-HCl

_bufféf at & 'flow rate of 20 ml/hr. Ten ml fractions were
collected and assaved for ITtharoxysteroid dehydrogenase
activity.’ | | |

Pal

DEAE-Cellulose Chromatography (Tvpe. I)

‘The gel filtration fractions having 17-HSDase activity
were pooled and concentrated to approximately iS ml by ultra-
filtration. fhe concentrate (SOOImg protein) was applied to
g 2.5 x 40 ¢m column of D&AE—cellulbse, ﬁreviously equili-
brated with 10mM Tris-HC1, 0.5mM DTT, pH 8.0 (Tris-buffer).
Protein was eluted with 2 2.4 1 linear gradient of potassiﬁm
chloride from 0 to 0.25M in Tris-buffer at a f;ow Tate of
40 m1/hr, Ten mi fractions were collected and assayed for

17-HSDase activity.

DEAE-Cellulose Chromatogréphy {Type I1)

3

In this procedure a protein sample (300 mg) pﬁrified by

gel filtration was applied to a DEAE-cellulose column



2.5 X 40 cm) previously equilibrated with Tris-buffer. con-
_talnlng 75mM sodium chloride. Protein was.eluted first‘#ith
a 2.0 l linear gradient of sodium chloride from 25mM to 70mM
in the equlllbratlng buffer -at a flow rate of 40 ml/hr. fhén
a second 1.5 1 llnear qrqdlent from 70mM to 100mM was passed
through the’ column to elute the remaining 1f-hydroxyster01d

dehydreogenase activity. Ten ml fractions were cocllected and

"~ assaved for 17-HSDase activity.

~

Electrophoresis in Polvacrvlamide Gels

" Polvacrylamide disc gel electrophoresis was carried out

in the pH 8.3 Tris-glycine buffer system as described by

Davis (50) except that the acrylamide monomer concentration

was 10%. When gels were pre-run, a stacking ge-.#as omitted
from the procedure. After electrophoresis of the sample, the
gels were fixed with trlchloroacetlc acld (l 5%), stained
w1th-Coom3551e Brilliant Blue (0.2%) and destalned with a
solution of ethanol—atétic acid (25%-10%) and then acetic
acid (10%) (51). By this method of staining, a fraction of
a ugm of protein can be visualized. ‘Protein samples were

dialysed against Tris-HCl buffer prior to electrophoresis.

Determination of Enzyme Activity in Polyacrylamide Gels

Polyacrylamide gels were prepared as described above except

that 10 times the amount of enzyme.was required to visualize



bénds of'ehzyme activity. The 17 -HSDase activity staining
procedure.of Liu and Kochakian (34} was followed.with siight

modification. * The reaction mixture contained; 9 mmol of

D

-sodium carbonate buffer, pH 9.5; 63 umol of either epites-

tosterone or testosterone in 3 ml of propylene glvecol; 2 mmol
+ '

of NADP ; 23 mg of Nitro Blue tetrazolium; 0.54 mg of phena-

zine methosulphate; in a final volume of 90 ml. The gels

were incubated in the dark at room temperature until bands of

enzymatic activity could be seen.

Isoelectric Focusing

.Iédelectric focusing was performed.according'to the pro-
cedure described in the manufacfurer‘s instruction manual,.
In a preliminary experiment ampholytes with a pH range of
3-9'were used to establish the cenditlions required for the

successful isoelectric focusing of 17-HSDases over a narrow

pH range. A sample of 174- and 17g-HSDase (40 mg), partially

purified by calcium phosphate gel fractionation and gel fil-
tration onlgsﬁhadex G-75., was dialysed to reduce the ion
content to below 0.5 mmol, A linear gradient of glycéroi
from 65% to 4%, including the enzyme and ampholytes (2%; |
pH 3-9),was formeé manually 1n an LKB 4102 electrofocusing
column‘df 110 ml capacity. The gradient was layered over the
anode solution (70% glycerol, 1% phospﬁqric-acid) and finally

the cathode solution (1% sodium hydroxide) was layered over

) -




. : o :
-——+&—the gradient. One watt of power output‘was maintained for
the duf?tion (5 d&y;) of the_electrofocusing.procedure. After .
electrochusing was cempleted, the column contenfs were'drained
.and collécted in one ml fractions. The ﬁH of the fréttions
was determined - immediately and the. fractions were assayed for
l?a-‘and'1?B?estradiol'dehydroéénase activity. - -
‘In the ensuing electrqfocusing,e&periments 3m?hﬂly§§§5iﬂu
a pH'rangg of 5-7 or 5-§ were uséd to obtain a fine resoiu-
tion of enzvme activities. Also, the LKB 8102 electrofocusing
column with a capacity of 440 ml was substituted for the
smaller columni mentioned above. In most experiments’ a linear
_grédignt oflsucrose (47% to 5%, w/v) replacéd the glycerbll
gradient and in all experiments DTT was added to the gradient
to give a final tondentration ct 0.5mM. The salt concentration
in the sample to be focused was reduced td lower than 1.5 mmol?
ﬁhen a narrower pH range was.required, it was prepared by one

of two methods;. a preliminary electrofocusing of ampholytes

(pH 5-7) without enzyme to obtain the desired'range; or elec-
trofocusing ampholytes and enzyme in the preliminary run to
obtain the desired narrow pH range. The fractions containing
the réquired range of ampholvtes were poq}gd and used to form
the second gradient as described before. VWhen a narrow pH
‘range of ampholyte§ was required the ampholyte concentration
was 5% in the preliminéry run. The usual aripholyte conceqt}a—

tion in the second electrofocusing experiment was about 1.5%.

Electrofocusing was carried out for 5 days and a total power
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load of 2 watts was maintained-for that duretion. After-elec-
trdfoeusing the column contents were'drained.and 2 ﬁl'frac:
tiens collected, The pH of t@é fractions was}determined and
the_ﬁractions assayed for enzyme activit?. Fractions con-
- . . -
taining enzyme éctivity wvere pooled, concentrated and then
Sdialyzed against Zi.ofIOmM glycine;HCI,(LSmM DTT;‘pH 8.5

and concentrated again. Dialvsis and concentration of the
sample was done in an \nlcon ultrafiltration cell attacned to

a 2.5 1 reservoir. The concentrated fractions were used for

further characterization studiles.

Molecular Weight Determination

'\/,..-———-D—- . .
calculate the molecuiar weights of the en:zyme fractions.

The procedure of Weber and Osborn (52)%was followed to

Samples: and standard proteins were incubated at 60°C for 10

min in sodium phosphate bﬁffer, pH‘T.O, containing 15 sodium
dodecyl sulphate (SDS). The gels were stained as described

for Davis gels. The following protein standards were used;

bovine serum zlbumin, ovalbumin, mfoglobin, lysoiyme and

¢ytochrome C.

Amino Acid Analysis

Samples were dialysed extensively agalnst distilled water
and lyophlllzed. Each sample (about SOLg9 was dissolved in

0.5 ml of a 5.7 N HC1 solution and transferred to a heavy wall



ﬁyrex gléss.;ube. The‘solutiOn Qas frozen, tﬁé tube constri-
'cted, evacuated for 15 min, ﬁealed and‘then placed 1in an
oven at 110°C for 24 hr. The hydrolysate was dried under
nitrogen, resﬁspended in li;hium-citfate buffer, pH.Z.O, and'
applied to a Cértridge.' The analysef used was a Durrum D-500
single column multisample amino acid aﬁalyser equipped with-
an automatic ihtegrator.'.The analysis was done in Dr. M.
Yaguchi's laboratory at National Resegrch Council by Mf. C. A

Roy.

Peptide Mapping with Micro Quantities of Enzyme

Because of the small amount Qf'profein available after

the purification procedure, the conventional peptide mapping, ‘

which emplovys stainiﬁg with niﬁhydrin, could qot‘be used.
Therefore z mew procedure was detiéed which involved the de-
.rifati:étion'of lvsyl residues with the radioactive reagent,
acetic anhydride. This technique, which is similar to that
used by Kaplan et., al. (53) to isolate lysyl reptides 1in com-
petitive labeling studies, permits the'coﬁparisoﬁ of the pri-

mary structures of extremely small amounts of protein in the

rd

-fellowing manner.

A

About 100 pg of each enzyme fractiomn was extensively
dialysed against 8M urea at room temperature. Each sample
was adjusted to a final volume of 2.5 ml to which 0.5 mg of

sodium borate was added. The pH Stat was adjusted to an end



point 6f pH 9.0 and‘the syringe was filled with 6N sodium
Vhydtoﬁide. Thélsample was.piaéed in a ceii equippe?-with a’
stirrer. To the sgmple.12§ uCi of acetic anhfdride (specific
'aétivitv JO‘ mCi;hmd&) in 0.4 ml of aceto nitrile was added
and the mlxture allowed to react for .5 min with constant agi-'
Lation An excess (50 ul) of inert acetic anhvdride was

added to the sample in 12.5 ul volumes over a period df 5 min.
' The mixture was stirr 4 for another‘s ﬁin and.thgn the next
‘cample was treated in the same manner. After acetylation,

all the samples were- alalvsed extensively against 0. S% am- .
monium bicarbonate and the dlalysate monitored by liguid

" scintillation counting to determine wﬂen'all the unbound ace- .
tic acid had been removed. The contents of the dialysis sacs

were emptied into test-tubes and to each sample 2 ug of Ther-

molysin was added. The sdmples were incubated for 4 hr at

7°C and then 1lvophilized. All samples were subjected to

wl
-

high voltage elecﬁrophoresié in the following manner. The

samples were dissolved in 0.2 ml of pH- 6.5 electrophoresis
buffer (acetic acid-pyridine-water, 0.3:10:90) and spottéd

| on a large sheet of Whatman No.VS paper. Dansyl zrginine
and dansyl sulfeonic acid were also applied tp'the sheet as
fluorescent markers. ‘The sheet was then buffered and elec-

. b

trophoresed in the pH 6.5 buffer sys?ém described above.
After 40 min of electrophoresis at S‘kilovolts the sheet was

removed from the tank,-dried, and then placed under photo-

graphic film for 5 days. With the aid of the developed film,



‘a strip confaining the radioactive peptides‘waﬁ cutlout foé
each of the samples. ?his strip was sewn onto Whﬁfman.No. 3
paper and the dansylated markérs were applied to the length

of the stgip. The sheet was buffered and_re-elgctrbphoresed
in the pH';.l buffer ;ystém_(acetic acid-formic ‘zcid-water,
§:2:90) for 10 min at 2.8 KV, E#ch sheet was dried and placed
under photogréﬁhic film for'sufficient fime to fuli? exposé
and devclop the areas of radicactivity. Béfore placing under
film,.sheets'gere marked with radiocactive ink te allow proper

alignment after developing.
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RESULTS
Part I:  Preliminary Investigations on 17-Hvdroxysteroid

- Dehvdrogenases from Rabbit

1. Tissue Distribution of 17-Hydroxvsteroid Deﬁydrogenasésv‘

Tﬁe liver; spleen, kidney,'small intestine, large 1intes-’
fine'and-uterus, were exciééd from a virgin female rabbit and
ﬁomogéni:ed ;s-described earlier. Assays were conducted to
determine whether tﬁe various.tissuerhomogenates contained
either NAD® or _NADP+ dé;__)'en'dent_ l?-_h}‘c_iroxysteroid dehydmgenﬁe activity
towards the substrates 17S—estradiol,'l7q:estradiol, 178-estra-
dioi 3-glucuronide and l17a-estradiol 3-glucuronide. Table 2
lists the results from this experiment. The livef'homogenate
contained the highest levels of 178-estradiocl and 17f-estradiol
S-glucufonide dehydrogenase activities. _NAD+ was the pre-

ferred cofactor for the liver 178-HSDases while the kidney

enzyﬁes had little or no preference for elither nucleotide.
The large intéstine 17R-HSDases were 2 to 3 fold more active
witﬁ NAD T than NADP ™. -The small intestine, spleen and uterus
had relatively low levels of 178-HSDase activity with bgﬁh
cofactors.

-

Théﬂkidney homogenate'appeared to contain the highest

level of 17a-HSDase activity for the substrates 17c-estradiol



TABLE 2

The homoéenatés of all tissues were prepafed as described feor
rabbit liver in the section on methods. Thé small and large
intestines were first flushed extensively with water to eli-
minate dll conténts; The crudé homogenate fractions werel

incubated with the different substrates as described.

i
3.
rx‘



"TABLE

[/

Tissue Distribution of NADY “and z>cv+:cto:;o:m

17-hydroxysteroid dehydrogenases

Enzyme Activity wunits/mg

"178-Estradiol

178-Estradiol

Hug-mmnamaon

Fissue 17a-Estradiol 3-glucuronide 3-glucuronide
NAD NADP NAD NADP NAD NADP NAD NADP
Liver ! 350 60 0.5 9.6 250 27 0.3 ‘54
Spleen 1.5 - 1.8 0.03 0.03 0.17 0 0.3 0
Kidney 24 39 8.4 17 13 13 20 116
Small .
Intestine 4.0 X 8,5 0 0,04 1.9 3.4 0.6 0,04
Large : . R .
Intestine 41 16- 0 0.07 24 7.5 0.34 1.8
Uterus 0.12 - 0.3 0,01 0,02 0,07 0.07 0,2 0,2

-

el

-

-
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and 17a- ebtradlol 3—51ucuron1de.\ In the assay - contQ1n1ng lf&‘
estradiol the kldnev 17& HSDase had a2 fold greater activity
with.NADP than V&D . uhereab in the assay contalnlnc 11& estra-
dlol 3- Qlucuronlde the activity was 5 fo!d greater with V%DP .
Although the le\el of 17¢-HSDase activity was lower in the
liver homogenate whqn compared with the kidney, the activity
with NADP+ was 20 and 180 fold greater than with N iﬁ the

a

i

says with substrates 1Ta-estradiol and l7g-estradiol 3-glucu-
ronlde, respectlv ely. The small intestine, spleen, 1arqe in- -
tectlnc and uterus contalnea relatlvelv lower levels cf

17a-HSDase actlv1ty when compared with kidney and liver.

In the liver homogenate, the NAD" specific I?S;HSDase
‘activity was almost 1000 fold higher t};an the Nm+specific 17¢-HSDase
activity.. However_;he NADP épécific l?c—estradipl-sjglucuro-
r@dedehfdrogenasa activity Qas equivalent to the 173-estradiol
dehydrogenaée'NADPT specific activity. The NADP+ specific
17c-estradicl dehydrogenase in the liver homogenate haa'the
lowest‘level;of activity of any of the 4 en:yme activities

examined.

2. Substrate Specificity of 17-HSDase in Rabbit Liver Cytosol

The supernatant, prepared from the 105000 g centrifugaticn

rabbit liver homogenate, was assayed for NADP” specific

- o
v Hh

-HSDase aétivity with the substrates 175- and l7¢-estradiol




TABLE 3 - . ° L ' B

lf-HvdrO\vqter01d Deh\droqenase &ct1v1t\ in

Rabblt leer Supernatant

Substrate | . | Enzyme activity
' ' (vunits/mg protein)
+ .
NADP NAD™
17 2-estradiol . $8 o1
17 c-estradiol 61 1,5 ’
17 3-estradiol . 490 o _ :
5-glucuronide . : ‘ :
17a-estradiol” 275 .
‘3-glucuronide =

The 105000 g rabbit liver supe*natant was assayea for

17- hydroxyster01d dehydrogenase act1v1by ‘A unit of enzyme
activity 1is defined as the amount of enz yme cata1y51ng the
_oxidation of 1 umol of substrate per minute under the

specified condition




-

and thelr glucuronlde con1ugates (Table 3) ‘ﬁn*vme*activitv
' roward 178~ t<£rad101 was l 'S times that observed hlth lrc es-
tradlol. The'act1v1ty Was, however reversed in the case of
the glucuronide substrates , since l7a-estradiol 3-glucuronide
was oxldl_edlat 7 tlmeq the rate of'phe lTSrepiﬁef. The
17¢-estradiol S-glucuronide dehvdrogenase activity-was the
highest observgd_for any ofithe substrates. NAD® was not an
effective cofactor for l7a-estradicl dehyd:ggenase since:the
activity with NAﬁP+ was about 40 fold higher. However 17E-°
-estradiocl déhy@pogenasé was équqlly'actife with either NADP'

or NAD'

3. - Dehvdrogenase Activity as a Function of Time

The 17-HSDase activity in the rabbit liver cytosol was
partially purified by 35-75% ammonium sulphOte fractionation.

This preparation was used to establlsh the time course of the

[}

17-HSDase reaction under the assay conditions described earlier.

Assays with the substrates, 17a-estradiol‘34g1ucuronide and

s

175-estradiol, were terminated after 10, 20, 30, 40 and 50

minutes and the time course of the reactions plotted (Fig. 1).

The curves for both substrates were linear up to at least 30
min. The, rate of the oxidation of 17e-estradiol 3-glucuronide

was slightlyrhigher than that of 178-estradiol,

"y
i
.
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FIGURE 1

—

P

The 17-Hvdroxvsteroid Dehydrogenase Activities

as a Function of Time

The 35-75% ammonium sulphate fraction of rabbit liver cytosol,

containing 17-HSDase activity, was incubated with 17c-estra-

diol 3-glucuronide and 175-estradiol. The reactions were

stopped at 10, 20, 30, 40 and 50 min intervals.

-



P MOL PRODUCT FORMED

1750

1500

1250+

1000+

750

- 500¢

250

< 170-ESTRADIOL
3-GLUCURON IDE

__178-ESTRADIOL

507 60

© TIME (MINUTES)



FIGURE 2+

The»DéEendence of 17-Hvdroxystercid Dehydrogenase

o . o
Activity on NADP C(Concentration

The 35-75% ammonium sulphate fraction of rabbit liver cvtosol,
containing the 17-HSDase activity, was incubated with 17c-es-
tradiol 3-glucuronide or 178-estradiol and increasing concen-

trations of NADP',
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4. Déhvdrogenase Activitv¥as a Function of NADP Concentration
L] B

The 17-HSDase activity In the 35-75% ammo

um sulphaté
'fraction was incubated with the subSt}ates l7a-estradiol 3-glu-
cprsnide or l78-estradiol and increasing concentrations of
NaDP”’ to determiné its saturafién level, The/édrves plotted

in Fig. 2 indicate that l7e-estradiocl 3-glucuronide dehydro-
genase yas'satura;ed at a lpwer'concentration (33 umpl/l) thén.
17f-estradicl dehydrogenasé (167'ﬁmol/1). The curves also
suggest a higher Vmax and & lower Km for the-reduction of

NADPf in the‘présence of l7e-estradiol Siglucpronide than

17R-estradiol.

P

5. Dehvdrogenase Activity as a Function of pH

The pH depéndance of the l?—ﬁSDase, fractionated by am-
monium sulﬁhate précipitation, was determined by incubating
the substrates l7a-e5tradi§l 3-glucuronide and l?s-éstradiol
at several different'pH-in the range.of pH 7.0 to 11.0.
Tris-IC1 (0.1M) was used to buffer the assays in the lower
pH range while g;ycine-HCI (0.1M) was used to buffer the
assays at higher pH values. The curves plotted for the oxi-
_dation reaction for the two substrates in Fig. 3 show that
both enzyme activities have bfbad pH opfima; The 17f-estra-
diol dehydrogenase activity was optimal frém pH 9 to 9.5
while the l1l7c-estradiol 3-glucuronide dehydrogenase activity

¢ '



‘FIGURE 3

The Dependence of 17-Hvdroxvsteroid

Dehvdrogenase Activity on pil

-

The 35-75% ammonkum sulphate fraction of rabbit liver cvtosol,
containing 17-HSDase gcfivity, was assaved with 17e¢-estradiol
3-glucuronide and 17g-estradiol from pH 7.0 to 11.0. Tris-HCI

S (0. 1M) was used in the assay with 1l7e-estradiol 3-glucuronide

from pH 7.0 .te 10.0 and in -the assay with 178-estra

.
O

'—J
rh

1 CTon
pli 7.0 to 9.0. 'Glycine-HCI-(Q.IM) was used in ﬁhe' $savs 'In
the pH range from $.5 to 11.0.

¥
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was optimél from pH 9.5 to ;0.0: The 17a-estradiol 3-glucuro-

nide dehydrogenase activity declined more steeply at lower

pH values than did .the 178-estradiol dehydrogenase activity.

iy
.

{
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DISCUSSION

-

- . I

The results on the tissue distribution o%_i?-HSDaﬁe in
the rabbit, as 1£sted in Table 2, reaffirm previous.evidence.
that the liver is the main site of estfogeﬁ metabolism (1).
The 173-HSDase activity in the liver‘is significantly higher

than that 4in any other organ that was examined. - This acti-

i

vity-is associated mainly with the NAD" specific I?B-estfa—
diol dehydfogenase. The relatitely high level of 17a¢-estra-
diol and l17¢-estradiol S-Qlﬁcuronide dehyd;ogenase activities
in the kidney is, at first, difficult to reconcile with the
“results of Layné & Quamme (54). When these wor?ers perfused
rabbit liver in situ wifh blood containing trifiated estrone,
in order .to exémiﬁe'its metabolites, -they discovered that
complete'conversion to the double conjugate 17a—estradio;
3-glucurcnide 17-N—acetylgluco§aminide occurfe& within the
liver. One possible.éxplanatioh fof the ‘high levels of
17¢-HSDase activity found in fhe kidnef may be that'it serves
as z safety mechanisﬁ for the detoxification of éstrogens'
which could possibly be de-conjugated after leaving the liver.

This explanation is supported by fact that the rabbit kidney

also contains N-acetyvligluccsaminyl transferase.

From a comparison of the levels of l17w-estradiol and

lTa—estradioi 3-glucuronide dehydrogenase activities in the



-

liver homogenate it would.appear that the pathway for estro-

gen metabolism probably involves first, the conjugation with

’ r

glucuronide at position 3 .and then a conversion from either
178-estradiel 3-glucuronide 'or estrone 3-glucuronide to .
l17a-estradiol 3-glucuronide. The conversion.to the 17q-

. epimer prior teo conjugation at C 3 on the steroid ring is

probably not a major step in the pathway for estrogen meta-

bolism.
It is interesting to note in Table 3 that the levels of
activities of the 17-HSDase in the soluble fraction of rabbit

I

liver homogenate is quite different when compared to the

S

whole homogenate. I: becomes'aﬁparent that, while the majo-
\\kiéy of the ;Ta?HSDase activitf is localized in the soluble
fraction, a éonsideraﬁle amount cf the 178-HSDase activity of
rabbit liver resides in the microsomal fraction. The NADf to
NADP™ ratio'for 17B-éstradiol dehydrogenaée activity decreases
from 5 in the crude homogenate to 1 in the scluble fractioﬁ
while the similar :éfic for l?gfggi{ifiol dehydrogenase
éctivity decreases 25 fold: The lack of nucleotide speci-
ficity exhibitedlby l?ﬁ¥eétradiol-dehydrogenase is similar
to the results reported for the human placental 178-estradiol
dehydrogenase (35). On the basis of this result and kinetic
data a transhydrogenase function was proposed for the placen-

tal 17B-estradiol d¢ehydrogenase (55). This function may

[



al:o be- applicable to the 17 £- estradiol deh)droqenabe fiom

abbit liver CVtObOl

“The dafa presented in Fiqé 1, 2 and 3 indicated that
_under the conditiona of the abqav’there 1: a difference in the
behaviour of ‘the 17&- and 178-HSDase activities. This data
and the évidence presented in Tables 2 agdiS clearly suggeste a.
- the prqsence,of'two distinct HSDase activitiss, one for the
oxido-reduction of thé l7c¢-hydroxyl and the other active to-.
wards the ITS-hy roxyl, in the rabbit.livgr cvtosol. Thié"

pessibility was supported by earlier work on the separation

-

¢f 17a- and 1764HSDase activities from chicken liver (z7)

bui waé called inte question by Breuer's inability to sepa-

" rate the same activities from rabbit lIiver (10)., We therefore
‘attempted to determine whether 17c¢- znd 175-HSDases are/i;\\\
fact two distinct and separable enzyme activities in rabbit
liver cytosol_aé.wés in@icéted iﬁ the preliminary resuits.
During the course of separation_Af these two activitlies in
our lébdratory, Thaler;Dao et. al. (93 published results con
the partial purification of three. 178-HSDase fractions from
raﬁbit liver cytosol. They showed that one of these fréc-

. ’ <
tions did not contain 17a-HSDase activity. They did not,

however, monitor the. 17c¢-HSDase activity during their puri-

fication procedure.
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RESULTS

Part II: furification of 17-Hvdroxvsteroid Dehvdrogenases

N -
-

1. Calcium Phosphate Gel Fractionation and Gel Filtration

The calcium phosphate geT—/g%éctionatibn of the 105000

e

supernatant of rabbit liver resulted in a 2 fold purification.

of the 17-HSDase activities (Table 4) but produced no separa-

tior of .the 17a- and 173-HSDase.activities. Almost total

recovery of thesen:zyme activities was obtained with this

: . ! _' . ‘, ‘,‘
procedure. This fraction was further purified by gel fii- ‘é;-

tration ‘on Sephadé¥® G-75 superfine as-ghown in Fig. 4. The
colunmn fractions were assaved for activity toward | both

l7c¢~ and 178-estradicl and the®r®glucuronide conjugates. ALl .

>

. o - . 3
four enzyme activities were retiined on the gel and co-chroma- ‘

tographed, but only the curves for 17c- and 178-estradiol
. ' . . .-
dehydreogenase activitie$ were plotted in Fig. 4. A small

r

p;bportion_of the totzal l?é;HSDase activity migrated faster
than the bulk of the activity and wgé eluted between fractions
65 te 70, free of 17&-HSDase-activity. When it was necessar?
to furthef reduce the level of the coﬁtaminating protein,

the 17-HSDaser fraction was re-chromatographed on the "same gel

filtration column.  This precedure usually resulted in another

. 1.5 to 2 fold ;ncrease'in.specific activify (Table 4). The -

-. »

=k



FIGURE 4

Gel Filtration of 17-Hvdroxvsteroid Dehvdrogenase Activity

Thé 17-HSDase activity frécLlonated by calcium bhbSphété Qai
was furthCi purlfled b\ gel flltrqtlon on a Sgphade\ C—'S-
column (* X 90 CmJ,wcqulllbrated in 10mM Tris- HCl rli §.0 awd
¢.5mM DTT (1r1<~HCl buffer). The void \olume of the COlU“1
- was 500 ml.  The column fractlon: (10 m1) were assa\ee for-
17-HSDase éct1v1ty-w1th-the subbtrates 170~ estrﬁdlol ard I7

estradiol. Usuzally 10 to 20 ul aliquots of each column fraction

were used in the assay.

tae

)
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fold purifjcation of_en:?me activi:y and the peréent-recoveryf
at each s&ep of purification are listed in Table.4.

Y
N

2. DEAE-Cellulose Chromatography (Tvpe I)

' The combined l?-HSbasé fractions from the gel filtration

column were concentrated and subjected to DEAE—éellulose chro--

~

matography. Thé elution-paftern for this ﬁrotedure is shqwﬂ
in Fig. 5. The column frabtions.were assayved for activity
towards 17a- and 17f-estradiol and their glucuronide conju-
ates. The dehvdrogenase éctiviqies for-l?a~estraéiol and
17a-estradiol S—glucurpﬂide (Fig. S5, peak A) wefe eluted
togethér with 0.08M NaCl.: Although no separation ¢f l7a-
estradiol dehydrogena§e from_thé I7¢-estradiol 3-glucuronide
dehvdrogenase was achieved, the enzyme éctivities were re-.
solved into 2 peaks'whiéh occurred in tubes 64 and 73 res-

pectively. =

The majority of the I?B-HSDase activity was eluted with

0.1M NaCl {Fig. 5, peak B). No 17c-HSDase activity was.asso-

ciated with this peak. Minor peaks of 176-H5Dése activity
were eluted at lower NaCl concentration, and one of these
minor peaks was associated with the 17z-HSDase activity in
peak A.z-Some.17B-estradiol 3-glucuronide dehydrogenase

activity was also .present in peak k. A larger proportion of

-



FIGURE § | ; :

DEAE-Cellulose Chromatography (Type I) of the 17eﬁydroxystéfoid-

L

Dehvdrogenase Activity

The'l?-HSDase aétivify fractionafed by éelﬁfilfration was
chromatographe& bn*é DEAE-céilulbse column (2.5 X 40'cﬁ). The
enzyme activities were eluted with a 2.4 1 linear gradient of
0 to 250mM- - XC1 in the usual Tris-HC1 buffer., The column

fractions (10 ml) welke assaved for HSDase activity with the

substrates 1l7z-estradiol, 178-estradiol and their glucuronide™
. conjugates. - Cnzyme aliquots of 20, 50 and 100 pl were usually
v r -

"used in the assavs for l7c-estradiol 3-glucuronide, 1l7a- and

178-estradicl, and 178-estradiol 3-glucuronide dehydrogenase

activities respectively. .



17 ESTRADIOL 7a-ESTRADIOL. .
178 ESTRADIOL 3-GLUCURONIDE - . : e
N ETRADIOLE g S :
T GLUCURONIDE - 5500 - 1

o |
1600 - 4000 ‘

- - . - 17et-Estradiol- . . .
3.glucuronide - c Q7

i
!

EMZYME ACTIVITY [punils ml}

. 1400 - 3500,

1200-3000

8

Va.

. = - 178 .Estradicl
Estradiol .

100012500
§00-2000 |

j | ++--0 D.280
6001500/ |

-
.)
OD 280nm

4001000 .

2oousoo§ - - 4 -~ o X poo *" 3-glucuronide. ~01 —01.

...........

0 20 40+ 60 80 00 120 140 160 180 200 220 240
FRACTION NUMBER .

e



-l?B-estrédiol S—glucurohide dehydrogenase activity Qas‘eluted
with a NaCl concentration of 0.14 M fFig.‘S, peak C)., 'Since
major'contaminants were present‘in each fractiqﬁ, as'indicatea
by disc gel‘electrophor&sis, an 3ttém§t was made to achieve a
bettef purificatidn of the -desired fractions by decreasing

the slope of the linear salt gradient.

-

3, DEAE-Cellulose Chroﬁatography (Tvpe II)

Rabbit';ivéf 17¢- and 178-HSDase, partially pu;ified by
c;lcium phosphate gel fractionation and Sephadex gel filtratién,
ﬁere-further pgrified by DEAE—;ellﬁlose.ch%omatography; First,
the l7c-estradiol and 17a-estradiol S-glucufonide'dehydrogenase
activities were eluted from the column with a liﬁgar salt gra-
dient frem 0.025 to 0.07 M (Fig. 6).and then the 175—estradﬁol
and 178-estradiol 3-glucuronide activities were eluted with 2

linear NaCl gradient from 0.07 to 0.16 M (Fig. 7).

The first NaCl gradient eluted two major and 2 minor 17c-
SDase activities (Fig. 6, peaks I, II, III and IV). Peak I
contained 2 ﬁuch higher proportion of 17a-estradiol 3-glucuro-
nide'dehydrogenasé activity ﬁhan l7aiestradiolldéhydrogenése

activity. Peaks II, III and IV contained approximately equal

amounts of activity for both.,substrates. Total recovery of
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FIGURE 6

DEAE-Cellulose Chromatoéfaphy (Tvpe II) of l?a-Hydroﬁysteroid

Dehvdrogenase Activity

The 17-HSDase activity fractibnated by‘gel filtra;ion ﬁas chro-
matographed on a DEAE-cellulose column (2.5 x 40'cm),‘equili-
’Blated in the usual Tris-HCL puffer containing 2smM NaCl.

The 17a- ESdas; activities were eluted with a 2 1,1ineér gfa-
dient of 25 to 70 mM NaCl in Tris-HC1 buffer The éolumn
fraculons (10 ml) were assaved for l7a- HSDase 3CL1¥lt\ han
17a-estradiol and 1its glucuronlde conjugaue The en;;ﬁe ali-

L]

quot size used in the assay was as described in Fig. 3.

LY
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FIGURE 7

'DEAE-Cellulose Chromatography (Tvpe II) of

178-Hvdroxvsteroid Dehvdrogenases

After the elution of the 17a-HSDases from the DEAEj;qllulose
column {as 4escnibéd in Fig. 6), the 176-1iSDase activitics
were eluted with 3'1;5 1 linear gradient of 70 to 160mM
NaCl in the usual Tris-HC1 buffer. The column fractions

(10 ml) were assayed for 178-HSDase activity toward the sub-
strates 17f-estradiol and 178-estradicl 3-glucuronide usiﬁg

SO0 and 10 »l enzyme aliquots respectivelv.
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l7a-estradiol dehydrogenasé and 17a-estradidl SFgluquronide

dehydrogénase -activity was 40% and 245 respectively (Table 4)..

-

Disc gel elgctrophoresis.(Fig. 8) and enzyme activity stain-

iﬁg:on derylamide gels showed that only peak III contained
one Jprotein band and one en:zyme band. Peaks I, II and IV

contained at least I protein bands and at least 2 enzyme bands.

-

The second NaCl gra&ient elutqéathe'ITQ-eétradiol deh?-
érdgenaée activity and tke l?S-estradiol_S—glucﬁroﬁide dehvdro-
genase‘activit;. The 178-estradiol dehydrogenase activity in.
peak 'V was § times higher than- the dehydfogpnase éctiviﬁy Tor
the glucﬁrsnide conjugéte (Table 4), whereas, iﬂ'peak VI the
‘l?ﬁ-esfradiof.S-glucuroﬁide dehydrogenase a;tiyity was 4 times
‘higher than the 175-est:adiol.égﬁydrqgenase activity., Disc
gel electrophoresis and activity. staining in.éérylamide gels
reveaied‘multiple_bands of protein corresponding o multiple
bands of énzyme activity for both pgéks V and VI (Fig. 7,

“peak V and VI). Total recovery of 178-estradiol and 178-estra-

an

diol 3-glucuronide dehyvdrogenase activities was 56% and 35%

respectively (Table 4),

4. Preliminary Elettrofocusing of 17-Hydrexysteroid Dehydro-

genase Activity

-

.

Since activity staining and acrylamide gel electrophoresis.

o0f 17-HSDasQ>fractions revealed a lack of purity or homogeneity

s’



- : TABLE 4.

-
—

!

Purification of 17-Hvdroxvsteroid Dehvdrogenases

a 1}

The 17-HSDase activities were "assayed at different stages of

purification to ‘determine the ﬁelative degree of purification

and the recovery ‘of enzvme activitv, The fold purification

is based o

[

the increase in specific activity of the enzivme
when compared to the encyme activity in the 105000 xg super-

natant. Total recovery * repnesents the sum of the 17a- and

17E-HSDase activities after DEAE-cellulose chromatography.



purification of 17
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TABLE 4

-liydroxysteroid Dehydrogenascs

y

- : - Y 17a-estradiol 178-estradiol
Purification, ch,omﬁamaon 17-estradiol 3-glucuronide 3-glucuronide
Step - + Fold % lold % : Told % Fold $

. purification | Recovery | Purification | Recovery purification | Recovery | Purif ication | Recovery
Calcium Phosphate .
Gel Fractionation Z 83 2 82 3 88 2 92
Gel Filtration 1 12’ 97 17 129 8 70 10 76 :
Gel Filtration 2 18 61 32 100 15 36 13 43
DEAE |

Pk I 19 s - - 57 11 - -

Pk 1I 63 - 22 - - 31 9 ' - -

Pk I11 75 1 < - - 27 3 - -

Pk IV 28’ 3 - - 6 1 : -

t 1
Pk V S - 90 53 - - - 13
Pk VI - - - 3 “J - - 50 22
& [

‘Total & = 40 56 24 35
Recovery :
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. 17a-Hvdroxvsteroid Dehvdeogendse Activities
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ofcﬁhe enzyme activities, it wissdecided to attempt a further

-

fr1ct10nat10n of ‘the act1v1tles by 1soe1ectrofocuSing:'.A
'rabblt liver lf-HSDase sample, partlallv purlfled by cﬁlcium
phosphate gcl‘fractionation-and gel filtration on Sephadcx . \\\

G-75 was elpctrofocused over a pH range from 3 to 9 to estab-

ll\h the* conditions requ1red for Lhe qtparatlon of 17-HSDases

3Ct1V1thS over a NarTrower pH ranae The TCNUltb of . the prell—

- ) LY

‘\

minary ¢ lcctrofdcucing g¢xperiment are detailed in Fig. a.° The
column fractlona were -assaved for dchvdroéenase acti&ity'using
as. su Bs rates 17a- estradlol and 1/8 estradiol.. Both activi-
‘tie~ focuccd toqctker 1n the pH range from:5 to 6.

A &

5., Electrofocusing of l7a-HvdroXys ter01d Dehvgroqenase

4 Activity over a pH Range of 5-7 ¥

A 17c-HSDase samplé, partidglly purified by calcium phos-

phate gel fractionaticn, gel filtration on Sephadex G-75 and N
by DEAL- cellulose chronatograpbv &Tvue 1) (Fig. 5, peak A} ‘ ‘
was elecurofocused over d pH range.from 5 te 7. Thé éolumn

fractions were sssayed for both l/a estradiol-and 17¢- BQLTE' .
diol 3- glucuronlde dehwdrogenase act1v1t1es and the activity
proflle 15 “shown in Flg 10. The single peak of 17«-HSDase
activitv purlfled by DEAE-cellulose ch?omabograpb\ fraction-,
ated into at least 6 peaks of actlﬁltv after electrofocu51ng

Peaks 1, 3 and 5 contalned equal’Téxels of activity for both:

suhstrates while peaks 2, 4 and, in particular, 6 contalned
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- . FIGURE 9

Isoelectric Focusing of 17-Hvdroxysteroid’

v : Dehvdrogenase Activity

-
-

A partizlly purified 17-HSDase sample (10 mg) was focused in

a 2% ampholine gradient from pHl 3 to ¢ in '‘an LXB 4102-column

.with_a 110 ml capacity. A linear glycerol gradient (65%-4%)

: : SN
was used to stahilize the pH gradient. Co¥umn fractions
- " * N .

. : - . 1 -~ .- .
(1 m}) were assayed for 17a- and 17 -estradiol dehvdregenase

activity. ) : ' .
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FIGURE 10 - e

IbOQlCCtrOfOCU\an of 17a- IvdrO\vqter01g

-

Dch\dzoaenas ACtl\lEI_ .

i -
“A DﬁIlell\ vur:. ed 17 K/Sﬁ\sc,klactlon (Fig. S, peak A) was
clectrofocused in a 2% ampholmpu gradient from pli 5 to 7 In

an LXB 8102 column with a2 440 'ml capacity.‘ A sucrosec gradient

of 175 to 3% (w/v) with TLSTEIT was used to stabilize the
pli gradient. The column frgcyions (2 ml) were assayed for |

17c-estradiol and 17a-estradl 1 3-glucuronide dehydrogenase

activities using 50 and 20 enzvme aliquots respectively.
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‘much higher activity towards ‘17c-estradiol 3-glucuronide than

-

X < . . : L e
owards the free steroid. Mast of the enzyme activity focused

~

in "the pH range fromps.d to 6.1. Acrylamide gel electrophore-

sis revealed a lack of homogeneity in all of these fractionms.

P ‘

-

.o

. Eﬁectrofocusing of 17a-Hvdroxvstercid Dehvdrogenase

Fraction I,Pufified bv.REAE-Cellulose Chromatograﬁhv.

‘The 17a- HSDqse fraction I purlflcd by DEAE - ccllulosc : )

-ghromato:raphv {T\pe I1) (Fig. 6, peak I) was electrofocuced -

in a pH gradient from 5 to . After focusinngthe column
fraétion#vwere assayed 1Cof-dehvdroéenase éctivitv towards the
‘substrates 17a-estradiol and 1 a- ectradlol 3= Qlucuronlde
Three Dcaks of 17¢-HSDase activity were separated as shown in
Fig 11. All three peaks had act1V1tx touardb both, 17a- estra- .
éiol and 17a—estradlo} {-glucuronlde{ but peak_IC gxhibited.
greéier‘activity toward the glucufonide conjugate!’ These
enzyme fractions were pboled and re-focused over a narrowéi
pH range from 5.6 to 6.6. .The column fractions were assaved
for 17c~estfadio} dehydrogenase activity. The same enzyme
profile was‘bbtaine& over the narrower pil range (Fig. -12)

but a better separation of enzyme activities was. achieved.

- *

-
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. FIGURE 11

i

" Jeoelectrofocusing of 17a-Hydroxysteroid

x

Dehvdrogendse Fraction I

/ ' . . U : . .
A 1Ja-HSDase iractien (Fig. v, peak I) was clectro%ocused in

a 5% ampholine gradient from pil § to 7 in an LKB 8102 column

with 'a 440 ml capacity. A sucrose gradient of 475 to 5% (w/v)
The

1

with 0.5 mM DTT was uscd to}stabiii:e the pil gradient.

jo8)

column Fractions (2 ml) were assaye for 17a-gstradiol and

enfsc activities using

‘1Tasestradiol 3-glucurenide dehydrog :
100 and 10 ul enivme aliquots respectively. . ;
. n N = ' . .
a
. - ’,
.‘Y -
- |
= 4
>
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FIGURE 12 L

Re-focuging of 17a-Hydroxysteroid
R . .
‘Dehvdrogenase Frdction I

The pooled lTa-MHSDase activities (Fig. 11 peaks. Ia, IB and 1C)
were re-focused in a lincar sucrose grédient (475 to 5% (w/v)
without additional ampholine. Colunmn fractions (2 ml} were
assaved for 17&-cstradiol ﬁehydrogcﬁase aﬁgivity ﬁsing 108 5.1

cnzyvme aliguots, -



ENZYME ACTIVITY cp units ml'

600

. 500

300

100

-e0-

P 1 ! ; ] 1

17 -ESTRADIOL

—pH GRADIENT

! I 1 |

- 140

100

20 .40 60 80 100 120
' ' FRACTION NUMBER

140 160 180 200

pH-



-

A

7. Electrofocusing of 17a-Hvdroxvsteroid Dehvdrogenase

Fraction Il Purified bv DEAE-Cellulose Chromatography

The 1 «-HSDase fraction’ 11 Durlfled by DEAE-cellulese
Hronatoqranh\ (Fig.. 6, peak 11) was frattlonatedwlnto Two
peaks of activity by electrofocusing in a §% ampholine ﬁw

-gradient.from 5 to 8§ (Fig. 13). When a €imilar fraction

was ele ctrofocu\ d over a much narrower-pH range (5.4-6.4)

four enzyme activities were observed {Fig. 14). ‘Peak IIA '

~and IIC contained much Migher activity toward lTa-estradio

Lo

L)

-glucuronide than towards the free steroid and peak IID ‘had
approximately. the same level of HCgI{lLV for both substwates. -

The enzyme peaks IFA and IIB were not clearly separated..

Re-focusing of the pooled fractions IIA and IIB did not

'_l l‘-

resolve the two activities.

o - -

The purity of the 17«-HSDase was established by electro- .

in

phoresis in polvacrylamide gels by the method of Davis (50)

. and heber and Osbtorn (S2). The electrophoretic profile of
| ; A .

isclated enzymes IA IB, IC, *1iC, IIGC and III  are pre-

sented in Fig. 15. All enzyme samples, except Ii, migrated
: S ~ '

N . - - .~ =

as a single band onktne'ba51c acryliamide gels, Two

pProtein
bands were visible'a&terelectrophoresis of fraction I A,

' . ey
However, after electrophoresis on SDS gels (Fig. 16) the

protein 1n fraction IA appeared as only cne preotein band.

Lo



FIGURE 13

L . ,.‘ - : .
~lsoelectrofodusing of 17acHydroxvsteroid

4,‘-

Dehvdreogenase Fraction'iL

- - ~- . R - .. . - - .

A 17e-I8Mdse fraction (Fig. 6, peak I1) was-¢lecthefocusoed™n,
~ . . ‘ C '

a 5% ampholine gradient from pH S to § in an LKB §102 column

with 449 ml capacity. A sucrose gradient of 47% to 5
. r .

with 9.5mM DTT was used to stahilize the pii-gradient.’ The

1]

e
h
fu

column fractions (I mwl) were assaved for 17a-estradiol and.

-

[
.
]

b

l17a=-estradiol 3-glucuronide dehvdrogenase activitics usin

100 znd 20 wl'enzyme aliguots respectively,

-
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'\EIGURE 1{

-

Isoelectrofocusing of 17c-Hydroxvsteroid
' ' ~

Dehvdrogenase Fraction I

A 17a-HSDase (Fig, 6, peak I1I) was focused in a 1.5% ampholine

narrow range pH gradient (ph 5.4 to-6.4) stabilized by a su-

crose gradient from 47% to 5% (w/v). The narrow pH.range
amphplytés were prepared by electrofocusing-a 5% ampholine

solution without the protein sample. The column fractions

- L]

(2 ml) wefc assayed for 17g-estradiol and l7ec-estradiol 3-glu-

rd
P _ _
. - -~ . . . . -
curonide dehvdrogenase -actipliles Using 50 and 20 pl enzvme

aliquots respectively.

W



-.:-4- .- . . . -. ) Al . .A

) N .
1A
2000 —,/
. - 7a -ESTRADIOL o ’
3-GLUCURONIDE Ji0
1500 -1 120
& <100
2 -
2
Z 1000 < §0
z
9
<
w ] e R 4 60
E .
—
T
“ 500 4 a0
4 20
0 : _ 4 0
: ! ! 1 L1 I N L ! L u !
0 20 40 &0 80 100 120 140 160 180 200 220
o FRACTION NUMBER
~

pH



FIGURE 15

i

Polvacrvlamide Gel ElectrqphoresisJOf the

-

17a-Hvdroxvsteroid Dehvdrogenases

.

The 1l7a-HSDases fractionated by DEAE—cellulose chromatography
and iscelectrofocusing wefe,electropho%esed in 10% Davis‘geis'
(SU): The concéntfatiqns of the proteins applied to the gels
were in the range of 1 to S ug. The gels @ere staiﬁed for,
protein with Coomassie Brillianmt Blue. All gels were pre-run.

~

except for IC.




- FIGURE 16

N

SDS-Polyécrylamide Gel Electrdphoresis of the

l7a- H\dr0t\<ter01d ﬂeh\droqenases __- S~

-

The'l?a—HSDases purified by DEAE—celluloge chromatography and
‘CleCtTOfOCU%an were electrophoresed in SDS-acrylamide, qclq

(52). All samples weTe incubated at 65°C for 10 mln\an SDS

sample.buffer containing mercaptoethanol. A protein _lodd of

1-2 ug was-used for proteins 1A té 2D. For protein III a 3'ug
samgié\535\jppliéd tolthe'gél. The gels were stained for .
prot in:wﬁéh Coomassie Brilliant Blue. ~
‘--; o e—— oo
Ty
b
°
IR
L - ——
1A 1B 1C 2C 2D 3
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Each of the remalnlng isolated fractlons é&so was’ visuali*ed

as one. proteln band on SDS acr}lamlde gels as choun in Fig. 16.

. : " :

Table 5 lists fhe.specific.acfivities of each of the pu-
fified enzyvmes. Fractions IA, IB, IID aﬁd II1 were equivaient
in thelr aCtl\ltleS for 17a- estradlol and its qlucuronlde con-
jugate. Fraction IIC was apprO\lmatelv 4 times more active
toward 17a-estradiol 3-glucuronide, whfﬁ% fraction IC was 30

fold more active towérd‘thgkglucuronide conjugate than the

“ ’

ffee steroid. 'Total récovery of enzyme activity after pufi;.
ficétion'was 16% for i?a¥estradioi'éehydrogenaSe and 12% for
l7a-é5trad;ol 3-glucuronide dehydrogenase. The highest
purification achieved wds 190 fold for the 1?a~estr§d§ol
3-glucuronide dehyd;oéenase activitf of encyme IC when com-
pared to the specific actifity_in thé 105000 ¢ supernatant.

Norie of the purified 17c-HSDases was active on the 173-epimer.

8. Electrofocusing of 17f-Hydroxysteroid Dehydrogenase

-

- - . - -

\gleCtrbeEuging of l78-HSDase,_paréially purified by

DEAE-cellulose chromatography (Fig. 7, peak V), did not result -

in a Claarﬁ;esolution of the muitiple enzyme activitiles.

X .
However electrofocusing of fraction VI (Fig. 7, peak VI)
resoived thifs 178-HSDase activity into two peaks of en*yme

activity when assayed with 178- est*adlol and its glucuronlde

.l,_/



‘ - | _TABLE S * -~ DR

Specific Activities of the Purified-

‘1l7a-Hvdroxvsterold Dehydrogenases “ S
\
A
' é
» . %’, +
Specific Acti@ity (nmol of prod/min/mg prot)
Enzvme 1 - ~Substrate
l7a-estradiol | 17a-estradiol 3-glucuronide
. J\
1A | $00 - 1100
1B 3500 ‘ 1400
1c - 1100 38,000
IIC 2900 11,000 o : Y
I1ID.. 3700 | - 3300
111 o7 oz300 | 2300

The six purified 17¢-HSDase fractions were assayed for 1l7a-
estradliol and 17a-estradiqi 3-glucuronide dehydrogenase

activities.



conjugate (Fig. 17). When the poolegfen:yMe.fractiqns were
refocused over a narrower pH range,,@nd the column fractions
assaved with 178-estradiol 3-glucurcpide, the enzyme activity

»

clearly resolved into two peaks gf aq;ivity (Fig. 18). Both
fractions eihiBitéd'greater activity towa H 178-estradiol
3-glucuronide thaﬁ toward 178-estradiol (Fig. 17). Acnﬂaﬁhk electro-
phoresis of the two fractions revealed the-less acidic fraction
"(VIB) to bé homogeneous (Fig. 18)}. ‘Howgver, the'qPre acidic
fraction (VIA) contained one major-protein bahé and also some

lighter staining contaminants. - ' -
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FIGURE 17

Isoelectrofocusing of 178-Hydroxysteroid

i Dehydrogenase Fracgfon VI .

—

A 178-HSDase fraction (Fig. 7, peak VI) was electrofocuced in

a 5% a@pholine gradient from pH § to 7 in an LKB $102 column

" with 440 ml capacity. A sucrose gradient of 47% to 5% (w/v)

‘hlth 0. smM DTT was used to btablll e the phH gradlent The

column fractions were assayed for 178- ectradlol and 176- eqtra—

diol 3-glucuronide dehydrogenase activities.

\
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a

o FIGURE 18 =~ - - o
.‘q‘ . .

r

The pooled

a linear

ampholine.

Re-focusing of 178-Hvdroxvsteroid

-

 Dehvdrogenase Fraction VI

L

178 sx\act1V1t\gs 1g. I?) were. re-focused in
sucrose adi, nt (47% to 5% w/v) without additional

The column rractlons (2 m1) were assaved for 17 b'

.estradio;'s—glucuronlde dehydrogenase acp1v1ty. \\

£
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FIGURE 19 . '

Polvacrvlamide Gel Electrophoresis of

178-Hvdroxvsteroid Dehvdrogenases

-

2y
5
The M75-HSDase

-~
¢

fractionated by electrofocusing (Fig. -18)°

78

were ¢lectrophoresed in 10% Davis gels (50). The ¢oncentra-
~

tions of the proteins applied to the gels were in the range

1J

ug. The gels were stained for protein with Coomassie

70

Brilliant EBlue. The gels were pre;run before applving the

proteln sample.
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: DISCUSSION .

¢

_ These results support the garlier assumption that 17¢-
-.HSDase_aﬁd,l?S—HSDase dct1v1t1eq are letlnCt and sepalablc.

Also, 17&-HSDase.cannot oxidize 178 estradlol nor can 178~

.

HSDase oxidize 17¢-estradiol.

‘ ‘

The hetefogeneity of both 1lla- and 173-HSDase aétivities _
is an interesting problem. According'to recént'efidence,.it
appears thit heterogeneity may be 2 qommon-feature of 17-
HSDases of différent species. Thaler Dao et. al (9) recently
;eported'the.heterogenelty of rabbit liver 178- FSDace (hhlle
+his work was in ﬁrogrbssad -Multiple_forms of 1?:-HSDa:e
of guinea pigfkidnev have been observed (33,and 34) and re-
cently oné of-;hese forms has been purlfleo (’S) Multiple

forms have also. been observed for tHe human Dlacen al 178-

'estradiol'dehydrogenase ﬂfter isoelectric focusing (32).

These reports clearly eliminated the p0551b111t} that the
multiple forms could be explained as artifacts produced by’
'thg purification Drotedﬁréi The results detailed in this
thesis show that at least eight forms of the 17z- hSDase and

) J
three forms “of 178-HSDase- Can be isolated from rabblt liver

A

cy;osol bv DEAE-cellulose chromatography and isoelectric

- focusing. Six of_these enzymes weTre pure on the basis of
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polyacrylamide gel electrophoresis.. Of thege,five have only
17a-HSDase activity and one has 175-HSDase activity.

The molecular heterogeneitf of:these 17;HSDases could
result from mﬁltipie genes,:a single gene;_chémical modifi-
cation or'binding td small moleculesz(56 and §7). It is
unllkelv that the multipie 17-HSDases wers artifacts pfo;
duced durlh\\the purlflcatlon procedure since the same rel
tive amounts of the different en:zymes were obtained from
different rabbit liver preparations: Storage of the sgpgt?
natant for different periods of time did not alter theJén:yme
pattern, either in numﬂer'or elution profile. This excludes

- the possibility of protease action, methylatien or deamida-

tion.

There have been.reports<3f:artifacts formed during elec-

trofocusing due to Amnholine Drotein interaction (58). How-

“ever, this may DOSSlblV arise, 1nstead by oxidation of the
proteins at the electrode solutlons.‘ This problen is elimi-
nated by jncluding a streng reducing agent, such as dithio-
'threitol (DTT),'in'the solution to be electrofocused. An
altered enzyme profile upon refocusing of an enzyme at a
Adﬂzferent Ampholine- concentratlon indicates artifact forma-
-tion during electrofocusing. In this study ‘re-focusing of

+he isolated enzymes did not alter the observed enzyme profile.



-58- 89 -

Furthermore, heterogeneity of 17-HSDages was evident after
" DEAE-cellulose chromatography, prior t electrofocusing.

AN .
As stated above, five 17 a-HSD ases have been purified in

this work. Enzyvme IA, 1<olated by electrofocusing, resolve od
inté banda of pTOtCln afte clectropheoresis on Davz: ﬁcr}-
lamide gels. Since it 1s unllkely that two distinct proteins
would have the :ame.ﬁobilitv on SDS-acrblamide gels and on
Sephadex G-75, the same surtqce chaxgc, and the same is0-
electric point, it is po~¢1blc that the two protein baﬂds
resultlfrom a chemical or.conformational change of the enzyme
~pricr to or aurlnc polxacrvlamlde electrophoresis (56 and 57).

The natu;e of these multiple forms will bt dicussed more

fullvy in the next section.
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. RESULTS

Part L1l Characterization of 1l7a- H\droxvcter01d Dehvdroqe ases

a8 -

1. Substrate Specificities

Table OA llqt\ the substrate apec1L1c1t10< of the purir
fied l - ISDase ... The specific activity of weach pi the en-
:ymes,-except IC, is much higher with epitpétostéronc than
with any of the estrogens. Enzyme IC has a Slightly higher
specific activity. for 17a-estradiol S-Qlucurbnidé than fo%
epitestosterone. Eniyme IC and IIC have a éignificéﬁtly
highér specific activity for. 17a-estradiol 3-glucuronide than
for the free steroid. All the enzvmes exhibit simiiar speci-
fic activities with lfc—estradiol and 17¢-estradiol 3-gluco-
side. -Héwever, the specific activities of a the encymes
(etcent 11C) for the qalacburonlde conjugate of 17c- estraalol
are 51gn1f1canL1y lower than the spec1L1c ac;1v1tlcs with
anf other substrate. The specific activity of enzyme IIC is
the same for 17a-estradiol and for its gluéoéide'and galac-
*.turonide conjugates. The highest specific activity observed

ey, -
was with enzyme IB and epitestosterone as substrate. 1In all

cases the specific activities for the reduction of estrone,

estrone 3-glucuronide and androstenedione were about 10 to

o
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. .. T TABLE ©
- .
. \-,-
. Substrate Specificities of the 17a-Hydroxysteroid
. Dehvdrogenases
o . 5 -
A. Specific'Activities
. R

The purified 17a-liSdases were

: ‘ : ' Y/ : :
several estrogens and androgen%.jz ' : :
The.following-abbreriatiohs are\giif: : .

Eﬁcfk.....;.
ElGA ;.........._estrone glqcuronide
Ezal.......l 17a-estradiol '

El Gt e ieaeeaa... £8TTONC -

E,aG cvvnvn 17a-estradicl 3-glucoside

E,aGald ... 17a-estradiol 3-galacturonic acid
EpiT .evnienans epitestosterone .

And Lo i e androstenedione

\

5. Rates of Oxidation of Substrates Compared to the Oxida-

rion of l7w-estradiol 3-glucuronide. . -



" TABLE 6A

\\ ~ Specific Activities. (nmoles/min/mg)

. Substrates ' < ],
Enzyme FaG | EG | Bo |-E | EpeG ) EoGla EpiT | And

IAS l.} - 0.§‘ - 1.1 0.4 33.0 3.3

I8 3.4 - 3.5 - 4.1 0.1 70.0 0.0

IC 37.9 1.5 1.1 - 1.1 0.2 32.6 S N
1IC 10.7 - 2.0 - 3.8 2.8 28,6 3.0
1 3.3 - boaoojoar | 38 0.8 35.4 | 1.8

111 : 4.3 - 2.3 - 2.8 1.3 29.7 1.1

TABLE 6B .

Rate .of Oxidation and Reduction of Substrates as Cempared to
) Oxidation of I17a-Estradiol 3-Glucuronide

. Substrates
Enzyme - : '
: EZGGA‘_ EiGA .Eza El EzaG EzaGalA EpiT And .

14 100 | - 71 - 97 | 32 3000 | 390
15 100 - 79 - es |2 1600 | 150

1C 100 | . 4 3 - 30 <1 86 7

11C 100 Sl 27| - 36 27 280 | 28

11D 100 - 110 4 1 120 25 1100 56

111 100 - 53| - 66 30 690 | 95




40 fold lower than for the oxidation reaction.

The rates of thé'oxia&tion treduction) 6¢ the various
‘substrates by the purified ENIVINES were compared to thé rates
of oxidation of l?@-eStrﬁdiol 3-giucuronide (Table oB). For"L n
ecach enzvme the rate of the oxidafion‘of 17a-estradiol 3-glu--
curonide was considered as 100.and tﬁé rate of Sxidation , !
Creductipn) for the remaining substrates was calculated as a
percent of the 17a-estradiel S-glucuronide,dehydrogenase acti-

vity. This method gives a substrate specificity profile for

each enzme and therefore allows a simple comparison of dif-

ferences or similarities betQween the purified 17-HSDases. Ne

two enzymes exhibit the same sulstrate specificity profile in

Tzble 6B. Enzvmes IA and IID are the most similar in their !

substrate specificities.. The two enzvmes exhibit appToxXi-

. ) . N\
mately equivalent rates for each substrate except for epil-

restosterone and androstenedione. Cnzyme IA oxidi:zes epl-

.

testosterone 30 times faster than it does L7a-estradiol 5-
glucuronide while, enziyme I8 shows an 11 fold preference for
epitestosterone. Enzyvme IA alsb'?educes andréstenedione
ahout 4 times faster than it oxidizes the.estrogeniccnjugateT
‘However enzymé IID reduces androstenedlone at about hailf the
rate of oxidation of 17a-estrédiol 3-glucuronide. LCnzyme IC
‘has the most distinct substrate specificity profile, exhibi-
ting a markedipreferenée, firstly, for 17c-estradicl 3-glu-

curonide- and, secondly, for epitestostercne.

.
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2. Rate Determination of 17a-Hydroxysteroid Dehvdrogenases

able ?‘lists the Vmax and Michaelis constant ‘for each of
~the purlflcd enzymes All of the emzymes except IC had a sig-

: nificantly lower Km \SIUt with epltthO\tcrone as substrate

than with 17g-estradiol or its glucuronlue conjugate. The "km

values of enzyme IC were similar whether CpltCHtO\t erone or
17a-estradiel 3-glucuronide were used as substrate. Further,
only a slight d1f+erence in the Vmax was observed for the two

ub

n
L]
rr

rates. T[Fnzvme IIC lso e\hlblted a similar Vmax, for epi-
Lesto~terone and l1Ta- estradlol 3- QluCLronldc, although the
apparent Km was § fold lower with the androgen as \Lbatrate.

For the remaining enzymes (IA, I IID and III],hhen epitestos-

terone was used ds substrate, U Vmax was § to O fold higher

and the Km 4 teo 11 fold lower ﬁ%ﬁ_ when either 1l7a-estradiol

or l7a-estradiol 3-glucuronide

and 1ts glucuronlae conjugate  were used as substrates the Km

eye used. When l7a-estradlol:

values for enzvmes IA, IB, and III were zbout 2 to 3 fold : ‘
lower for the conjugate. The Vmax values for enzymes IA,

11D aﬁd IIT1 were approximately. equal for the two_estrogené, S

while the Vmax for enzyme IB was 5 fold higher for 17c-estra-

“diol. Figuresizﬁ, 21, 22 shoﬁ the Michaelis-Menten plbts for

enzymes 1B, IC and IID with - epitestosterone, 17a-estradiol
3-glucuronide and 17a-estradiol respectively. The Michaelis

Menten plot for enzyme IB, when incubated with epitestosterone,

showed a characteristic substrate inhibition at steroid concen-
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"TABLE 7 |

Vmax and Michaelis Constants: of

~17a-Hydroxvsteroid Dehvdrogenases

| Vmax (rmol/min/mg) .Km o0 ‘\

CEnzvme _ Substrates ~7
Ea EpiT E,aGA E.o EpiT E,aGA '

© 1A s 74 5 5.8x10° | 7.axa07 | a7xa0”
IB 15 110 3 2.7x107° 5.5x10"" 1x107°
Ic 13 200 150 s.6x107 | s.x107 | saa0™®
TIC 9 81 47 2.4x107% | asa0T7 | s.ex107®
T1D 11 72 o |l 5107 | z.0x0-7 | 2,707
111 7 28 6 2.5x100 | g0’ | 1.0x107°

The Vma§ and. Michaelis

constants of the purified 17a-hycroxy-

steroid dehydrogenases were determined for the following sub-

strates; l7c¢-estradiol (E,a¢); epitestosterone (EpiT); 17 -

estradiol 3-glucuronide (E,aGA). All values were determinec

by the least squares method.

A



FIGURE 20 : )

. .

Linewcaver-Burk Plot for Enzvme IB and Epitestosterone

The curve for the Lineweaver-Burk plot was drawn by the least

squarcs method., The insert shows the curve for the rate of
oxidation of epitestostercone by &nzyme IB as a function of
substrate concentration. Velocity (v). has the units nmol of

product fermed per mg of protein per min {(nmecl prod/mg/min).
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-~

Linewecaver-Burk PMlot for Enzvme IC and

17a-Fstradiol 3-Glucuronide
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FIGURE 22

Lineweaver-Burk Plot for Enzvme IID and

- 1%a-Bstradiol

. 20 for conditions.

»
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trationé higﬁér than 3 M. A similar inhibitiﬁn was observed
’for‘all of the en:ymés'when‘incuharéd with epitestosterone;
Inhibition of;l?a—ﬁSDase was not ohserved when 17c-estradiol.
or its.glﬁquronide co;jugate were incuba;ed with the encymes
at Eoncentrations'as high as § wM.

3.- Effects of Metal Ions and Sulfhvdryl Reagents

Enzyvmes IIC and III were tested for their sensitivity to

_ ¢ ‘
several mf%al ions us well as iodoacetate. Table § lists the

ult

-
[4/]
th
L]

as a percent of the activity of the enzyme In 2 con-
trol incubation. Magnesium, calcium, manganese or iron had
no significant effect on the activity of either enzyme IIC or

i

[II. However, both en:ymes'}ost anproximatel& half of their
activity when incubated in the presencelof IO-S-H copper

ion. The presence of EDTA in the incubation mixture did not
éf%ect eitﬁer en:yme; ndr did magnesium-ions in the presence

of EDTA. Finally, no effect was observed on either enziyme

from the addition of iodoacetate to the ‘incubation mixture.



E

Flds-r

: - TARLE §

Lffect of Metal lons and Iodoacetate on

17-Hvdroxvstercid Dehyvdrogenase Activity

re presented as a4 percent of the enzIyne

vity. The results 2
actiavity in a2 control incubation. )

[SFETE A P

4 . 3
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 TABLE §

ﬁeageﬁt or lon 5 Activity of Control
Concentration (M) Enzyme IIC Eﬁ:yme 111
i At -5 :
Mg 107" a6 PR 107
1077 100 103
1077 06 , 103
S+ - . '
Ca~ 107° 100 100
107" 102 -
107 102 as
ﬂ+ .
Nn 107° 101 101
107" 100 104
1073 100 a3
ol 1073 100 97
107% 88 a5
1072 48 55
sl 10‘f 38 97
1077 88 100
1073 953 " g9
EDTA 10_2 -
10 3
1073 39 05
EDTA  +Mgl %8-2 93 99
lodoacetate 107 ° 89 -
107 91 03
1073 96 | 93
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4. Iscelectric Points of l7a-Hvdroxysteroid Dehvdrogenases

The__isoclectric poﬁts of the l?a-HSDascs,fonctiona%ed
by_élcctrofocusing, ranged‘from,s.fﬁ, for enzyvme IIA, to 0.65,
.for enzyme IC (Table ?]. ‘En:yﬁes IA and IIB hﬁd the same
isoelectric poinf {5.80) and enzvmes IB and IID had almost

identical isoelectric points (6.18 and 6.10 respectively).

5. Molecular Weights of l7c-thvdroxvstercid Dehvdrogenases

The molecular weights calculated for the purified 1%a¥
HSDases were all within a 35 variation of their average mole-
cular weight of 3¢ ,600 daltons (Table 10). Since this varia-
tion is strictly within the experimenfal error of the tech-

nique of MW determination on SDS. polyacrylamide gels, all the’

MW's. can be considered as being essentially the same. The ‘
average molecular weight of 39,600 aiso compares favourably
with the MW estimation of 35,000 calculated on the basis of
" the elution volﬁme of the HSDases after gel filtrdtion on é

column of Sephadex G-75.

'

6. Amino Acid Composition of 17c-HYdroxysteroid Dehydrogenases

Since the majority of the data accumulated on the pro-

perties of the purified 17e-HSDases indicated that the enzymes
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TARLE 9
e

©

Isoelectric Points of 17a-Hvdroxvstercid Dehvdrogenases

Enzvme Isoelectric Point
ITA 5.8:2

ic 6.68
IIA o 5.2
I1B 5.80
I1C 5.95
IID 6.10

The isoelectric points of the 1l7cx-HSDases were determined

by isoelectrofocusing.
=N

&
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TABLE 10

Molecular Weights of 17a-Hvdroxvsteroid Dehvdrogenases

Enzyvme .Molecular_Weight (Daltons)

IA | . 10,000

15 . 38,500

IC - . | 39,3001

11C 40,500 -
| I1D 3%,500

111 38, 800

avg 59,000 ’

L
-

The molecular weights of the purified 17c¢-HSDases were
calculated by the SDS-acrylamide gel electrophoresis method

(52).
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were dJdistinct entities, it became necessary to ilnvestigate
‘whether there were .differences in the chemié¢al constitution

of the multiple forms isolated.. All six purified 17c-HSdases

nj
¢

we therefore subjecfod to amino acid 3nalysis; The data
presented in Tab;e 11 are listed as nmol % of the total nmol
of amineo .acid mixture qnalyscd for cach protein samplé. Pro-
teiné Ia, Is, IC, IIC, and‘IID were all remarkably similar in
their total amino.acid com?o&ition. However, two clear di£;
ferences-wefe apparent in the compositiqn of ?rotein.gil as
compared to the fest. Proteins IA to IID all Had an Asx

<

(aspartic acid + asparagine) content from 9.8 to 10.6'nmol

while protein III had an Asx content of 6.¢ nmel %. . Similarly,

the Glx (glutamic acid + glutamine) content of proteins IA to

IID was between 10.7 to 11.8 nmol % while the Glx content of

protein III was 7.9 nmol %. In both cases the difference is
in the range of 20 - 30%. -The other differences shown in

.Table 11 are minor, and the variation is less than 10%, so

that they cannot be considered significant.

The amino acid compbsition data in Table 11 was used to
caléulate the number of residues of each amino_acid as they
occurred in each of the purified 17w-HSDases (Table 12). The
accuracy of the data was checked by calculating the MW of

each protein on the basis of its eming acid residue content.

-



S S 100 s

, TABLE 11

“Amino Acid Compositions of the

17c¢-Hvdroxysteroid Uehvdrogenases :

Each enzyme (L00ug) was hydrbiysed for 24 hrs‘at 110°C in an
eva;uated tube.. Nof-leucine (12.5 nmple) Qqs gdded to ecach
sample as a standard. The data has not_beeﬁ corrected fo¢ RS
destructive hydrolysis of serine, methionine, threonine, and °
tvrosine. nThe.tryptophan.aﬁd amide cdnteﬁt cf.the‘proteins
was not measured. Cysteine was determined ds cystelc acid.

The data is presented a$ nmol percent,

aspartic acid + asparagine

o -
= th
W
o

glutamic acid + glutamine
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TABLE 11

,:2130 ‘ Encyme ‘.Numb er

(nmoles %) | IA IB Ic . IIC 1D 11
Cvs 0.5 d.e 0.3 0.2 a.6 0.6
Asx a8 a.§ 10.3 0.6 i0.: .0
Thr 3.0 3.2 3.4 3.0 3.° A
Ser 1.5 5.1 5.8 5.5 5.1 §.4
cix | 1.0 1047 11.3 11.8 11.1 o
Pro 5.2 5.3 0.0 5.7 5.2 6.2
Gl 6.7 -9 -1 6.8 ! 7.8
Ala 6.5 7.0 T4 7.0 5.9
val 6.3 7.4 -2 7.2 5.9
Met 1.3 1.9 1.6 1.7 1.3
Ile 5.1 4.9 5.2 5.0 5.7 5.3
Leu 1 10.2 11.7 11.0 11.0 10.7 10.6
Tyt 5.0 4.2 3.8 1.0 4.1 3.4
Phe 3.9 3.7 3.8 3.6 4.3 3.6
His 2.7 3.7 5.2 2.8 2.6 2.7 ,
Lys . 6.8 5.2 $.4 7.5 9.1 7.6
Arg 4.8 5.2 4.6 5.0 4.5 5.4

;
o
3
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TABLE 12

e Amine Acid Compositien of the

17a-Hvdroxvsteroid Dehvdrogenases

The  table presents the number of residues for each amino acid.

The residue number was calculated by nultiplyving the nmol

percent of each amine acid by a number until the molecular

weight of the sum of the amino acid residucs approxinated the

the tzble are the sums of the MW of the anmino acid residue

thH
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TABLE 12

Enzyme Numberv

‘ Am@no -

(Resggiifgo;) 1 1A B I ¢ - 10 111
Cvs . . 1" 1 - :
Asx 33 20 31 a2 33 23
Thr 10 10 10 il 11 14
Sex 15 15 17 17 16 18
Glx 37 3z 33 35 34 26
Pro 18 16 18 .17 16 20
Glv 22 24 21 20 a2 26
Ala 21 21. 22 24z 24 19
al 1 22 22 23 22 19
Met 3 & S 5 5 5
Ile 17 15 16 15 17 17
Leu 35 35 33 33 32 35
Tyr 10 13 11 12 12 11
Phe i3 11 11 11 13 12
His a 11 10 8 s g
Lys 23 25 25 23 27 25
Arg 16 16 14 15 13 18

Kﬁﬂifgﬁ%a‘~ 58,900 40,200 39,800  39,700- 35,700 . 38,500
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.The ratlo of the basic amino acid residues and the acidic
amino ac1d residues for each proteln hQQ‘lE\R than one. This
ratio and the isocelectric points both indicate that the pro-

teins are acidic. -

. A Method For Fingerprinting Lysine Containing Peptides.

Since amino acid aralysis of the pur fiedlch-HSD es
showed the multiﬁle forms to:bé very similar, the question
arese whether the nrimary seéuence of thesé proteins was also
similar. Yluﬂermrlwulnq of the enzyme peptides after pro-

teolvtic digestion would have been the obvious answer if

large enough guantities cof the enctymes had been available. A

test run was attempted by the usual fingerprint method (73)

F

using 300 ug of protein IIIL. However, this proved unsuccess-

s s

ful since the low intensity of peptide staining houla “Eert
have permitted an adequate compariscon of the nultiple forms.
It was clear therefore that the pr ins would have to be ;/”

modified by some radio oactive reagent which would allow the
‘generation of radiozctive peptides. . The pepti pattern

after electrophoresis could then be recorded by radioauto-
graﬁhy. Lysine acetylation was selected‘as the method of

cheice for the following reasons: a) Lysine residues usually

occur in sufficisnt abundance in proteins to ensure that an
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o+,

qduquate numbex of radioactive spots hould arise to facili-
tate the detoctlon of dlffurences betweeen the proteln )
h) Lyvsine residues usually occur on the surface of protelns.

Since it is known that changes which occur in the primary

sequence of closely related enIymes are usua ally associ

[

jot]
rt
Q.

3

(oW

with thg outer core of tht protein, then lysine residue oul

o)
th
[g]

be & sensitive tool to detect anv alteration in its environ-
ment. This method of 1vsine peptide detection would then
best illustrate ahy differences occurring between multiple

~

forms .0of the, enzvmes.

As de scrlbed in the sectiom on methods fhe thermolysin
digest. of each acetylated protein was first ele;tronboresed
CatpH 6.5. A comparison of the mobilities of the‘peptldcs_'
after radicautography showed no discernible differences when
proteins IA, IB and IC were compared and similarly_no‘differ-
ences could be discerned between proteins IIC and IID. Haow -
ever, *Pe profile of ‘*be group of proteins IA, IE and IC was
sllgh lv different Lron the groun profile of ILC and IID.

The Droflle of D*ote*n 111 was sli ght1} different from that
of ‘both groups I and II. The peptide profile of VIB (17g&-
HSdase) was, however, distianly different fromﬁall the other
proteins. A better separation of the ra&ioactive peptides
was achieved after each strip of radioactive material was

electrophoresed at pH 2.1 (Figs. 23, 24, 25, 26, 27, 28).
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e .  FIGURY 25

“The SJKmino-ldc-acetyl Lvsing Peptide Map of Enzvme IA

-

. Cas - 13 : — :
The thermolvsin digest of the C-acetvlated enzyme IA was

clectrophoresed first at M 6.3 and then at pi IZ.1. The chro-

matogram was radioautogzaphed t¢ detect the ¢-amino-’ C-acetyl

-

‘lvsine containing peptides. The relative mehilities ol the .,
peptides were calculated relative to the migration of dansyl
arginine
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FTCURE 24

- U T P . SO e e
The g-aminc-""C-acetyl Lvsine Teptide Map o! Lnzyme IR

See Fig, 23 for details. Spots with dotted lines arc question-
L : ¥ .

able due to their low intensity as detected on the expese

£ilm. .
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FIGURE 25.

The ¢-amino-" C-acetvl Lyvsine Peptide Map of Enzvme IC
!
A Y
e Fig. 23 for details.
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FIGURE 26

.14 . ) ‘ - -
c-amino-- C-acetyvl Lysine Peptide Map of Inzvyme IIC

g. 23 for details
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FIGURE -7

: C 1 SO . -
The g-amino-""C-acetv] Lvsine Peptide Map of Inzvme IID
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Since all acidic groups were protonated at this pll, all the

G

jal ides migrated toward the cathode. Each peptide had at
least one positive charge contributed by 2 free terminal amino
group, Some peptides also had positive charqe contributed

-

by e thcr ﬂrLlnlnc or histidine re sidues or both at pH I.1

Since the peptide profiles in the first dlﬁun\lon of the

group of proteins IA, IB und IC were quite similar, zs were -

¥

the profiles of ITC and IID, 1t is img ant ‘to first com-

'l)

or
rare the prefiles of the enzymes within these two groups.

To simplify a discussion of the peptide maps, those peptides .
.that were basic at pH 6.5 will be refefred to as peptide |
"region 15,_those that were neutral at pH 6.5 will be refer-
red to as peptide ''region 2", and those that were acidic at

pH 6.5 as

o

eptide “regioﬁ 3. Al@'thrqe enzymes, IA, IB and
IC (Figs. 23, 24, 25) generate sd%e peptides which are unique
‘to only one enzyme. IA, when compared with IB, rrene*‘ages one
unique peptide in the peptide “"region 1%, (Rf D.,/), one
unique peptide in ”regioﬁ 2" (Rf 0.87), and three unique
peptides in "region 3”-Cif 0.74 - 0.56 and 0.3).. En:yme 1B,

when compared with IA, generated one unique spot in "region 1"

(Rf 0.68) and one spot in "region 3" (Rf 0.53). Three other

y
b

a

&

nt spots could be visualized in "region 1" of IB which
did not occur in IA but it should bhe stressed that these

spots dre questionable. By a similar comparison it can be

FA
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determined that'gacﬁ oﬁ‘thgtthree-énnmﬁs IK, IB and IC gen-
erate péptidéSJWhich arc.unique to c¢ach en:yﬁe. A comparison
of eniymés.IIC én* IID also réréals-the oCCUrrence ofrpeptidcs
which' are unique to'énly one en:yﬁe {(Fig. 26, 27).' To allow
a Comparison'ofreach of the en:ymés to the remaining five a
composite map was drawn (Fig. 29) which contains only those
spots'which are unique to each enzyme. Each of the eﬁ:ymes

s repre

th
th
th

ented by twe or more spots. lowever,the three spot

shown feor enzyme IB are questionable and it may very likely

be that IB does not generate peptides which are unique when
‘compared to the reémaining five enzymes. Although the dis-

similarities of the peptide profiles cof the different enzymes

uld zlso be emphasized that the

H-
rt
N
iy
O

have been stressed

h=*

de profiles of the six 17c-l{SDases also show major simi-

b

pept

larities in their patterns.

2

| =k

The peptide profile of the 173-HSDase (VIB) (Fig. 38)
s distinctly dissimilar from any of the 17a-ESDases mentioned

zbove. This enzyme generated fewer peptides which were basic

at pH 6.5 and also generated peptides that were relatively.
more acidic at that pi. . : C

o
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. DISCUSSION

The data on the substrate specificities, Vmax and

77}
\
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Michaelis constants sugge

it

h nIyvmes IA, IB, IID and TII

have both a greater affinity and a higher rate of reaction

for the non-avomatic steroid, epitestosterone, than fer 17~

estradiol. Although enzyme IIC has the same Vmax for both
P, ./ s ’

1-a-estradiel 3-glucuronide and epltestosteronc, the apparent

Km.1is almost 10 fq}é lower for- the androgen. The greater

f
(o

finity of enzyme IIC for the androgen explains the higher

r

pecific activity of ti

—

is enzyme for epitestosterone when com-

‘pared with 1"¢-estradiol 3-glucuronide. Eniyme IC exhibits

i

similar substrate specificities for Loth the androgen and

-

1 upported by the fact

G-e

tvadicl 3-glucuronide. This is

" in
L

i

shat similar Vmax and Km values were obtgined for both steroids. 'QE
Ehen_the l?a—HSDases 1A, 'IB and IID were incubzted with

"phenolic stéfoids,-these en;ymes showed almegst éimilar speciy

ficities for l?c-éstradiol,-énd its giuﬁurony; and glucosyl

conjugetes. liowever +he ‘gmlacturonide conjugate did -not

successfully replace the other estrogeﬁs. Therefore the - :

subst:rate_binding sites of enzymes IA, IB and IID more readily recog-

nize the stereospecificity of gluéuronic acid at position 4 of the sugar,

than that of galacturonic acid when conjugated with 17a-estradicl. Inzymes



\

curonide than for any of the other estrogens tested. This differ-

TN

ence is not due to a greater affinity for 17a-estradiol 3-glu-

curcnide by the enzyvme but instead due to a faster rate of

th

reaction. Therefore l7c-estradiol 3-glucuronide may be orien-

o

ted on the enzyvme in a manner which significantly reduces the
activation energy for the reaction. Since the glucosyl con-

jugate also exhibited g, lower specificity when conmpared with

18]
)
H +

in

TTe

U

17a-e 0ol 3-glucuronide, perhaps the charge asscciated
with the carboxyl functien of the glucuronide'may be important
in the observed increase in the rate of catalysis of the glu-

curonide conjugate. . -

.¥When estrone, estrone glucurdnide or androstenedione
were incubated with 17c-HSDases, in each case the specific

activity for the reduction reaction was lewer than the oxida-

+ion reaction. This can be -explained by the fact that the

hat re-

ct

free energy required to reduce is rnuch higher than

quired to oxidize (69).

The relatively higher specific activities of the 17c¢-
1{SDases with epitestosterone as substrate may suggest-the
: e

importance -of androgen detoxification in female rabbit liver.

However the fact that these enzymes can be inhibited by



epitestosterone at concentrati

‘that relatively low levels of

ons as low as 27 pM indicates.

androgens are processed by the
- /. .

female rTabbit liver at any time. It.ls interesting to -note

that Thaler-Dao et &

1. () did not observe a

. -

t 3 similar sub-

strate inhibition of their rabbit liver 175-HSDase at concen-
. . .

trations of testosterone higher sthan I uM. Howgver the kinet

‘behavicur of a (3 and 17) S-HS

5

)

stosteroni (16) and 17£-HSDa

i -

o
i)

1

=]

(s

s substrate inhibition was

not with 178-estradiol.

There is only one repert

-
[

the molecular of 17a-HS

welgh

elution of rabbit liver 17c-HS
|

G-200 ‘column, Breuer {10) calc

2000C daltons. This value 1s’

calculated forf the 17a-HSDases

acrylam electrophoresis

due to the large error invelve
weight of such z small protein
from a G-200 column. A more 2
achieved by gel filtration on

The molecular weigﬁfs reported

thesis are more consistent Wi

o exhibited

Dase activity from Pseudomonads

se activity from mature male

i

uhstrate inhibition. In both

observed with testosterone but

in the literature documenting

Dase. On the basis of the

Dase activity from az Sephadex

ul

-
2

atéd a molecular weighf of
exactly one half of the value
in this thesis by SDS-poly-
. This discrepancy ié probably -
¢ in defermining.the molecular
on the basis of its elution
ccurate estimate would have been
eithef Sephadex G-100 ot G-75.
his

for the l?c-HSDgses in

th the molecular weight



. 2 ’
estimations for the 178-HSDases from the following sources;
guinea pig kidney, 31000 (23): human placenta (subunit),
‘ ' ‘ N

33000 (6): rabbit liver, 35000 (9).

N ‘n

.

. The aminb xcid: composition of only one,other 1T-HSDasc,
human placental 17&-estradiol dehydrogbnasc, has been reported
in the literature (61). A compérison'of Ihe‘imiﬁo;acid com-
positions of.thié enzyme and the rabbit liver 17 a-llSDases
rqveals dissinct dissimilarities for a majority of the amino

e
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The multiple nature "of the rabbit liver 17e- and 17E-
HSDase activity reises the.difficult gquestion of the integrity
of these enzymes. Are these multiple enzymes artifacts of the

. ] . o o
purification procedure? That is, could one.enzvme possibly
have been modified during the purification procedure 1O gen-
erate multiple active forms of 17c-HSDase. Are thesé multipie
forms true isozymes and 1f they are, are they single or

multiple gene products (63)7

The first possibility can be eliminazted on the basis cf
the following argument. If artifactual modification of one
protein occurred to give rise to up to eight forms of 17w~

HSDase, then one would expect that storage of the crude

-




rabbit ‘liver supernatan;lfor differénttperi@ds,of time would
produce different enzyme activity profiles. If the modifica-
;iqn was due.to proteclysis {py~:nbomqmpthkme), then by in-
cre;sing-the-length of time for storage a,complcﬁely different
'en:ymc'agﬁivity-pa£terﬁ would be generated if the enzyme was
net completely inactivated. This has not been ohsefvéd. Hoﬁ—
ever even if a few carboxyl terminal amine acid residues arc
removed from an enzvme, it does not usually result in éhangqs
in substrate spbcificity or electrophoretic mobility (Sbj.
:There-is in the'literature'one unusual exémple f remeoval of
the éarboxyl terminal amino aci& by carbexvpeptidase, which

generated two enzymes with significantly different substrate

).

¥4

specificities (64, ©

Another possible method of artifactual modification of
?

a protein is deamidation. Such phenomenon has been obserxved

fy

with Neurospora éytochrome ¢ (66). However, whether this
variation is caused by deamidation during ?urification or by
a gene{ic phenomenon 1s yet not clear (56). 1If the multiple
17-HSDases arise fram deamidation, this process nﬁst occur

by a genetic phenomenon within the cell. It is unlikely that
the rnultiple 17-1ISDases arise from déamidaﬁion;during the
purification proéedure beczuse of the consistently similar
eniyme gctivity profiles obtained. If thé process of deami-

dation was non-specific and dccurred during the purification

R



procedure, One We

activity profiles.

fh

ti

o
'3

o

digests of each of the purified 17z-HSDase

1d
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cxpect to obtaln

inconsistent enivme

Deamidation could not possibly explain
resence of all bightllTQQHSH%s ¢ ‘since several of these
s have '1£pping iso-clectric.points.

Binding of small mglecnles such as subétrate. CQCNIVRIC,
alts may also result in the formatien of muitip;c forms
This pos< 1111L\ an also be ruled out by the fact that
o-HSDase pattern obtained from dif fe Lnf animals 1s con-
nt after gel filtration, lon- xchange romatography or
Ectric focussingf. |
The frequency 0I TepoOrIs in the literatufé on the hetero-
+v of not only a large number of steroid de}vcro” nases
2, 33, 34; 39) but other enﬁymes‘suchas bofine adrenzl

da

ih

-
1
a

ne

e

iifferences

(67

te

)

z unique phenomenen.

name only 2 few,

enzvmes may have small differences

. From

above,

, Tabblb liver are artlfac;s of the purifi

Slnce thc

this evidence,

it is most

dif

ferences’

together with

unlikely

in

the

o~
[

1

ce

trogen sulphotransferase (62 ) mouse

in

the other

-de

in the peptide maps

aldolase (65) and carboxy-
gests that this is not
.
‘of the thermolysin
S suﬂgesL that these
thelr p ary seguence.
arguments given

hat the multiple 17c-iiSDases of

cation procedure.

aps are small and the



i
o)
'

’

amino acid compositions almest identical, there are two
: ‘ .
nossible explandtions f£or the occurrence of the multiple forms
of lTa—HSDasc. The multinle forms may arise from multiple
genes, which are themselves products of.gcpe duplicatiens, of

ingle gene product is meodified by a specific gene directed

r
X

tn

}_J
3

process to produce morve than one form (¢3).
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CONCLUSIONS

The lzrn\JTO\\\t r01d dth\dTO”Ln 1ses in the soluble frac-
?

tion of rabbit liver consist of twe groups of enzvmes, namely

the 17c¢-1i8Dases and the ;b—ISL ases, Although thus ensyvmes

t

oxidize stereospecifically either the 1la- ar the 178-hvdroxyl

group respectively, they can act on. d variety of sterolds

i
i
+
=
[ 7]
o
£y
Lar]
'—g
[#]
-
b
i

including -estrogens and aﬂu.ogcns, which posse

multiple enzyme forms, as described in this.thesis gnd re-

]
[

ported by Thaler-Dao et. 21l. (¢). This is alsc the first T

3

H
8]
=
[}
[¥¥]
o
L)
1
rt

port of the purificatiocn of one of the 178-ESDases £

liver cvtosol. FHowever, evidence of the- nul iplicity and

purification of 17g8-HSDases from cther animzl tissues has been

presented by several groups (32, 33, 34, 597 .

One of the purified 17c-HSDases (enzvme IC) is particu-
larly interesting because it is highly specific for 17c-estra-
diol 3-giucuronide when compared to other estrogen substrates.

This first report of the purification of a.highly active 1l7a-
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HSDasé, which is much-more-active on a conjugate than the free

steroid, allows an 1nt resting speculation of a possible path-

way for estrogen metabolism; On the basis of the oxidation

rates of the various multiple forms for the different estro-
ens tested, it is 1likely that conjugation with glucuronic

m

-

ct
P
—
[¢7]
L]
JI
.1

acid at, position three o

Y

ogen takes place before re-

duction which occurs at position sefentéen.

The purificétion cf the Wululvlt 17a-1i8Das

ses poses an
interesting dilemma. Are these multiple forms artifacts or
are thew true intracellular enzyvmes? If these enzymes are

rh

artifacts of the purification procedure they should be very

similar in their functibn and stpuctufe._ The most common
feature is theilr mcléculér weight of appr oximately 39600.
The zmine azcid compesitions of these eﬁ:gmés ére stik ngly
similar except fo; a few ﬁinér difference;.' HOwéfer, on the -

basis of their substrate specificities, their Km and Vmax

values, their iscelectric points and thelr adsorption prc-

perties cn DEAE-cellulose they are quite different. The

final and most sensitive proof of the integrity of these

enzymes dresentea in this thesis was achieved by a new tech-

nigue of peptide mapping, with micro quantities of enzyme,

.. .. . ) 3.,
by derivatizing €-amino gvouns of lysine residues by "li-ace-

tic anhydride. Radioautography o:'tne dET’Vatl’ ed lysine-

~ containing peptides after electrophoresis suggested that there are small hut
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discrete differences in the primary structures of the purified
multiple forms. Therefore, on the basis of the evidence pre-.
sented it .is concluded that the multiple forms are most pro-

‘bably not artifacts but, instead, are true intracellulaY

U7

enzymes. l[owever, further characterization of the difference
between these eniymes ig required before a definitiuﬁzéﬁaté-

ment.can be made on whether these enzymes are actually 1so-

enzymes, or multiple forms.
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