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Sterols and steroids are relatively complex molecules
which contain a number of asymmetric centres; numerous
species are sble to synthesise such molecules and trans-
form them to a wide variety of related compounds, Thus
many of the enzymes concerned in sterold hormone metadesh
offer unique opportunities as model systems for the
study of substrate specificity.

Although sterolid hormones share certain basic
structural characters the possession of specific con-
formations and configurations provides a physico-chemical
basis for the observed differences in physiologiecal
action, In this discussion only certain aspects of the
enzymic transformations of l7a-ocestradiol, l17pf-oestradiol
and oestrone will be considered, These phenolic
steroids are closely related by simple oxidation-reduction
reactions, viz.

17a-oestradiol = oestrone — l17p-oestradiol

The isolation and partial purification of a human
placental 17f-oestradiol dehydrogenase by Langer and
Engel (1958) and subsequent kinetic studies by Langer,
Alexander and Engel (1959) showed that this enzyme

1, had an absolute steric requirement for the

17f=-hydroxyl group

2s required that the steroid substrate must possess

a highly planar ring A or B or both for

significant reactivity




3¢ Iinteracted with the entire steroid surface,

These findings were largely confirmed by Adams,
Jarabak and Talalay (1962) using enzyme preparations of
much higher specific activity. "

It was therefore of interest to extend these
observations using a l7c-oestradiol dehydrogenase,
'thereby providing a more compléte system for the investiga-
tion of effects of substrate structure upon reaction
kinetics, Such a model would also facilitate the
experimental approach to studies of the mechanism(s) of

these enzyme reactions,

There was no published report of a purified prepara-
tion of a 17a-cestradiol dehydrogenase when this work was
undertaken in October, 1962, Thus it was necessary to
find a source of that enzyme; tissues of those animals
known to metabolise or to excrete free or conjugated
170=~0estradiol seemed the most suitable starting material,

Although the configuration of the hydroxyl group at
carbon-17 was accurately inferred by Fieser and Fleser
(1949) it was not established until 1950 (Gallagher and
Kritehevsky). There was much confusion in the
literature prior to these dates and in several later
publications,. The correct designation is used through-
out this review; where early authors assigned the a-

configuration to the f-epimer (and vice versa), this has




THE CONFIGURATION OF THE HYDROXYL GROUP AT CARBON 17

" 17 o< -0ESTRADIOL ™ “17B - OESTRADIOL "
OESTRA-1,3,5 (10) - TRIENE-3,170< - DIOL OESTRA - 1,3,5 (10) - TRIENE-3,77 B-DIOL
m.p. 223° m.p.178°
18° 5 20-25° _ +
[ ] = +53:5(C 09 ALCOHOL) [] = +79Z2 (C 07 ALCOHOL)
583 mp 589 mp

ONLY THE C AND D RINGS ARE DEPICTED IN THIS PROJECTION



been changed in the interests of uniformity.
'170~0estradiol’ will be used to denote that epimer

with the higher melting-point (m.pe.) and the less

positive optical rotation in yvhich the hydroxyl group

at carbon-17 is trans to the methyl group at carbon-l3,

Fig. 1.




The literature relevant to the metabolism of 17a-

oestradiol will be reviewed under five headings:-

I. Animals which metabolise or excrete free or
conjugated 1l7a~-oestradiol
II, Studies with animal tissues in yvitro
III, The histochemical demonstration of l7a-hydroxy-
steroid dehydrogenases
IV; Other 17-hydroxysteroid dehydrogenases
Ve The mechanism of action of the l1l7-hydroxysteroid

dehydrogenases

The first isolation of l1l7a-o0estradiol was reported

briefly by Vintersteiner and Hirschmann (1937) and more
fully by Hirschmann and Vintersteiner (1938)., They used
the non-ketonic phenolic fraction of pregnant mares' urine
as starting material,. Twenty-three years later Pigoh,
Lunaas and Velle (1961) demonstrated the presence of 170~
oestradiol in stallion urine, Guantitative chemical
determinations of urinary oestrogens in thirty-six
stallions from 7 - 37 months of age showed that only
insignificant amounts were excreted during the first two

years of life,. At that time there was a marked increase




in the output of oestrone, 178~ and l7a-oestradiol,
Only trace amounts of oestrogens were found in the urine
of ten fully-grown geldings.

Ruminants

Unconjugated l1l7c~oestradiol has also been found in
ruminants, Klyne and Uright (1956, 1957) showed that
this steroid was exereted in the urine of the pregnant
cow and of the pregnant goat, Velle (1958a) found that
the main phenolic steroids in pregnant cows' urine were
oestrone and l17¢c-oestradiol, The urine of the newborn
calf was also shown to contain the a-epimer (Velle, 1958b)
and the partial metabolic transformation of l7a-oestradiol
to oestrone was demonstrated in the young calf of both
sexes (Velle, 1958e).,

Further isolations of l7a-ocestradi ol have been made
from bovine meconium (Velle, 1957), from ovine and caprine
meconium (Velle, 1958d), from equine meconium (Velle and
Pigofd, 1960) and from bovine placental extracts along
with 17p-oestPadiol and oestrone (Corski and %rb, 1959),
17a=0estradiol has been found in the amniotic fluid of
the cow (Rommel, 196)1) and most recently Adlercreutz and
Luukkainen (1965) desecribed the presence of the free

steroid in the bile of the pregnant cow,




The dog

According to Siegel, Dorfman, Brodey and Friedman
(1962), 17a~oestradiol is a major urinary oestrogen in
the mature adult dog where the bulk of phenolic steroids

appears to be conjugated with glucuronic acid. Metzler,

Rleftheriou and Fox (1966) have also reported the presence
of unconjugated l1l7a~ocestradiol in the plasma of pedigree
bitches of various breeds,

Ihe rabbit
Stroud (1939) reported the isolation of 17a-

oestradiol from the urine of rabbits which had been given
oestrone., His criteria of identification were m.p. 216°,
elementary analysis, and the demonstration of biological
activity which was one seventh of that of oestrone in
ovariectomised rats, Heard, Bauld and Hoffman (191:1)
recovered 2,6% oestrone and 12,1% l7a-oestradiol from the
urine of the intact oestrous rabbit after giving 300 mg,
17¢=-cestradiol, The simultaneous administration of
progesterone and l1l78-ocestradiol or oestrone to the intact
oestrous rabbit and to the hysterectomised-ovariectomised
animal did not alter the excretory pattern, In all
cases the recovery of l7a-oestradiol was four to five
times as much as that of oestrone, Fish and Dorfman

(19h2) also found 17a-oestradiol in the urine of
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hysterectomised-ovariectomised rabbits, and the reduction
of oestrone to l7a~ocestradiol in the rsbbit has been
deseribed by Pearlman and Pearlman (19hL),

Ihe monkey

The demonétration of l1l7a~oestradiol as a major
oestrogen in rabbit urine prompted Doisy, Thayer and
Van Bruggen (1942) to investigate the exeretion of that
compound following the administration of 227 mg. 17P=-
oestradiol to the ovariectomised-hysterectomised monkey.
Using a bioassay, only 0,3% of the injected dose was

recovered in the urine.

Man
Heard (19hh) stated that he had been unsuccessful in

attempts to find l1l7c=o0estradiol in human urine and this
has been confirmed by others (vatson and Marrian, 1958),
According to Schott and Katzman (196L) "Failure to
detect l7a-oestradiol in human urine may be due to
inadequacy of the methods employed and/or to its rapid
metabolic alteration", They looked for l7a-ocestradiol
in pools of human late pregnancy urine using mild acid
hydrolysis, chromatography on silica gel and dilute iron-
Kober Reagent B, In one individual, in urine samples
subjected to mild hydrolysis, Schott and Katzman found

a compound of chromatographic mobility similar to that of
17a=-0estradiol in the CHClz-formamide system, The

conditions for hydrolysis appear to be important because




(Velle, 1958b) noted extensive destruction of 17a=-
oestradiol when Brown's (195%) hydrolytic procedure'was
useds Schott and Katzman also confirmed Haenni's

(1950) observations with regard to the specificity of
iron-Kober Reagent B for l7a-cestradiol,

Following the administration of l6a-hydroxyoestrone
and 16f-hydroxyoestrone diacetate to a normal man on
separate occasions, Nocke, Breuer and Knuppen (1961)
first isolated oestriol, 17-epioestriol and l6-epioestriol,
then l6-epioestriol, 16,17-epioestriol and oestriol.
Thelr findings confirmed previous incubation experiments
with human liver slices (Breuer and Nocke, 19%8) and it
was concluded that these results showed that a 17&-hydro£y-
sterold dehydrogenase was present in man, in addition to
an enzyme specific for the 17B-configuration,

The possible importance of l7a-ocestradiol as a major
metabolite in man is suggested by the isolation of
oestra=l,3,5,(10),11-tetraene=3,17a=diol (1ll-dehydro-17a=
oestradiol) from the urine of pregnant women (Luukkainen
and Adlercreutz, 1965)., This compound was found in the
oestradiol-3-methyl ether fraction of Brown (195%5) and it
was present in amounts equal to or higher than those of

17p=orstradiol,.
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II, Studies with animal tissues ln yitro

In the discussion of results from incubation snd

histochemical studies the assertion is not infrequently
made by some authors that e.g. the oxidation of 17a=
oestradiol to oestrone is catalysed by a specific l1l7a=
oestradiol dehydrogenase, Such statements are misleading,
Experiments with crude homogenates and tissue slices
give little information about the specificity of the
reactions concerned, and even in the case of some highly
purified enzymes (e.g. horse liver alcohol dehydrogenase)
the substrate specificities have not yet been establishedp
Rgbbit liver

Vhen a steroid hormone is incubated ln vitre with
a liver preparation a large number of metabolic trans-
formations is possible, These include oxidation-
reductions and conjugations (often loosely termed
'detoxication' reactions),

Breuer and Pangels (1960) studied the metabolism of
oestrone and hoth epimers of oestradiol in rabbit liver
slices, They found that incubation of oestrone at 37°
for 60 min, at pH 7.1 gave 5 - 8 times more 178~ than

17a-o0estradiol,




Recent work by Layne and his colleaguee at the
Worcester Foundation has stimulated further interest in
the mechanisms of conjugation of steroid hormones,

Jirku and Layne (1965) showed that when [6,7=%Hg] 178-
oestradiol was incubated with rabbit liver homogenates
and uridine diphosphate N-acetylglucosamine in the
presence of uridine diphosphate glucosiduronic acid, the
product was oestradiol-3-glucuronoside-l7a-~N-acetyl-
glucosaminide, This double conjugate was formed in
amounts equivalent to ebout 10% of the total radioactivity
No evidence was found for the transfer of N-acetyl-
glucosamine to the 17B-hydroxyl group of oestradiol and
there were good indications that conjugation at carbon-3

was necessary before coupling at carbon-l7 occurred,

Avian liver

The presence of a l7a-oestradiol dehydrogenase in
ammonium sulphate fractions of chicken liver homogenates
has been described by Ozon and Breuer (1965), These

results will be examined later in this thesis,

Mammali thro
Repke and his collaborators have studied the inter-
conversion of oestrone and both epimers of oestradiol by
the red blood cells of various animal speciea; In a
brief communication, Portius and Repke (1960a) reported

the oxidation of 17a-oestradiol to oestrone by




erythrocytes of cattle, sheep and goats, The highest
activity of 'l7a=oestradiol dehydrogenase' was found in
bovine red cells, The authors also commented upon the
absence of this enzyme from red blood cells of the rabbit
and dog, in view of the fact that these animals excrete
1l7a-0estradiol after the administration of oestrone or
17=0estradiol.

Lunaas and Velle (1960) also studied the metabolism
of oestrone and l1l7f-ocestradiol with washed erythrocytes
from mature, non-pregnant females of eleven mammalian
species, They found that when oestrone was incubated
with bovine red cells the major product was l7a-ocestra-
diol; the P-epimer was present only in trace amounts,
The oxidation of 1l7a-ocestradiol to oestrone by bovine red
cells was also observed,

Experiments with bovine erythroecytes have also been
reported by Axelrod and Verthessen (1960) who showed that
17a=-0estradiol was the major product when [16-'%C]oestrons
was incubated with blood from the pregnant cow, This
conversion did not occur with bull's blood or that of the

steer,

v e ssue

The interconversions of the oestradiol epimers and
oestrone have been investigated in tissue culture, The
first report by Velle and Erichsen (1960) described the

formation of oestrone from 17f-ocestradiol in bovine




kidney cells; ylelds from l7ca-oestradiol were very much
less, Further incubations with cells in sheet culture
from. bovine amnion, liver and endometrium, and from the
testes of young calves and bulls all showed trace amounts
of oestrone formed from l7c-ocestradiol (Erichsen and

Velle, 1960),

III.

Baillie, Calman, Ferguson and Hart (1966) claimed to
have demonstrated an 'NAD+—specif1c 17a~hydroxysteroid
dehydrogenase' in human testicular biopsy material using
histochemical methods. The activity (described as
'voor') was localised in the Leydig cells when 17a~hydroxy—
androst=li=en =3-one and l7o-hydroxy-pregn-l-ene-3,20-dione
were used as substrates, The choice of the latter
tertiary alcohol as substrate is curious because chemical
oxidation of the hydroxyl group at C=17 would necessitate
breaking a carbon-carbon bond, This reaction cannot be

catalysed by a hydroxysteroid dehydrogenase,




It has been known for many years that yeasts can
effect the reduction of ocestrone to 178-oestradiol
(eege Mamoli, 1938; ‘vettstein, 1939) and the existence
of 17f-bydroxysteroild dehydrogenases has been inferred
'from in yitro experiments with rat and rabbit liver
preparations (e.,g. Heller, 19:0; De Meio, Rakoff,
Centarow and Paschkis, 1948; Coppedge, Segaloff, Sarrett
and Altschul, 191h8; Peariman and De Meio, 1919).

Similar conclusions have been drawn from in vivo experi-
ments in man (e.g. Heard and Hoffman, 19413 Pearlman
and Pincus, 191:3),

Sweat, Samuels and Lumry (1950) reported the partial
purification and characterisation of a 17f-~hydroxysteroid
dehydrogenase from steer liver which oxidised testosterons
to androstenedione, and the results of incubation studies
with a wide variety of normal and diseased human digestive
reproductive and endocrine tissues (Ryan and ingel, 1953)
stimulated further interest in the enzymic transforma=-
tions of steroids,

The reduction of oestrone to 1l7f=-ocestradiol by
human and rsbbit erythrocytes was deseribed by Gray and
Bischoff (1955) and Markwardt end Repke (1955) showed that

reduction of oestrone to 1l7f-ocestradiol by guinea-pig
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erythroecytes was linked to the oxidation of glucose-6-
phosphate to 6-phosphogluconic acid by glucose=b6-
phosphate dehydrogenase in the presence of NADP+. Repke
and Markwardt (1959) also found that human red cells and
those of the rabbit and guineca-pig reduced oestrone to
178=0estradiol, . In their studies of oestrogen metabolism
in washed red cell suspensions from eleven non-pregnant
female mammalian species, Lunaas and Velle (1960) showed
that 17p-oestradiol was partly metabolised to oestrone in
man, monkey, horse, sheep, goat, pig, dog, rabbit,
guinea-plg and rat, No metabolite was detected in
incubations with rabbit red cells, Oestrone was partly
transformed to 17f-oestradiol in all species examined
except the bovine where the product was l7a-oestradiol,
Portius and Repke (1960a, 1960b) observed that
erythrocytes of rat, golden hamster, guinea-pig, rabbit’
pigeon, hen, goat, sheep, cow, plg, cat, dog, frog and
human were all able to oxidise 17f=-oestradiol to
oestrone, No details of age, sex or reproductive state
of these animals were given and it is possible that a
seasonal variation may have accounted for the difference
between Portius and Repke's experiments with bovine red

cells and those of Lunaas and Velle,




Other transformations which are probably catalysed
by 17f-hydroxysteroid dehydrogenases have been
demonstrated in bovine cells in tissue culture (é.g.
Erichsen and Velle, 1960) and in incubations of fish and
amphibian liver (Breuer, Ozon and Mittermayer, 1963) a
'17¢-ocestradiol dehydrogenase' has also been found in
association w;th human and canine spermatozoa (Hathaway
and West, 196li), However, few attempts have been made
to purify any of the activities cited,

One of the first hydroxysteroid dehydrogenases to be
investigated was that induced in Pseudomonas testosteroni
by Talalay, Dobson and Tapley (1952), This enzyme which
catalyses the reversible oxidation of 3f-hydroxyl groups
of C4y9 and Co4 steroids and which also interconverts
17-keto and 17-hydroxyl groups of C,g and C,¢ steroids
has been shown to behave as a homogeneous protein of _
molecular weight, 100,000 (Squire, Delin and Porath,196l),

Kochakian and his colleagues have provided much
information on the 178-hydroxysteroid (testosterone)
dehydrogenases of guinea-pilg liver and kidney. These
tissues have each been shown to contain two testosterone
dehydrogenases, one of which is NAD+—specific and micro-
somal, the other is soluble and requires NADP™ as cofactor

(¥ndahl, Kochakian and “ndahl, 1958). The activity
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of the renal enzymes but not those of the liver appears
to be regulated by testosterone (Kochakian and Endahl,
1960). The separation of the guinea-pig liver enzymes
by differential centrifugation has been reported by
Endahl, Kochakian and Hamm (1960) and confirmed by
Villee and Spencer (1960)., Txperiments with liver and
kidney of guinea-pig, rabbit, mouse, rat, hamster and dog
revealed marked species and tissue differences between
the NAD+— and NADP+-specif1c testosterone dehydrogenases
(Aoshima and Kochakian, 1963).

The soluble NADP+-dependent 17f-hydroxysteroid
(testosterone) dehydrogenase of guinea-pig liver has been
purified some two-hundred fold by Joshi, Duncan and Engel
(1963), The purified preparations also oxidised
saturated C, ¢g=3p~hydroxysteroids of the 5a series and
saturated C,¢=17f~hydroxysteroids, and the substrate
specificity studies indicated that planarity of the
molecule favoured increased reactivity.

Langer and Engel (1958) deseribed the partial puri-
fication of a soluble 17p-oestradiol dehydrogenase from
human placenta and this enzyme has been extensively
purified by Jarabak, Adams, Villiams-Ashman and Talalay
(1962), Recent work by Purdy, Halla and Little (196L)
showed that preparations of this l7p-oestradiol

dehydrogenase (of high specific activity) were also able
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to reduce progesterone to 20q-hydroxy-!i-ene-pregnen-3-one
but activity towards this substrate was low, _

A twelve-fold purification of an NAD(P)-linked
17ﬁ-hydroxyateroid‘oiido-reductase from rat kidney has
been reported by Breuer and Dahm (196ha), These workers
have also published a ten-fold purification of a 17g-
hydroxystefoid dehydrogenase from normal and hyperplastic
human adrenals (Breuer and Dahm, 196Lb).
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Ya T ism o on of he OXYS

- The mechanism(s) of action of the hydroxysteroid
dehydrogenases is unknown but information is available
concerning the stereospecificity of the reactions which
‘they catalyse, This knowledge is largely derived from
the pioneering studies of Vennesland, Westheimer, and
their colleagues who showed that dehydrogenases exhibit
a dual stereospecificity in respeet of a) substrate and
b) cofactor, (It follows that these enzymes must also
exhibit product stereospecificity).

In this connection yeast alcohol and lactic dehydro-
genases were first investigated (Fisher, Conn, Vennesland
and Westheimer, 19533 Loewus, Ofner, Fisher, Vestheimer
and Vennesland, 1953) and it was concluded that these
enzymes catalysed a direct ateréospecific transfer of
hydrogen between substrate and pyridine ring. The site
of reduction of NADY was later shown to be position I
(Pullman, San Pietro and Colowick, 195h), Subsequent
observations in mechanistic studies by Mauzerall and
Westheimer (1955) and by Loewus, Vennesland and Harris
(1955) established that a l,h-reduction of the
nicotinamide ring of the coenzyme occurs in dehydro-

genase reactions,




By the use of deuterium, Levy and Vennesland (1957)
distinguished two groups of dehydrogenases which trans-
ferred the isotope to one or other of the diastereomeric
positions of NADH, Those enzymes which had the same
coenzyme stereospecificity as yeast alcohol dehydrogenase
were said to have 'a-stereospecificify'. Those which
used the other position were designated '6—stereospecific'_

Later investigations have shown that this classifica-
tion holds for NAD?+-1inked dehydrogenases (Levy, Talalay
and Vennesland, 1962), In this paper the hydrogen atoms
attached to position L of the reduced nicotinamide ring
of the pyridine nucleotides were designated HA and HB.

H, dehydrogenases were formerly known as 'a or side 1'
enzymes, Hy dehydrogenases were termed '8 or side 2',
This nomenclature was arbitrarily assigned without
knowledge of the absolute stereochemistry of the atoms
concerned (see Fige, 2).

In the course of their studies on cholesterol bio=-
synthesis the absolute stereochemistry of the hydrogens
attached to the meso-carbon atom at position L of the
dihydronicotinamide ring of the pyridine nucleotide was
reported in a preliminary form by Cornforth, Ryback,
Popjdk, Donninger and Schroepfer (1962) and more fully by
Cornforth, Cornforth, Donninger, Popjdk, Ryback and

Schroepfer (1966). These workers formulated a general




Elg. 2.

THE STERIC POSITIONS OF Hy AND Hy
OF THE DIHYDRONICOTINAMIDE RING
OF NADH OR NADPH

(After Cornforth et al. 1966)
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rule applicable to all NAD'- and NADP*-linked dehydro-
genases; it states that:-

"A11 'A' specific dehydrogenases add hydrogen to
that side of the nicotinamide ring in which the numbering
of the positioné from 1 - 6 appears in an anti-clockwise
order, It is the consequence of the steric position of
HA and HB at position L of the dihydronicotinamide ring
of NADH or NADPH that when HA is replaced by a heavy
isotope the absolute configuration at position L1 is R and
when Hy is similarly replaced the configuration at this
position is 8", The definition of absolute configuration
in terms of '"R' and 'S' is that introduced by Cahn, Ingold
and Prelog (1956).

The 17f-hydroxysteroid dehydrogenase of Pseudomonas
testosteroni was one of the first enzymes found to transfer
hydrogen to the 'B' side of the dihydronicotinamide ring
of NADH (Talalay, Loewus and Vennesland, 1955), By
incorporating tritium into position li of the nicotinamide
ring Jarsbak and Talalay (1960) showed that the NAD =
linked 3a~ and 3P-hydroxysteroid dehydrogenases of
Pseudomonas testosteroni also use side "B' in the
following reactions:-

Androsterone + NAD+ —> androstane=3,17-dione
o+
+ NADH + H

Epiandrosterone + NADY —»> androstane-3,17-@ione
: +
+ NADH + H




The 17p-hydroxysteroid dehydrogenase of human
placenta was found to transfer hydrogen to side 'B' when
NAD* or NADPY was used as cofactor, The transhydrogenasﬁ
activity associated with this enzyme was also shown to use

side 'B' in the following reaction:-

NADH + AcPyAD —> UNAD® 4+ AcPyADH

Previously Talalay and V"illiams-Ashman (1958) and
Talalay, Hurlock and Williams-Ashman (1958) had shown
that 17pg-ocestradiol mediated a reversible enzymic transfen
of hydrogen between the oxidised and reduced forms of
nicotinamide-adenine-dinucleotide and nicotinamide=-
adenine-dinucleotide phosphate. It was claimed that this
activity was catalysed by a single protein from human
placenta which also possessed 17f8-hydroxysteroid
dehydrogenase activity. Conflicting evidence was later
presented by Hagerman and Villee (1959) and Villee,
Hagerman and Joel (1960). Starting with human placenta
these workers separated a 'transhydrogenase' from two
178-hydroxysteroid dehydrogenases which were respectively
NAD*~ and NWADP*-specific. The 'transhydrogenase' was
free of dehydrogenase activity, The controversy has yet
to be resolved, Jarabak gt ale (1962) found no alteration
in the transhydrogenase to dehydrogenase ratio when they
achieved a 2500-fold purification of the l1l7f-oestradiol

dehydrogenase activity.




The hydroxysteroid dehydrogenases so far investigate
have been shown to use the 'B' side of the dihydro-
nicotinamide ring but evidence for 'direct transfer' i.e.
transfer without any solvent participation, was sought
and demonstrated in only one instance, viz, the enzyme-
catalysed dehydrogenation of testosterone to androstene-
dione (Talalay et al. 1955). The significance of co-
factor stereospecificity is unknown but Levy and Vennes-
land (1957) have suggested that it may be of physiologics
importance,

Cori, Velick and Cori (1950) first observed that the
rate of oxidation of NADH bound toLtriosephOSPhate
dehydrogenase by pyruvate in the presence of lactic
dehydrogenase was so0 rapid that the bound NADH appeared
to be oxidised without dissociation from the triose-
phosphate dehydrogenase, This work was confirmed and
extended by Nygaard and Rutter (1956) who found that the
oxidation by pyruvate of NADH bound to triosephosphate
dehydrogenase, in the presence of lactic dehydrogenase
could proceed more rapidly under certain conditions than
the oxidation of free NADH, Similarly with liver alcohol
dehydrogenase faster reactions were observed with NADH
bound to triosephosphate dehydrogenase than with the fred
nucleotide, Loewus, Levy and Vennesland (1956) have
suggested that a shift in conformation of the reduced

nicotinamide ring might facilitate coupling between NAD+m

linked dehydrogenases of opposite cofactor specificity.

d
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THE STERIC RELATIONSHIP OF SUBSTRATE TO COFACTOR
IN THE TRANSITION STATE OF HYDROGEN TRANSFER

NOH N“OH

B-COENZYME a-ENZYME B-COENZYME e-ENZYME

(AFTER PRELOG,1963)
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The occurrence of coupled dehydrogenase reactions without
dissociation of the pyridine nucleotide could provide a
means whereby certain metabolle paths would be selected
at the expense of others (Levy and Vennesland, 1957).

Concepts of the mechanism(s) of action of dehydro-
genases remain highly speculative but Prelog (1963) has
attempted to correlate the stereospecificity of certain
enzymes with kinetic measurements of the reactions which
they catalyse, He studied the ketone-reductases of
Curvularia faleata and pig liver which require NADP' as
coenzyme, and the NAD+-apecific horse liver alc¢ohol dehydro-
genase,

Prelog stressed the importance of the spstial arrange-
ment of the transition states of the hydrogen transfer in
such reactions and his views were as follows, Since the
hydrogen transfer occurs between coengyme and substrate
the steric position of both these components must be such
that the overlapping of shared electron orbitals should
become as great as poaaibie, and the separating of opposing
charges and the repelling effects of non-bonded atoms
should become as small as possible, According to Prelog
these conditions are best fulfilled in transition states
which for the transfer of 'A' and 'B' hydrogens are

depicted in Fige 3.
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Experiments with about 30 derivatives of cyclohexane,
eyclohexanol and decalin of known absolute configuration
showed that those substrates in which R, is a carbon did
not react with enzymes which function with the 'A' side
of the coenzyme, In contrast, the substrates in which
R__ represents a carbon atom did not react with enzymes
which transfer the 'B' hydrogen,

A comparison of reaction rates showed that the so-
called 'e'-ketone reductase of C, falcata strongly prefers
such substrates in which the hydrogen transferred occuples
an equatorial position in cyclohexane, while the 'a'=
ketone‘reductase reacts comparatively quickly with the
axial hyﬁrogen. Since both enzymes transfer the
sterically equal hydrogen, only the spatial arrangement
of the protein is responsible for the difference,

When a lipophilic substrate reacts enzymatically with
measurable velocity then the space vhich it requires durin
the reaction and especially during the hydrogen transfer
is not occupied by the protein nor by particles strongly
bound to it such as solvent molecules, ions and inhibitors
A group of substrates whose carbon skeleton was composed

of cyclohexane rings in chair form was built up around

this unoccupied space. The 2, 3 and lh-methylcyclohexanol

and the corresponding cyclohexanones as well as the stereo-

isomeric a- and P-decalols and the corresponding decalones

formed such a modele.

g




The relative reaction rates or the kinetic oonstants
of the enzymatic oxidations or reductions were determined
for these substrates, The carbon skeleton of these and
many additional substrate analogues may be likened to
parts of a diamond-lattice whose position as oppesed to
coenzyme, and therefore also to enzyme, is determined
by the steric structure of the transition states of the
hydrogen transfer, ‘

When Prelog established that a specific substrate
reacted with measurable velocity he denoted the corres-
ponding position in a diamond-lattice as 'free', By the
use of a large number of substrates he could deduce
(with reservations) which positions were forbidden,

According to this theory each enzyme possesses its
own typical diamond-lattice section,

The deseription of 'free' and 'forhidden' positions
in the environment of the coenzyme with the aid of typlcal
diamond-lattice sections confers the following advantages
in addition to the possibility of characterising the
enzyme,

l, One can sum up the known stereospecificity of

the enzyme concernmed,




THE CHARACTERISTIC DIAMOND-LATTICE SECTION
FOR THE a-KETONE-REDUCTASE OF C.falcata.

o'FREE", « “FORBIDDEN".
(AFTER PRELOG , 1963)
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2, It allows one to predict substrate reactivity.
Substrates whose frameworks extended over 'forbidden'
positions did not react, whereas those which could be
contained in the 'free' space reacted mostly with
measurable velocity even when their carbon skeleton was
not found to be composed of chalr forms of cyclohexane,
In the course of investigations on the stereospecificity
of horse liver élcohol dehydrogenase Prelog and his
colleagues found that this enzyme did not react with many
a=decalones and a-decalols, On the basis of the diamond=-
lattice section of the enzyme it was found that a specific
stereoisomer (+)=(18,98)=cis-decalol=(1l) could be
contained in the 'free space' and that this reacted

relatively quickly with the enzyme,

3¢ The dlamond-lattice permits one to test various
hypotheses concerning the mechanism of action of ketone
reductases and aleochol dehydrogenases, One can enlarge anh
perfect the typical diamond-lattice section by drawing on
further substrates, It was Prelog's impression that extens
sion of the 'free' space was possible to the right and in
front and not to the left and behind, Figs. UL, 5.
It seemed to him that the 'free' space lay in an angle
which was formed on the one hand by the surface of the
enzyme-coenzyme complex and on the other by a vertiqal
plane impenetrable to the lipophilic substrate, Prelog
and his colleagues then theorised that this plane was




THE CHARACTERISTIC DIAMOND-LATTICE SECTION
FOR HORSE LIVER ALCOHOL DEHYDROGENASE

o "FREE" o "FORBIDDEN"
(AFTER PRELOG, 1963 )
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composed of water-molecules which adhered to the polar
part of the protein molecule, In ketone-reductases which
transfer the 'B' hydrogen, the water-layer and the
sterically hindering carboxamide group of the coenzyme
lay on the same side of the pyridine nucleus, in alcohol
dehydrogenase they were on different sides, This could
explain the greater selectivity of the latter enzyme,

The usefulness of the diamond-lattice section of
horse liver alcohol dehydrogenase haa recently been
supported by Waller, Theorell and Sj8vall (1965). Using
a highly purified preparation of horse liver alcohol
dehydrogenase they found thaﬁ this enzyme showed a high
stereospecificity for 3ﬁfhydfoxy-5ﬁ7cholandc acidq, and
that the '"A' hydrogen transferred from N/DH was the
equatorial hydrogen in 3f-hydroxy-5f-cholanic acid.

Their findings were in agreement with those of Prelog and
Retdy (1963, quoted by Waller gt ale.) that horse liver
alcohol dehydrogenase is an 'e' enzyme in that it
preferentially transfers the equatorial hydrogen in théir
cyclohexane, cyclohexanol and decalin series of substrates
This means that in the diamond-lattice model of aleohol
dehydrogenase and 3B-hydroxy-5f-cholanic acid that the
a~surface of the steroid should face the coenzyme,

It may be significant that the a-surface was invoked
as the site of steroid/enzyme interaction in kinetic

studies of the bacterial pP~hydroxysteroild dehydrogenase
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(Marcus and Talalay, 1955) and of the 17f-oestradiol dehy-
drogenase of human placenta (Langer, Alexander and “ngel
1959).

The biological importance of enzyme-=catalysed inter-
conversions between hydroxyl and carbonyl groups has been
stressed by Prelog (1963)., He indicated the ubiquity of
the alcohol dehydrogenases and of the aldehyde and ketone
reductases, He also emphasised the great diversity of
these enzymes in relation to specificity and stereo-
speciflcity.

- The examples of reversible l7-hydroxysteroid dehydro-
genations cited in the foregoing review illustrate the
widespread distribution of these reactions in living
organisms, It becomes increasingly evident <that the
hydroxysteroid dehydrogenases are highly specific with
respect to the position and configuration of the hydroxyl
group in the substrate molecule, and the probability that
molecular planarity is an important characteristic of a
reactive substrate is of great interest,

Engel (196h) has provided tentative evidence that sub-

enzymic catalysis exert an effect upon reaction rates,
This phenomenon of 'conformational transmission' was first
fully defined by Barton, Head and Nay (1957) in their studs
of the rates of condensation of some triterpenoid ketones
with benzaldehyde, Although there is no complete explanad
tion for this phenomenon, it may well be important to our
understanding of steroid-enzyme interactions,.

The attempted isolation of a l7a-oestradiol dehydro-
genase was therefore considered worthwhile, because this
enzyme offers unique opportunities for the study of
effects of substrate structure upon reaction kinetics,
This enzyme would also permit the investigation of the
mechanism(é) of hydroxysteroid dehydrogenations and the
elucidation of the nature of the enzyme catalytic site(s).

stituents in the steroid substrate distant from the site of

<t
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INTRODUCTION

The many procedures which are avallable for enzyme
purification have been discussed at length by Schwimmer
and Pardee (1953) and by Dixon and “ebb (196l). The
choice and sequence of methods are largely subjective,
and much depends on the availability and stability of the
activity to be purified and the possession of a rapid |
means for its determination,

The experiments to be described fall broadly into

four groups:-

l, Those concerned with a search for a 1l7a-

oestradiol dehydrogenase and its subeellular location,

2e The development of a convenient assay, the
identification of the product and the stoichiometry of

the reaction,
3¢ Methods of enzyme purification,

lis Characterisation of the enzyme,




TISSUE INCUBATIONS

Sheep liver X
This could not be obtained less than 36 - 18 hr, old

and the tiscue was allegedly refrigerated from the time of

slaughter, The liver was trimmed free of fat and cut
into small pieces before homogenisation in a "Virtis'
homogeniser rbr 1 min, at.reduced speed (60 volts,
obtained by means of a variable resistance)., Three ml.
041M=NaliC0,~Na,00, buffer, pH 8,5 was used for 1 g, (wet
weight) of tissue, The'homogenate was cqntrifuged in a
'Servall' instrument with 8S3h Rotor at 3,800 x g for

30 min, at 0%, The reaidue'was discarded =nd centrifuga;
tion was repeated ‘at 31,800.x g for 30 min, Five ml, of
this second supernatant was used for each incubation whiec!
was carried out in air in a Dubnoff incubator at 37° for
30 min, .

The incubation mixtures were cooled quickly to h°,
the pH was adjusted to sbout 7.!: = 8,0 with N=NaOH, and
the steroid reaction producis were extracted with three
5 ml, volumes of redistilled methylene chloride, This
procedure was used for all tissue incubations, The
incubation mixtures plus organic solvent were routinely
centrifuged at 3,000 r,p.m, for 10 min, This served to
break any emulsion and to separate the aqueous and
organic phases, The tissue was compressed into & narrow
band at the interface and could be removed ss a dise,

before pipetting off the organic solvent, The extract

was taken to dryness under reduced pressure on a rotary

L]
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CHART 1

Cell Fractionation by Differential Centrifugation

Initial homogenate 900 x g for 10 min,

e |

Supernatant I
900 x g for 10 min, Residue discarded
- L
Besidue discarded Supernatant
9000 x g for 10 min,
Supe:!natant Residue suspended in 40 ml,
15,000 x g for 10 min, sucrose-phosphate buffer - |5, 000
P— x g. for 10 min, Supernatant
: discarded, Pellet resuspended
Residue and washed twice in 80 ml, buffer,
discarded Pellet suspended in 30 ml, sucrose-
phosphate as 'mitochondrial!
fraction,
Supernatant
105,000 x g
for 1 hr,
|
Pellet suspended Supernatant as
and washed twice fcell supernatant?
at 105, 000 x g for fraction,

30 min, Pellet
suspended in 30 ml,
sucrose-phosphate as
'microsomal! fraction,
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evaporator, The residues were dissolved in 0,5 ml,
redistilled ethanol, and 30 pl, was applied to the
origin of a thin layer plate (Appendix A).

Batches of sheep liver showed considerat le Variétion
in ability to oxidise 17a~ and 17f-oestradiol to oestrone
Whether thia was a function of the degree of freshness
of the tissue, or represented a seasonal fluctuation in
enzyme activity, was ﬁot investigated, |

Preparations of those animal tissues which were most
readily available in the Boston area were examined for
170- and 17p-oestradiol dehydrogenase activity, using the
method deseribed for éheep liver, and a'pH range of 7.5 =
9.5, The results were disappointing and are sﬁmmarised
in Tables la and 1b,

The only plentiful tissues which remained to be
investigated were chicken and turkey liver, The results

of these experiments are shown in Tables 2 and 3.

Differential centrifugation of sheep, chicken and

turkey liver homogenates was carried out in 0,25M sucrosed
phosphate buffer, pH 7.2 using 1 g, (wet weight) of
tissue for each ml, of buffer, according to Schneilder and

Hogeboom (1¢50; Chart I),




Three subcellular fractions were studied in addition

to the 'entire' homogenates =

a) 'mitochondrial'
b) 'microsomal’

¢) 'ecell supernatant',

Bach fraction of chicken liver was examined by
' phase=contrast microscopy (by courtesy of Dr, Naney Buchei

and Miss Miriam Swaffield).

'Mitochondrial' fraction

No nuclei present, many clumps of mitochondria seen,

"Nicroso

This was heavily contaminated with mitochondria, but

most were removed in subsequent washes,

e upernat R

A very occasional unidentifiable particle and

mitochondrion were seen,




Preparation
“(5"n.)

'"Entire’
homogenate

"Mito~
chondria'

"Micro=-
somes'

'Cell
supernatant’'

Substrate
(5 pumoles)

l7a=0estradiol
176=0estradiol

l7a=o0estradiol
178=0estradiol

1l7a-oestradiol
1708=0estradliol

l7a-0estradiol
17p=0estradiol

e

trace

oW +
]

Conver- - Preferred
sion to cofactor
oestrone (25 pmoles)
¥ napp*
+ nappt
O -
0 -—
+ NADY or NaDP*
+ NaD" or mapP*
+ napp?
4+ N;xDP+

good conversion
= fairly good conversion

= no conversion

The tissue was allegedly refrigerated for 36 - I8

hours.




Homogenates were prepared using 2 or 3 ml, of
buffer for each g, (wet weight) of tissue, The total
volume of the incubation mixture was varied from 5,1 =
6.1 ml, according to the volume of solvent in which the
substrate was added, No difference in results was
found when substrates were added in 0,1 or 1,0 ml, of
redistilled ethanol or 1,2-propanediol, Cofactors were
added in 0,1 or 1,0 ml, buffer or deionised water,
Incubations were carried out at 37° forljo min, in air in a
Dubnoff incubator over a pH range of 7.5 - 9,5 using
0.1M sodium phosphate, tris-HCl, and sodium bicarbonate-
carbonate buffers, Similar conditions held for
incubations summarised in Tables 1lb, 2 and 3, The
columne headed 'preferred cofactor' refer to the added

nucleotide which gave the better conversion,
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Species
and
Tissue

Lamb liver

Rabbit liver

Calf liver

Calf kidney

Substrate
(5 pmoles)

l7a=0estradiol
17p=cestradiol

17a=-0estradiol
178=-0estradiol

l7a=~0estradiol
178-oestradiol

1l70=0estradiol
17p=0estradiol

++ =
+ =

0 =

Conversion
to
oestrone

¢
0

+
E

good conversion
fairly good conversion

no conversion

Preferred
cofactor
(25 pmoles)

NADY or

nappt

NADY or NADP

+




IABLE 2
T () - 170=0 i (s)
v omoge S
Substrate Cofactor Preparation Steroid
(10 pmoles) (6245 (5 mi,) Products
umoles
None None 2nd super- No steroid
g natant
17a=-o0estradiol nap* 2nd supgr- 0
natant
17a=-0cestradiol EADP+ end supgr-
natant 0
178=0estradiol NﬁD+ 2nd supgI-
natant 0
17p=-o0estradiol rappt 2nd supgr-
natant 0
17a-o0estradiol nap* 2nd super- oestrone +
natant 17f=-oestradiol +
170-0estradiol napp* 2nd super- oestrone ++
natant 17f-ocestradiol +
17B=-ocestradiol NAD+ 2nd super= oestrone ++
natant l7a-~0cestradiol +
17p=0estradiol NADP " 2nd super= oestrone +++
natant 17a=ocestradiol +

+++ = very good conversion
++ = good conversion
+ = fairly good conversion
0 = no conversion

E
The enzyme preparation was boiled prior to incubation,

The homogenate was centrifuged twice at 31,800 x g,
The second supernatant was used in these incubations,




Prepara=-
tion
(5 ml.)

'"Entire'
homogen-
ate

"Mito-
chondria'

"Micro-
somes"

'Cell
supers
natant'

These results were

Substrate
(5 pmoles)

l7a=0estradiol

17p=-0estradiol

oestrone

170=0estradiol
17f=0estradiol

l7a-o0estradiol

178=0estradiol

17a-0cestradiol

17p=o0estradiol

+k
-+
+*

Steroild
products

oestrone +++
and
17B=cestradiol +

oestrone +++
and
l7a-0estradiol +

170= and 17p-
oestradiol +

oestrone +
oestrone +

oestrone +

oestrone +

oestrone ++
and
17p=0estradiol ++

cestrone ++
and
17a=cestradiol ++

very good conversion
good conversion
fairly good conversion

obtained with liver from nine-week old
laboratory-reared cockerels and with commercially

available chicken and turkey livers,

(25 umoleﬁ)

Preferred
cofactor

+

NADP

NADP

NADPH

+

NADP
NADP

NADY op
NADP

NAD++or
NADP

NADP

NADP




SALT FRACTIONATION

Salt fractionation of the l7a- and l?ﬁ;oestradiol
dehydrogenase activities in chicken:liver homogenates was
carried out with crystalline ammonium sulphate.
Comparable results were obtained when any of the following
grades of (NH,).S0, were used, Fisher's Certified Reagent,
Mann's Special FEnzyme Grade or British Drug Houses
'Analar' reagent.

The amount of salt needed to produce the required
degree of saturation was calculated from information
given by Taylor (1953).

The weight in grams of ammonium sulphate, x, to be
added to 100 ml, of solution of saturation 5;, to yield
a solution of S is obtained from the equation -

0.1 G (Sg = 8,)

1l -YG
1000

X

Sg
where G = grams of ammonium sulphate in 1 litre of
saturated solution
and V = apparent specific volume of ammonium sulphate
in a saturated solution,
Because all salt fractionations were carried out at
h = 5 ° the values of ¢ and V nearest to that temperature

were used, i.e. those at 0°, The nomogram published
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by Dixon (1953) is open to the criticism that it was
based on full saturation at room temperature which was
not specified,

Preliminary studies of ammonium suiphate fractiona=-
tion were carried out with fresh liver or tissue which
had been stored for 18 hr, at =-10° - -14°, One gram
(wet weight) was used for each 3 ml. of the following
solution (pH 7.6) which contained nicotinamide (10 mM),
cysteine hydrochloride (1 mM) and EDTA (1 mM), The
homogenate was prepared in a 'Virtis' at reduced speed
{60 volts for 1 min,) and centrifuged at 2520 x g for
30 min, at 0°, The residue was discarded,

The addiﬁion cf 1 ml, of 0,1M=CaCls solution to each
10 ml, of homogenate was found to remove certain
impurities, consequently the required volume of aqueous
calcium salt was added to the homogenate, The mixture
was stirred for 1 hr, at I = 5°, then allowed ts stand
for 1 hr, at that temperature before centrifugation at
2520 x g for 30 min, The residue was discarded and the
super: 'tant was fractionated with ammonium sulphate to
give saturations of 15, 30, 50, 75 and 100% at 0°, The
salt was added slowly with constant stirring, the pH was
maintained at 6.8 by the addition of 3M-NH,OH and the
mixture was stirred for 30 min, after the salt had

dissolved, Each fraction was collected by centrifugation
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These precipitates were dissolved in 40 ml, O,1M-
sodium phosphate bhuffer and 5 ml, volumes were 1n¢ubqted
with steroid and cofactor for 30 min. at 37° (Table L).
The sterold reaction products were examined by thine-laye;
chromatography. Removal of the ammonium sulphate on
Sephadex G=25 prior to incubation made no appreciable
difference to the results obtained in the presence of
salt,

These results were later confirmed by spectrophoto=
metric assay, The homogenate from 1.5 Kg. of fresh
tissue was therefore fractionated at 30 and 80%
saturation, This procedure concentrated both enzyme
activities in the second precipitate (see first method
of purification, pe 59).

Further attempts to fractionate the dialysed second
yrecipitate with ammonium sulphate resulted in consider-
able loss of both activities and this procedure was

discontinued,

-
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Prepara-
tion
(5 ml-)

'Entire’
liver
homogénp
ate

0 - 30%
or

15 - 30%

precipi-
tate

Substrate
(5 umoles)

17a=-0estradiol
17f=0estradiol

oestrone

17a-0estradiol
17a=0estradiol

17p=oestradiol

17p=0estradiol

oestrone

oestrone

Cofactor
(25 pmoles)

napt

napp?

Nap*

napp*

NNADH

NADPH

Steroid
Products

oestrone +++
17f=o0estradiol

oestrone +++
17a=0estradiol

1l7a-0estradiol
l7g=ocestradiol

(4]
oestrone ++
17p=0estradiol

oestrone +

oestrone +
17a-0estradiol

17p=-0cestradiol

178=oestradiol
l70=-0estradiol

(Continued on next page)

++

++

o
o




TABLE U (contd,)
Prepara- Substrate Cofactor Steroid
on pmoles pmoles roducts
( ti ) (5 les) (25 les) Product
5 ml, :
17a-0estradiol NAD+ oestrone ++
oestrone +++
- -
ATacqeatyeainl . BANF 178-oestradiol ++
30 - 50%
oestrone ++
- - +
ik T RN . B 17a-oestradiol +
oestrone ++
+
p— l7a~0estradiol +
osstrone g 17p-oestradiol +
- l7a-=0estradiol ++
oestrone NADPH 178=o0estradiol ++
17a0~0estradiol nap* oestrone %
" l7a=0estradiol napp* oestrone ++
50 b 75% +
178=-0estradiol NAD oestrone +++
precipi-
17p=oestradiol NADP+ oestrone +++
tate
oestrone NADH 17p=0estradiol +
oestrone NADPH 17p=o0estradiol ++
75 - 100%

precipi- No conversion with any of the three substrates,
tate

++4+ = very good conversion
++ = good conversion

+ = trace

0 = no conversion

Incubations were carried out at 37° for 30 min. at pH 7e04

in air.
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SPE 0 ETRT ASS

The quantitative determination of activity by a
rapid; accurate method is vital forjenzyme purification,
A spectrophotometric assay was devised which was based
upon that used by Langer and Engel (1958) for human
placental 17f-oestradiol ﬁehydrogenaée. The reactions
are deplcted in Fig, 6, Only the C and D rings of the
oestrogen molecules are shown in a Barton projection,

Napp* was chosen as cofactor because the ylelds of
oestrone in incubation experiments were generally greater
when this nucleotide was added, and hecause crude enzyme
preparations contained an active NAD -specific 'alecohol
dehydrogenase', Saturating concentrations of substrate
and cofactor, and the pH optima were determined in a
number of experiments, (Details are presented in the
section headed 'Kinetic Parameters'),

The final reaction system is shown in Table 5,

Routine oxidative agsay at 37°
0.2 umoles steroid in O,1 ml, ethanol
300 pmoles NaHCOgz-NazCO; buffer pH 9,5 at 20°
O umoles NADPY in 0,1 ml, distilled or
deionised water
O¢3 ml. enzyme preparation :
3 mle total volume with distilled or deionised
water, final pH 9.2
“hen the assay was run at 25° the pH of the sodium
bicarbonate-carbonate buffer was 9,2 at 20°,
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AMMONIUM SULPHATE PRECIPITATE AFTER DIALYSIS
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An ammonium sulphste precipitate taken between
30 - 80% saturation was stored for 7 weeks at -10°in
glycerol-=buffer and dialysed against 5 mM-sodium phosphate
buffer (pH 7.2) containing EDTA (1 mM) and glycerol (20%,
by volume),

The non-diffusible material was centrifuged at
31,800 x g for 20 min, 0.5 ml, Supernatant was assayed
under standard conditions at 37°. The specific activity
of this preparation was 0,6 milli-units/mg. protein,



In all instances the reaction was initiated by the
addition of NADP® and the rate of change of absorbance
was measured at 310 mp in a Zeiss PMQ II spectrophotomete:
or in a Unicam SP800 recording spectrophotometer, against
a blank cell containing all components except steroid.

In crude homogenates, and in the first ammonium sulphate
precipitates after dialysis, there was often considerable
non-specific absorbance with enzyme preparation and
buffer only. Typical plots of enzyme activities from
different batches of liver are shown in Figs. 7 and 8.

“hen the non-recording Zeiss instrument was used,
readings were taken 20 sec, after the addition of
cofactor and every 10 sec, thereafter for 1.5 - 2 min,
With the recording spectrophotometer, a continuous scan
was obtained (for at least 2 min,) following the addition
of cofactor, Velocities were calculated from the slopes
of the zero order portion of the curves plotted as
absorbance against time, These were corrected where

necessary for the control absorbance.

Engyme units

The recommendations of the Report of the Commission
on Enzymes of The International Union of Biochemistry

(196l:) were adopnted.

b
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AMMONIUM_SULPHATE PRECIPITATE AFTER DIALYSIS
178-0ESTRADIOL DEHYDROGENASE ACTIVITY
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An ammonium sulphate precipitate taken between
30 = 80% saturation was stored for 8 weeks at -10° in
glycerol=buffer and dialysed against 5 mM-sodium phosphate
buffer (pH 7.2) containing ®DTA (1 mM) and glycerol (20%,
by volume).

The non-diffusible material was centrifuged at
341,800 x g for 20 min, 0,5 ml, Supernatant was assayed
under standard conditions at 37°, The specific activity
of this preparation was C,9 milli-units/mg. protein,
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A unit of 1l7a- or 17B-ocestradiol dehydrogenase
activity was defined as that amount which catalyses the
conversion of 1 umole of substrate per minute per milli-

litre under the specified conditions of assay,
I Because of the limited avallabllity of these enzymes
all activities in this thesis are reported in milli—unitg.

In preliminary experiments, and particularly during
column chromatography, it was convenlent to define a
working unit of enzyme activity as that_which caused
an increase in absorbance of 0,001 at 310 mp.,

'Specific activity' was expressed in milli-units of
enzyme per milligram of protein which was determined by
the method of Lowry, Rosebrough, Farr and Randall (1951)
or by the ratio of absorbance at 280 mu to 260 mu
(Appendix B).
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Preliminary investigations of the pH dependence of
17a- and 17f-ocestradiol dehydrogenase activities were
carried out as incubations with heat-treated homogenates
prepared with 0,1M buffers in the pH range L,0 - 9,9
(Table 17), In summary, most oestrone was formed at
pH 8,11 and 8,9.

The experiments were extended with the development
of a spectrophotometric assay. Initial measurements
were made with 17f-oestradiol dehydrogenase at 25° in
0,1M buffers from pH 6,4 - 9,8, The pH of the assay
mixtures was checked on a Beckman pll meter using a single
probe glass electrode and it was found that the buffering
power of O,lM-sodium bicarbonate-carbonate buffer was
inadequate above pH 9,0, The experiments were repeated
with 1,0M buffers,

Sixty ml. of an ammonium sulphate precipitate taken
between 10 and 60/ saturation and stored in 5 mM-phosphate
buffer containing glycerol (50%, by volume) at -10°, was
dialysed for L5 min, against 5 1, of a solution containiné
sodium bicarbonate (50 mM), EDTA (1 mM) and glycerol
(20%, by volume)s The vH was 6,8 at 5°. This procedure
was repeated. The sodium bicarbonate content of the
dialysis solution was reduced to 5 mM and dialysis was
continued for two further periods of 5 min, against 5 |

1. volumes (Appendiz C).
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The non-diffusible material was centrifuged at
34,800 x g for 30 min, and two ammonium sulphate fractions
were taken (ecuivalent to 30% and 60% saturation at 0°).
The 30-60% precipitate was dialysed for l hr, against the
following mixture: sodium phosphate buffer (5 mM), pH 7.2
EDTA (1 mM) and glycerol (20% by volume), Nineteen ml,
of the non-diffusible material was applied t6 a DEAE-
cellulose célumn (2,2 em x 19 cm) previously equilibrated
with the sodium phosphate-EDTA-glycerol mixture at 5°,
The same solution was used for elution and a flow-rate of
4 ml,/em®/hr, was maintained LeKeB, 'Minipump'

(see p. 60),

The most active fractions were pooled, Spectro=
photometric assays were run in triplicate at 25°, Assay
mixtures were pooled and stored at L° for 15 hr, The
mixtures were extracted with redistilled methylene
chloride after 1 hr, at room temperature (23°) and the
steroids were examined by thin-layer chromatography,

(Table 6).




Assay buffer pH Pooled assay Oestrone

mixture Tormed
(pH)

Sodium bi-

carbonate - 2 2

carbonate 10.h 10.L ot
Sodium bi-

carbonate =

carbonate 97 97 ES
Sodium bi=-

carbonate -

carbonate 9.2 9.2 e
tris-HC1l 8.5 8¢5 4+
tris-HC1 8.0 8.0 0
Sodium phos-

vhate 7.5 75 0

The substrate was 1l78-oestradiol, the assay
temperature 25°,

+++ = very good conversion
0 = no conversion

In assays carried out at pH 8.0 a linear increase in
absorbance at 340 mp of 0,002 0,D, unit/sec, was noted in
the blank and control cuvettes, At pH 7.5 this was
inereased to 0,006 0,D, unit/sec, On allowing the
cuvette contents to stand at room temperature the

mixtures became turbid.
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The experiment was repeated using an ammonium
sulphate precipitate taken at 50% saturation, This was
dialysed against the following solution in 5 1. volumes,
sodium phosphate buffer (5 mM), EDTA (1 mM), cysteine
hydrochloride (1 mM), The pH was 7.2 at 5°, The total
period of dialysis was 2 hr, 15 min,

" The non-diffusible material was qentrifuged at
31,800 x g for 20 min.land the residué discarded, Assays
of 17a- and 17p-ocestradiol dehydrogenase activities
ere carried out at 37‘, the mixtures at each pH were
pooled, and the pH measured, The steroid reaction
products were extracted with 3 x 5 ml, volumes of
redistilled methylene chloride and examined by thin-layer
‘hromatography, (Table 7).




Assay buffer

Sodium bi-
carbonate =
carbonate

Sodium bi-
carbonate -
carbonate

Sodium bi-
carbonate =
carbonate

Sodium bi-
carbonate =
carbonate

Sodium bi-
carbonate =
carbonate

tris-HC1l

tris--iC1l
tris-HC1

Sodium phos=
phate

These results

pH Pooled assay
mixture

(pH)
10,7 9.5
10,1 9.3
10,0 9,2
9.5 9.0
9.2 8.8
83 8.1
7.9 7.1
Tel 6e7
Solt 5.8

Oestrone
Tformed

ot

++4

R

P

b+

+++ = very good conversion
0 = no conversion

were obtained when 170~ and 178~
oestradiol dehydrogenase activities were assayed at 37°
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pH DEPENDENCE OF 170<- AND 17 3-
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An ammonium sulphate precipitate taken be@ween

0 - 50% saturation was stored for 6 days at -11° in
“lyecerol-buffer and dialysed against 5 mM-sodium phosphate
buffer (pH 7.2) containing EDTA (1 mM) and cysteine
hydrochloride (1 mM).

~ The non-diffusible material was centrifuged at
34,500 x g for 30 min, and 0,5 ml, supernatant was assayed
in duplicate for each substrate against a series of
buffers, The rates of change of absorbance are plotted
against pH. The assay mixtures for each substrate at
each pH were pooled and extracted. The sterolds were
examined by thin-layer chromatograsphy to confirm that

the product was oestirone,



It was again found that an increase in absorbance
occurred at 30 mp as the pH of the assay mixtures was
dropped from 8,1 to 5.8, This was present in blank and
test cells and was caused by turbidity. The significance

of this will be discussed later (p- 77).

Typical pH curves of both enzyme activities are

shown in Fig. 9.
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The dehydrogenation product of both oestradiol
epimers from incubations and from spectrophotometric
assays was provisionally identified as oestrone by
comparison of its RF with that of the authentic steroid
in the thin-layer system previously described, Further
presumptive evidence of identification was obtained by
comparison of mobility in the paper chromatographie
system, ligroin-tdluene-70% methanol (2:1:3, by volume)
at 29°, The reduction products of oestrone from
incubstion experiments were also tentatively identified
as l7a= and 1l7¢-oestradiol by thin-layer chromatography
with reference compounds,

‘hen spectrophotometric assays were run with stored
precipitates, or when new methods of purification were
attempted, it was the practice to pqol several assay
mixtures in ethanol or methanol at .L°; precipitated
protein was removed by centrifugation and extracted with
fresh solvent, The steroid reactants were subjected
to thin-layer chromatography and the product, oestrone,

was thus provisionally identified,
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The following experiments were designed for two

purposes:-

l. to confirm that the product of dehydrogenation
of l7a~ocestradiol and of 1l7P=-oestradiol was oestrone in

each case,

2., to determine the stoichiometry of these reactiong
which were assumed to be equimolar, i.e., for each mole
of oestradlol oxidised, 1 mole of oestrone and 1 mole of

NADPH were formed.

To test this hypothesis under standard assay
conditions the amount of NADPH was determined spectro-

photometrically and oestrone was measured by fluorescence,

Qe -0E8 i

Thirty-seven standard assays were run for 1 min,
using a dialysed 'O - 50%' ammonium sulphate precipitate,
The rate of change of absorbance was measured at 340 mp
and the contents of the reqction cuvettes were quickly
transfi rred to ethanol at 4°, Preliminary experiments
showed that the rate of formation of NADPH was constant
for at least 2 min,, thus it was possible to correct the
absorbance reading for the time taken to raise the 1lid of
the cuvette-holder, remove the cuvette, and discharge

the reaction mixture,
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THE 100-TRANSFER COUNTERCURRENT DISTRIBUTION OF
THE OXIDATION PRODUCT OF 17 B-OESTRADIOL AND
[6,7-H, ] OESTRONE
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The solvent system is carbon tetrachloride-methanol-water
(2:1:1, by volume), The partition coefficient (K) for
oestrone in this system is 0,33, The odd-numbered tubes
from 15 - 35 (inclusive) were used in these calculations,

Weight in pg. x average specific activity ( e ) and
radiocactivity in disintegrations per minute ( A ) are
plotted as ordinates, The curve is that calculated by
the computer from the experimental data.

M,H and th represent the peak tube number caleulated
by the computer for radioactivity and welight respectively.
The standard error of the difference between M“H and th
is £ 0,29 indicating agreement between the curvees for
radioactivity and weight (p> 0.2).
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Each cuvette was rinsed twice with 0,5 ml. ethanol
and the resultant pool was centrifuged to remove
precipitated protein, which was resuspended and washed
three times in ethanol, The combined washings were
taken to dryness under reduced pressure, 318 x 10%
disintegrations/min, of chromatographically pure [6,7="H;]
oestrone (Appendix D) were added to the dry residue which
was dried again, It was then subjected to a four=-tube
countercurrent distribution with stripping, using 150 ml,
of ethylacetate as upper phase and 30 ml, distilled water
2 lower phase, The aqueous extracts were discarded.,

The organic extracts were pooled, dried under reduced
pressure, then partitioned between hexane/907% methanol
(v/v) in an eight-tube countercurrent distribution with
~tripping (Weliky and ©ngel, 1962), The aqueous methanol
extroects were combined and dried under reduced pressure,
The residue was transferred quantitatively to a Craig
machine and a 100-transfer countercurrent distribution was
ran in carbon tetrachloride-methanol-water (2:1:1, by
volume ), (Appendix E), The computer analysis of the
distribution data was carried out by Mr. Norman CGoldman
of the Boston University Computing Center, using the
procedure described by Purdy, Goldman and Richardson
(1965).
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THE 100- TRANSFER COUNTERCURRENT DISTRIBUTION OF
THE OXIDATION PRODUCT OF 17ex- OESTRADIOL AND
[6,7-°H, ] OESTRONE
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The solvent system is carbon tetrachloride-methanol-water

(2:1:1, by volume)., The partition cvefficient (K) for
oestrone in this system is C.33, The even-numbered tubes
from 1 - 32 (inclusive) were used in these calculations,.

Weight in pg. x average specific activity ( e ) and
redloactivity in disintegrations per minute ( a) are
plotted as ordinates, The curve is that calculated by
the computer from the experimental data,

MSH and th represent the peak tube number calculated
by the computer for radicactivity and weight respectively,
The standard error of the difference between M“H and th
is + 0,23 indicating agreement between the curves for
radioactivity and weight (p> 0,05),
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The above procedure was modified in this experiment,
Twenty-five standard assays were run and the reactions
were terminated in methanol at-4® on this occasion,
367 x 10%* disintegrations/min, of chromatographically
pure [6,7-°H;] oestrone were added to the pooled reaction
mixtures, The remainder of the experiment was carried

out as previously described,

Besults
The following values were used in the calculations

of stoichiometry:-

Molar extinction coefficient of NADPH

at 340 mu 6.21x 102 litre mol
emTL
Molecular weight of oestrone 270
Volume of reaction mixture 3 ml,
Light path of cuvette 1l em
Qestro - rad

Total rate of change of absorbance per
cuvette at 340 mu 6429

Concentration of NADPH = 6429 umoles/ml, ‘1,014 pmoles/ml,
6o 2

e, *
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Stated purity of NADP' (Appendix @) 985%
Corrected concentration of NADPH 1,035 umoles/ml,
Total amount of NADPH formed 30105 pmoles

If the reaction is equimolar then the
amount of oestrone formed is 3,105 x 0,27 mg. 0.,8383 mé.

A theoretical distribution was calculated for a peak
tube content of 00,0775 mge. and the values for the even-
numbered tubes were derived from this curve (Table 8,

P. 58)s The total recoveries of oestrone from the

countercurrent distributions are given in Appendix E,

(¢} £ strone (¢} O .

Amount of radiosctive oestrone added to pooled assays

318 x 10* disintegrations/min,

Amount of radioactive oestrone recovered in countercurrent
distribution 308 x 10* disintegrations/min,

e e e 6
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Total rate of change of absorbance at 310 mu 3675
Concentration of NADPH = 2;22 pmoles/ml, 0,65 umolea/mi
642
Stated purity of NADP*(Appendix(}) 98%
Corrected concentration of NADPH 0,617 umoles/m]
Total amount of NADPH formed 1.851 pmoles

If the reaction is equimolar then the amount

of oestrone formed is 1.851 x 0,27 mg. 0.1:998 mge
Amount of oestrone recovered by fluorescence 0,135 mg
Percentage recovery 87

Amount of radiosctive oestrone added to pooled assays
307 x 10%* disintegrations/min,
Amount of radioactive oestrone recovered in countereurrent

distribution 252 x 10* disintegrations/min,

P e e P

'

.



IABLE 8
Theorctleal distribution based on
e_co 0,0 ’
Tube No, Fraction Ordinate Ordinate Oestrone

of © 0, 3989 mg./tube
23/25 0.235 0,3885 0,975 0,075
22/26 0,170 0, 3572 0.896 0,069
21/27 0,705 0.3123 0,781 0,0608
20/28 0.9 0, 2565 046l 0,01499
19/29 1.175 00,2012 0,505 0,391
18/30 1.1 0,1L76 0,369 0,0286
17/31 1,64 0,1040 0.261 0,0202
16/32 1.88 0,0681 0,171 10,0132
15/33 2,11 0,031 0,108 0,008
/30 2,35 0.,0252 0,063 0,008
13/35 | 2,58 0.,01h3 0,036 0.,0028
12/36 | 2,82 0,0075 0,019 0,0015

11/37 3405 0,0038 00,0095 0,0007L




ENZYME P CAT
First orocedure

Chicken liver was obtained within one hour of
slaughter, transported in ice, dissected free of fatty
tissue, minced in a chilled meat-grinder, and suspended
in a O0;1M-sodium phosphate buffer, which contained
nicotinamide (10 mM) and EDTA (1 mM), Three ml, of
buffer mixture (pH 7.8) was used for each gram (wet
weight) of tissue, _

A homogenate was prepared in a laring 'Blendor' at
80 volts for 1 min, at 5°, Phase-contrast microscopy
of the homogenates and centrifuged debris showed that
practically all the cells were ruaptured under these
conditions, The final pH of the homogenate was 7.7, it
was centrifuged at 11,600 x g for L5 min, and the
residue was discarded,

Ammonium sulphate (Egnn'a Special Enzyme Grade,

231 g./1l.) was slowly added to the supernatant with
constant stirring, The pH was maintained at 6,8 with
3M-ammonium hydroxide, After mixing for 30 min, at L°,
the precipitate was brought down at 11,600 x g for 30 min,
then discarded.

This usually contained about I milli-units/ml, of
178-0estradiol dehydrogenase activity after dialysis, No
17 a~0estradiol dehydrogenase was ever detected in this

fraction,
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A second ammonium sulphate precipitate was made
using 151 g./le The precipitate was brought down at
14,600 x g and it was frequently necessary to centrifuge
for 1 hr, to ensure adequate packing, This fraction wa$
suspended in a minimal volume of 5 mM-sodium phosphate
buffer (pH 7,2) which contained glycerol (50%, by volume).
This was the stock preparation which usually measured
700 ml, from le5 Kg. fresh tissue, It was stable for
several months when stored at =10 to =1h°,

The ammonium sulphate fractions corresponded to

0 - 30% and 30 = 80% saturation calculated for 0°,

Chromatography on DEAF-cellulose

Further purification was effected on DEAE-cellulose
(Appendix F). A Jjacketed glass column (diameter
50 cm.) was pacRed at room temperature using sodium
phosphate buffer (5 mM) which contuined EDT. (1 mM) ard
glycerol (20%, by volume), Preliminary experiments with
a range of buffers from pH 7.0 = 8,6 and a final cone
ecentration of 1 - 10 mM showed that this mixture gave
the best overall purification, The addition of glycerol
was found to preserve the enzyme asctivities of column
eluates for at least a week when stored at 5°, The
cellulose column which measured 5 em, x 1O cm, was

gradually cooled to 5° by circulating refrigerant from a




Buchler refrigerated fraction collector and was held at
that temperature for a minimum period of 2\ hr., before
use, Immediately before application of the sample, the
column was washed with at least 1500 ml, of the same
buffer mixture at 5°.

Approximately LO ml, of the stored 30 - 80% ammonium
sulphate precipitate was dialysed against four, L-litre
volumes of the equilibrating buffer at 5°, for L5 min,
each change, The ammonium sulphate content of the
dialysate was not checked, but longer periods of dialysis
of up to 18 hr, duration showed no change in enzyme
activity. The non-diffusible material which usually
measured asbout 60 ml. was centrifuged at 3,,800 x g for
20 min, The small amount of precipitate was discarded
and the enzyme activity of the supernatant was assayed
before chromatography.

Thirty ml, of this supernatant was applied to the
column and eluted directly with the equilibrating buffer,
using an L.K,B. "Minipump' to ensure a constent flow-rate
of i ml,/em®/hr., Several experiments were carried out
where the sample was held for 30 min, in the upper column
bed prior to chromatography in the hope of achieving good
equilibration, but no difference in elution pattern was
observed, The eluate was monitored at 253 mu on an

L.KB, fixed wavelength recorder and 80 drop fractions
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CHROMATOGRAPHY ON DEAE-CELLULOSE
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Approximately 40O ml, of the stock ammonium sulphate
precipitate was dlalysed against 5 mM-sodium phosphate
buffer containing EDTA (1 mM) and glycerol (20%, by volume),
The pH of this mixture was 7.2.

The non-diffusible material was centrifuged and
30 ml. of supernatant applied to a 5 em. X)hO cm. column
of DEAE-cellulose, 510 ml, of eITluent was collected
before the elution of protein. Enzyme assays and protein

determinations were performed in duplicate on each fraction,



(L = 5 m1,) were collected at 1°, A typical elution
pattern is shown in Fig, 12, ZEnzyme ascays and protein
determinations were performed in duplicate on each

fraction,

Chronatography on Cli=gellulose
Those fractions which eontained l7a-ocestradiol
dehydrogenase activity were pooled, and 30 ml, was
chromatographed on a 5 cmes x 20 em, column of ClM-cellulose
(Appendix F). The buffer mixture and method were those
uséd for chromatography on DEAE~cellulose, A
characteristic elution pattern is depicted in Fig. 13
where measurements of enzyme activities and protein con-

centration were carried out in duplicate on each fraction,

Representative tables of overall purification for
both enzyme activities are given on pages 63 and 6h
where the total recoveriles after ammonium sulphate
precipitation are estimates based on volumes used in
chromatography. The ylelds of both activities were
always greater after purification on DEAE-cellulose and
this may have been due to removal of an 'inhibitor'
present in crude homogenates and in the ammonium sulphate

precipitate after dialysis.
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CHROMATOGRAPHY ON CM-CELLULOSE
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Those fractions which contained the most 17a-
oestradlol dehydrogenase asctlivity after chromatography
on DEAE-cellulose were pooled and 30 ml, was applied to
a b em, x 20 cm, column of CM-cellulose, equilibrated
and eluted with the phosphate-BDTA-glycerol mixture.

A typical elution pattern is depicted where 240 ml,
of effluent was collected before elution of protein,
Enzyme assays and protein determinstions were carried

out in duplicate on each fraction,
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Procedure Volume

(m1,)
Homogenisation
Tissue:Buffer = 1:3 7800
Centrifugation
14,600 x g 5860
'30-80%" (NH,) 250,
precipitation and 1000%®
dialysis
DEAE~cellulose

3000%
chromatography :
Cli=cellulose

3000%
chromatography

Total
milli-units

23,110

27,000%

511, 000%

115, 000™

Protein Specific
(mg./ml.) activity

32 -
31 0.1
67 o.w

7.0 2.6

3.0 5.0

Yield
(%)

100

115

230

191

Puri-
fication

50

awma»amaon values based on volumes used in chromatography.




CHART 11

Partial Purification of 17a- and 17p-Oestradiol
Dehydrogenases from Chicken Liver (First Procedure)

Ground tissue

Homogenise in 0, IM sodium
phosphate buffer, pH 7 - 8
centrifuge 14, 600 x g for

45 min,

1
Supernatant Residue (discard)

Precipitate with (NHy),50,,
231 g. /1. Centrifuge
14,600 x g for 30 min,

Discard
precipitate

Supernatant

Add (NH,),SO,, 451 g, /1,

Centrifuge 14, 600 x g for 30 min,

=1
Discard supernatant

Store precipitate at -10°
in sodium phosphate buffer (5 mM)
containing glycerol (50% by volume)

Dialyse Against sodium phosphate buffer (5 mM),

l EDTA (1 mM), in glycerol (20% by volume) pH 7,2

—~Centrifuge 34,800 x g for 30 min,

Discard residue

Chromatograph supernatant
on DEAE cellulose in sodium phosphate buffer
EDTA (1 mM), glycerol (20% by volume) pH 7,2

Pool highest activities

Chromatograph on CM-cellulose in phosphate buffer
(5 mM), EDTA (1 mM), glycerol (20% by volume)
pH 7.2
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Procedure Volume Total

(ml.) Milli-units
Homogenisation
Tissue:Buffer 1:3 7800 -
Centrifugation
11,600 x g 5860 70,000
.uOlmo&- (NH,) 280,
precipitation and 1000™® 62,000%
dlalysis
DEAE-cellulose = o
chromatography IO || AS0g000
CM-cellulose - »
- chromatography 3000 A00y00a

3

Estimated values

Protein
(mg,./ml.)

32

31

67

740

3.0

Specific
activity

0.9

5¢7

Hm.o

100

88

i71

150

Puri-
fication

30

based on volumes used in chromatography.
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THE EFFECT OF ENZYME CONCENTRATION
ON REACTION VELOCITY

012+

0-10+ 17 B-0ESTRADIOL
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0-06- 17ex - DESTRADIOL

0-04-

A ABSORBANCE 340 mj

0-02-

02 0bk 05 08 10
ENZYME PREPARATION (ml)

Ten ml, of an ammonium sulphate precipitate taken
between 30 and 80% saturation and stored for 3 weeks at
-10° was dialysed for I hr, against four changes of 5 mM=-
sodium phosphate buffer (pH 7.2) containing EDTA (1 mM),
Four litres of buffer were used for each change, The non-
diffucible material was centrifuged and 20 ml, of
supernatant applied to a 2.3 em, x 20 em, column of
DEAE-cellulose, equilibrated and eluted with the phosphate-
EDTA buffer used for dialyeis, The most active fractions
were pooled and the rates of change of absorbance at 310 mu
were measured in duplicate for each volume of enzyme
preparation using 1l7a-~ and 17p-oestradiol as substrates,



-85
1) P2 ITERS

It was possible to determine certain kinetic para-
meters for both oestradiol dehydrogenase activities using
eluates of DEAE-cellulose columns, The effect of enzyme
concentration on reaction velocity is shown in Fig. 1k,

The maximum initisl veloeity (V) which is
theoretically obtained when the.enzyme is "saturated' with
substrate, and the Michaelis constant (Km)’ the value of
(8) which is numerically equal to the concentration of
substrate at half maximal velocity, were determined for
17a-0estradiol, 178-oestradiol and NADP* (Appendix G).

Values of V and Km were obtained by the linear method
of Woolf (1932) advocated by Hofstee (1952), The
regressions were obtained by the method of least squares
without weighting (Figs. 15, 16, 17)e I am indebted %o
Mr, I.,A, Nimmo of the Department of Biochemistry,
University of Edinburgh, for verification of these results
by computer,

The reactions catalysed by 1l7a- and 17p-oestradiol
dehydrogenase activities apparently followed Michaelis-
Menten kinetics with respect to the steroid substrates
17a= and 178-ocestradiol, The determination of Km for
NADPT at 25° for both 'enzymes' gave non-linear plots
(eegs Fig, 17), although activities were low and rate
differences between substrate concentrations were not
marked, Vhen measurements of Km for NADPY were attempted
at 37° for both 'enzymes', the plots were again non-
linear and suggestive of inhibition of the reactions at

high substrate concentrations (Tables 11, 12).
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A homogenate of fresh liver was prepared, heated to
50° in a 65° water bath, cooled rapidly and centrifuged.
The supernatant was fractionated with_ammonium sulphate,
and the precipitate obtained between 1O - 60% saturation
was stored in glycerol-buffer at -10° for 5 weeks before
dialysis and chromatography on DEAE-cellulose, The
most active fractions were pooled and used as the
enzyme preparation in these experiments.

Assays were carried out in triplicate at 25° for
each concentration of 1l7a-oestradiol in the presence of
'saturating' amounts of cofactor, Mean values of
initial velocity were used for determination of Km.

The assay mixtures at each substrate concentration were
pooled in redistilled ethanol and the reaction product,
oestrone, was identified by thin-layer chromatography.



TABLE 11

Typical values obtained in experiments to determine
K for NADP* in respeet of 'l7a-oestradiol dehydrogenase'

Substrate Initial velocity Initiasl velocity ix;
Conecentration (v) Substrate con- (s

(x 107%M) centration

1.30 . 6l 19

1,00 62 62

0,60 60 100

0,50 60 120

0,30 ' 50 167

0,25 1Q ' 160

0,17 . 21 1Ll

An ammonium sulphate precipitate taken between 30 a
80% saturation was dialysed and chromatographed on DEAEe
cellulose in 5 mM-sodium phosphate buffer (pH 7.2) con- |
taining glycerol (20%, by volume), The most active
fractions were pooled and 0,5 ml, of this preparation was
used in each assay carried out at 37° in duplicate at eac
substrate concentration,

The initial veloeity (v) is the mean net rate of
change of absorbance at 310 mp expressed in optical
density units to illustrate the small changes in net rate
at each substrate concentration (NADP* is considered as
substrate in this experiment),




Fig, 16

DETERMINATION OF APPARENT K., FOR 17B-0ESTRADIOL
BY THE METHOD OF WOOLF.

Kpy = 16X 107 MOLES / LITRE

MILLI- . MOLES SUBSTRATE OXIDISED/ min./ mg.PROTEIN
T

A homogenate of fresh liver was prepared, heated to
50° in a 65° water bath, cooled rapidly and centrifuged,
The supernatant was fractionated with_ammonium sulphate,
and the precipitate obtained between L0 - 60% saturation
was stored in glycerol=buffer at -10° for 5 weeks before
dialysis and chromatography on DEAE-cellulose, The most
active fractions were pooled and used as the enzyme
preparation in these experiments,

Assays were carried out in triplicate at 25° for each
concentration of l17f-oestradiol in the presence of
'saturating' amounts of cofactor. Mean values of initial
velocity were used for determination of Km. The assay
mixtures at each substrate concentration were pooled in
redistilled ethanol and the reactlon product, ocestrone,
was identified by thin-layer chromatography.



TABLE _12
Typical values obtained during experiments to

determine K for NADPY in respect of '17f-cestradiol
dehydrogenase',

Substrate Initial velocity Initial veloeity x;
Concentration (v) Substrate con-
(x 107 %K) centration
1430 202 155
1,00 200 200
0.60 180 300
0,50 162 32h
0,30 80 267
0.25 : 25 100

An ammonium sulphate precipitate taken between 30
and 80% saturation wae dialysed and chromatographed on
DEAE-cellulose in 5 miesodium phosphate buffer (pH 7.2)
containing glycerol (20%, by volume), The most active
fractions were pooled and 0,5 ml, of this preparation was
used in each assay carried out at 37° in duplicate at
each substrate concentration.

The initisl velocity.(v) is the mean net rate of
change of absorbance at 310 mu expressed in optical
density units to illustrate the small changes in net rate
at high substrate concentration (NADP™ is considered as
substrate In this experiment),




DETERMINATION OF APPARENT K, FOR NADP*
BY THE METHOD OF WOOLF.

Ky = 8-0 x 107° MOLES / LITRE

e
MILLI- . MOLES SUBSTRATE OXIDISED/ min/mgPROTEIN
|

A homogenate of fresh liver was prepared, heated to 50°
in a 65° water bath, cooled rapidly and centrifuged. The
supernatant was fractionated with ammonium sulphate and the
precipitate obtained between 10 - 60% saturation was stored
in glycerol-buffer at =10° for 6 weeks before dialysis and
chromatography on DEAE-cellulose, The most active fractions
were pooled and used as the enzyme preparation in these
experiments,

Assays were carried out in triplicate at 25° for each
concentration of NADPY in the presence of 'saturating'
amounts of l17f-oestradiol, lMean values of initial velocity
were used for determination of Km. The assay mixtures at
each concentration of NADP' were pooled in redistilled
ethanol and the reaction product, oestrone, was identified
by thin-layer chromatography.
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Attempts to measure Michaelis constants for naD*
for both oestradiol dehydrogenase activities were
unsuccessful, When this nucleotide was used in the
routine oxidative assay in a final concentration of
1.3 x 107 *M (i.,e, equivalent to a 'saturating' concentra=-
tion of NADP*) the initial velocity was about one quarter
of that obtained with NADP*, No oestradiol dehydrogenase
activity was found ‘hen the concentration of NaD* was
reduced, On increasing the concentration of Nap*
activity in the ethanol blank increased and it was
impossible to measure a difference in the rate of change
of absorbance between test and blank, These results
suggested the presence of an 'NAD'-specific aleohol
dehydrogenase' in crude enzyme preparations and that the
values of Km for both oestradiol dehydrogenase
activities may be considerably higher than those for
NADP*,
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ZABLE 13

Apparent lMichaelis constants and maximal velocities
for '"l7a=-oestradiol dehydrogenase' at 25°

Substrate Km Maximal velocity
(moles/litre) :
17a=0estradiol 1,2 x 1078 1,03
1,3 x 1078 1.1
NADPY 3.0 1079 246
3.7 x 1078 2,2

In column 1 'substrate' refers to the compound under
test,

®aximal velocity is expressed in milli-pmoles substrate
oxidised/min,/mg., protein,

Ammonium sulphate precipitates tsken between 30 and
80% or hO and 60% saturation were dianlysed and
chromatographed on DEAE-cellulose in 5 mli-sodium phosphaté
buffer (pH 7.2) containing glycerol (20%, by volume),
Agsgys were carried out in duplicate or triplicate at
each substrate concentration,
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TABLE 1L

Apparent Michaelis constants and maximal velocities
for '17f-oestradiol dehydrogenzse' at 25°,

Substrate Km Maximal velocity'
(moles/1itre)
17B=cestradiol 1.6 x 10™® 3¢5
1,6 x 107® 3.5
napp* . 8 x 107 5.2

In column 1 'substrate' refers to the compumnd unden
test,

®riaximal velocity is expressed in milli-pmoles substrate
oxidised/min,/mg. protein,

Ammonium sulphate precipitates taken between 30 and
80% or hO and 60% saturation were dialysed and
chromatographed on DEAE=cellulose in 5 mM~sodium phosphate
buffer (pH 7.2) containing glycerol (20%, by volume),

Assays were carried out in duplicate or triplicate
at each substrate concentration,
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Eluates of DiAE-cellulose columns which oxidised
170~ and 17f=oestradiol to oestrone, also oxidised epi-
testosterone and testosterone to androstenedione (Fig,18)
This reaction product was provisionally identified by
comparison of its mobility with that of the authentie
compound in the thin-layer system described in Appendix A

The initial velocities obtained with the C,g-sub-
strates varied from 50 - 75% of those determined with
the oestradiol epimefs. Although the concentration of
the C,o=steroids was 0,2 umoles per cuvette (as in the
routine oxidative assay of oestradiol dehydrogenase
activities) maximal initial velocities and Michaelis
constants were not determined for those compounds, It
follows that no firm conclusions could be drawn from

these experiments,
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The yields of l?a; and 17f=-oestradiol dehydrogenase
activities were of the same order of magnitude whether
the tissue was fresh or had been stored for 3 days at L°,
The addition of 1 mlM-cysteine hydrochloricde or 10 - 100
mM nicotinamide to the buffer used for extraction neither
increased the yield nor the stability of these prepara=-
tions, |

Centrifuged homogenates prepared at pH 7 - 8 showed
no loss of activity when stored for 24 hr, at 4°, The
~activities of the stock ammonium sulphate preparation
(taken between 30 and 80% saturation) were stable for at
least !} months when stored in 5 mM-phosphate buffer
containing glycerol (50%, by volume), Vhilst thére was
no loss of 17f-dehydrogenase activity during that time
the recovery of the 17a~enzyme varied from 75 = 100%,

Eluates of DiAE-cellulose columns frequently lost
one third - one half of both enzyme activities after
12 - 18 hr, at 11,°; the 17f=oestradiol dehydrogenase was
the more stable of the two. When glycerol (20% ,by volume)
was included in the buffers used for chromatography,

there was no lose of activity in eluates stored.for 7 day?




at 1®, The 17p-ocestradiol dehydrogenase activity in
these preparations was also stable at 19 - 23° for at
least 3 daysy; the l7a-oestradiol dehydrogenase was
almost completely lost within 12 hr, under the same
conditions,

Preparations which had been purified sequentially
on DEAE- and CM-=cellulose retaiged full activity for
at least 3 days when stored at Ii° in 5 mM-sodium
phosphate buffer (pH 7.2) containing glycerol (20%,

by volume).




Preparation

Centrifuged homogenate
after 2 hr, at 5°

'30-80%" ammonium sulphate
precipitate kept for Iy
months at =-10° in glycerol
(50%, by volume) and
dialysed

Kluate of DEAE<=cellulose
column after 2 hr, at
5° (without glycerol)

Tluate of DEAEN-cellulose
column containing
glyeerol (20%, by volume)
after 7 dﬁYB at 500

Eluate of DEAE-cellulose
containing glycerol
(204, By volume) after
3 days at 19-23°

I'reparation obtained by
chromatography on DEAE-
and CM=cellulose stored
at 5° for 3 days in

5 mM=sodium phosphate
buffer containing
glycerol (20%, by volume)

storage.

Specific Activity

17aDH

I

0.1

3.0

3eU

5.0

II

0.1

0.2

3.0

5.0

063

0.9

340

12,0

Column I lists enzyme activities assayed within
L hr, of preparation.

Column II lists enzyme activities assayed after

178DH
II

0.3

0.9

3.0

6.0

12.0
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Attempts to extract more than 1,5 kilograms of fresh
tissue using a tissuetbuffer ratio of 1l:3 were
unsuccessful because of the difficulty of centrifuging |
more than 8 1, of homogenate in the 'Servall' instrument,
Large=capacity (=== 6L) centrifuges were unsuitable by
reason of their low maximum 'g' values (2=2000), The
'Sharples' steam-driven centrifuge also proved inadequate;
on account of the large amounts of cell debris which
rapidly filled the collection chamber of that machine,
Homogenates prepared between pH 7 - 8 with a tissue:
buffer ratio of 1:2 could not be fractionated cleanly

with ammonium sulphate,

The i (0)

The yields of 170~ and 17f-ocestradiol dehydrogenase
activities were not increased by the addition of glycerol
(10 or 20%, by volume) to the buffer used for homogenisa-
tion, Salt fractionation in this mixture was also

unsatisfactory.

]
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The use of two large columns in the first method
of purification (p. 59) proved cumbersome and time-
consuming, More important, the capacity of the ion-
exchangers, particularly that of CM-cellulose, was not
used to advantage, therefore experiments were carried out
to define the optimal conditions for chromatography on
that medium, It was hoped that sufficient purification
could be obtained on CM-cellulose to eliminate the need
for further large-scale chromatography,.

Fifty ml, of an ammonium sulphate precipitate which
had been taken between 10 and 60j% saturation was dialysed
against five 2-1litre changes of a solution containing
sodium bicarbonate (50 mM) and glycerol (20%, by volume),
The final pH wes 6,8, Dialysis was continued against
five 2=-litre changes of sodium phosphate buffer (1 mM)
which contained glycerol (20%, by volume), The pH of
this mixture was 6,1 at 5°, The total time of dialysis
was 6 hr, The non-diffusible material was centrifuged
at 3L,800 x g for 30 min, and the residue discarded.

The supernatant was assayed for both 1l7a- and 178-
oestradiol dehy: rogenase activities and 18 ml, was applie
to a 2,3 em, X 19 cm, column of Cl-cellulose, equilibrate
and eluted with 1,0 mM-sodium phosphate buffer (pH 6.1L)

which contained glycerol (20%, by volume).

]




A flow=-rate of L ml,/em®/hr, was maintained byI.K.B,
"Minipump', Four discrete pigmented bands were formed;
The most dense remained in the upper column bed, OSixty=
five ml,.of effluent was measured before 'ultraviolet-
absorbing' material was eluted; this was collected in
5 ml. fractions at 5°

During the routine oxidative assay of these fractiong
a precipitate formed in the cuvette on the addition of
sodium bicarbonate-carbonate buffer, The precipitate
came down irrespective 6f the order in which the assay
constituents were added; however, it dissolved quickly
on stirring. No l7a=ocestradiol dehydrogenase activity
was detected in the first seven fractions, Because of
the possibility of loss of enzyme activity when precipitar
tion occurred in the assay system, it was decided to
incubate the fractions (which were pooled sequentially
in batches of eight) and to examine the steroid reaction

products by thin-=layer chromatography,




Substrate Substrate
17a=0estradiol 17p=ocestradiol
l1- 8 o ) 0
9 - 16 0. +
17 - 2 & o
25 - 32 + ot
'Column bed' 0 +4+
Vashed CM-cellulose 0 0
++ = good conversion
£ = trace

0 = no eonversion

Pive ml, of eluate and 10 ml, of each 'slurry' were
incubatedat 37° for 30 min, in air, at pH 8.5 with 5 u-
moles substrate and 25 pmoles nappt,

Chromatography was repeated on a 1,5 cm, x 18 cm,

column of CM-cellulose, equilibrated and eluted with 1 mM<

sodium phosphate buffer containing glycerol (20%, by
volume) . As soon as 'ultraviolet-absorbing' material wa?
eluted, a precipitate formed in the column outlet and in
the '"Teflon' connecting tube which led to the fraction-
collector, Incubations of pooled fractions showed that
17f=oestradiol dehydrogenase activity was eluted in the

first fractions, No 17a-~ocestradiol dehydrogenase




activity was found in spite of increasing the molarity
of the eluting buffer to 0,1M, The column bed was
removed and 'slurries' were incubated at pH 8.5 = 9,03
oestrone was formed from both l1l7a- and 17f=ocestradiol,
ashed CM~cellulose which had not been used for
chromatography did not oxidise the steroid substrates
under the same conditions.

The diameter of the columns was increased to 5.0 em,
and a white 'waxy' material appeared in the upper column
bed., The maximum amount of dialysate which could be
chromatographed on a 5 dm. x 20 em, column without
disruption of the elution pattern was 30 ml, It seemed
possible that this material was a protein which was
precipitated below pH 7.0, This may also have been the
explanation for the turbidity which occurred in the
spectrophotometric assay when attempts were made to

determine the pH dependence of the enzyme activities,

In order to inerease the load on a 5 em, x 20 cm,
ClM-cellulose column without disruption of the elution
pattern, it was decided to dialyse samples of the stock
ammonium sulphate preparation for 18 hr, against 5 ml=-
sodium phosphate buffer (pH 6.5) containing glycerol
(20%, by volume), No l7a=-oestradiol dehydrogenase
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activity was found in the nogpdifruaible material althoug]
this had been present after !: hr, dialysis against the
same buffer mixture, The specific activity of the
17p=cestradiol dehydrogenase had risen from 0,5 to 1

milli-unit/mg. of protein.

The first method of purification (p. 59) was then
modificd to include precipitation at low piH, Tresh
chicken liver stored at I° for "8 hr, was hand-minced and
1.5 Kg. (wet weight) of tissue was homogenised with 3 1,
0, 1M=ammonium eitrate (pH 5.5) at 80 volts for 1 min,
The pH was adjusted to 6,8 with 1.0M tribasic sodium
phosphate and ammonium sulphate precipitates were tasken
at 30 and 80% saturation. The second precipitate was
stored at -10° in 5 mM-phosphate buffer containing
glycerol (50%, by volume) . Af@er dialysis of 20 ml, of
this preparation against four, l=litre volumes of 5 mM-
sodium phosphate tuffer (pH 7.2) for 1 hr. each change,
the non-diffusible material was centrifuged at 3,800 x g
for 20 min, The supernatant contained 0,6 - 0,8 milli=-
units l70-ocestradiol dehydrogenase and 0,8 - 1,0 milli=

units 17p=oestradiol dehydrogenase per mg, of protein,

=




The effect of heat on 1l7a- and l1l7f-oestradiol

dehydrogenase activities at various pH values indicated
that the effect of heat Bhould be studied over a wide
range of pH, The following experiments were carried
out before the spectrophotometric assay was established
and thin-layer chromatography was used to determine the
steroid reaction products from incubation mixtures,
Fresh chicken liver stored at -=14° for 24 hr, was
homogenised with 0,1M buffer (Table 17) in a "Wirtis'
at reduced speed, The tissuetbuffer ratio was 132,
The homogenates were centrifuged at 5020 x g for 30 min,
and the residues discarded, One ml, of O,1M=-calcium
chloride in aqueous solution was added to each 10 ml, of
supernatant which was stirred at 5° for 1 hr, The
preparations were centrifuged at 11,600 x g for 30 min,
and 100 ml., of each supernatant was heated in a stainless
steel beaker to 55° in a 70° water-bath, and held at that
temperature for 10 min, The preparations were cooled
rapidly to h° and centrifuged at 24,000 x g for 30 min.

Five ml, volumes of the second supernatant were

incubated for 30 min, in air at 37° in a Dubnoff incubator,

The pH of each incubation was adJusted where necessary to
pH 7.1 = 8,0 with a few drops of N-NaOH or O,1N-HC1l,

The steroids were extracted with 3 x 5 ml, volumes of
redistilled methylene chloride, taken to dryness on a

rotary evaporator, and examined by thin-layer chromatograph

Ve




Homo-
genis-

Sodium 8. 9
carbonate=
bicarbonate,
pH 9.9

Sodium aoh
carbonate-
bicarbonate,
pH 9,0

Sodium Te3
phosphate-
sodium
dihydrogen
orthophos=-
phate,

pH 8,0

Sodium 6.8
phosphate-
sodium
dihydrogen
orthophos=-
phate,

PH 6,9

pH at
incuba=-
ing tion
buffer

Substrate
(3 pmoles)

l7a=0estradiol
17a=-0estradiol

17p=-cestradiol

17p=o0estradiol

17a~0estradiol
l7a=-0estradiol
17p=0cestradiol
17p=ocestradiol

l7a=0estradiol
l17a=~o0estpadiol
17g=-ocestradiol
17p=0estradiol

17a-0estradiol

17a~-0estradiol -

17p=0estradiol
17 =0estradiol

Cofactor Result
(0.1 pmole) (oestrone
formed)
nap*t +
nappt +
NAD+ +4+4
Napp?t +++
Nap* ++
N .;-LDP+ A
nap* 4
Nappt b+t
Nap* ¥
naop* +
nNap* ++
naDp* ++
NaD* +
nappt %
nap* +
Napp* +

(Continued on next page)




Homo-
genis-
ing
buffer

pH at
tion

Sodium
phosphate-
sodium
dihydrogen
orthophos-
phate 2
pH 6,1

645

Citric hoB
acid =
sodium
eitrate,
pH 5.0
Citric ’4-03
acid -

sodium
cltrate,

pH L,0

incuba-

=-83=

TABLE 17  (contd.)

Cofactor

Substrate Result
(3 pmoles) (0,1 pmole) (oestrone
formed)

170-0estradiol  Nap* 0
17a-0estradiol  Nappt 0
1l7¢=-o0estradiol naDp* 0
178=-o0estradiol nappt +
l7a-ocestradiol nap* 0
17a~ocestradiol  Napp* 0
17£=o0estradiol wAD* 0
17p-ocestradiol wapp* +
1l7a-~o0estradiol waD* +
17a-oestradiol  NaDPY +
17p-oestradiol  mADY +
178=-oestradiol  NADPY 0
+++ = very good conversion
++ = good conversion

+ = falrly good conversion

+ = trace

0 = no conversion

Homogenates were heated to 55° for 10 min, then

centrifuged,

incubation at 37° for 30 min, in air,

Pive ml, of supernatant was used for each
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The previous experiments were extended. Homogenates
were prepared in the same way from the same batch of
liver which had been stored at -1L° for 3 days.
Aliquots were heated to 5%, 50°, 55° and 60° for 10 min,),
cooled rapidly to L° and centrifuged at 21,000 x g for
30 min, The pH of each incubation mixture was adjusted
to 8.5, before heating to 37° for 30 min, in a Dubnoff
water-bath, Protocols and results are summarised in

Tables 18, 19, 20, 21.




Heat Substrate Cofactor Result

treat- (3 pmoles) (0.1 pmole) (oestrone
ment formed)
l7a-0estradiol Nap* + o
17¢~0estradiol nappt T
fone 17p=-ocestradiol NAD* 44
178=o0estradiol naop* TRI
17a-oestradiol wap” ++
o l7a=0estradiol NaDpPt +
b5 17p=-cestradiol nap* -
17p-oestradiol Nappt o+
17a-o0estradiol Nap*t &
- 17a-o0estradiol NAD2+ +
- 17p=0estradiol NAD +
17f-oestradiol nappt 4
170~-0estradiol NaD* Y
. 17a~oestradiol NADPY ++
55 17p-o0estradiol Nap* 4t
17f-0estradiol napp* 4
17a-oestradiol NaD* ++
' 17a=-0estradiol wappt 4+
60° 17p-cestradiol nap* 444
178=0estradiol Napp* 44

+++ = very good conversion
++ = good conversion
+ = falrly good conversion

Homogenates were heated at the stated temperature for
10 mine, then centrifuged, Five ml, of supernatant was
used for each incubation at 37° in air for 30 min.at
PH 8. 5.




Heat Substrate Cofactor Result

treat- (3 pmoles) (0l pmole) (cestrone
ment formed)
17a-0estradiol napt PN
None 17a-oestradiol NADPY -
17p=oestradiol Nap* R
17p-oestradiol nappt P
17a~0estradiol Nap* DY
" l7a=0estradiol NADPY ok
15 17p-o0estradiol nap* e
17p-ocestradiol Napp* -
17a=0estradiol _ nap*t et
50° 17a-cestradiol NﬁDE* P
17f=-cestradiol NAD FRFS
17¢=-0estradiol naop* 4+
17u=~0estradiol Nap? P
. 170~0estradiol napp*t -+
25 17f-oestradiol nap* pe
176=-oestradiol NaDP* .
17a-o0estradiol wap*t 4+
o l7a=0estradiol nappt o
60 178=-oestradiol Nap? 4+
17p=-oestradiol napp?t 4+

+++ = very good conversion
++ = good conversion

Homogenates were heated at the stated temperature for
10 min, then centrifuged. ™ ve ml, of supernatant was
used for each incubation at 37° for 30 min, at pH 8,5,
in air,




Heat Substrate Cofactor Result

treat— (3 umoles) (0.1 pmole) (oestrone
ment formed)
17a~o0estradiol napt +4++
l7a=~o0estradiol Nappt Farees
i 178-o0estradiol nap* b
17f=~-oestradiol NADPY P
17a~0estradiol nap?t ot
" 17a~0estradiol NADP™ P
L5 17B8=0estradiol Nap*t +4++
17g-oestradiol ‘Napp® e+
17a~0estradiol wap* P
L 17a-oestradiol NADP* 4+
- 17p=-oestradiol Nap* 4+
178=-o0estradiol Napp* bt
1l7a-~0cestradiol Nap* ++
: 17a=0estradiol napp* ++
25 17p=-oestradiol Nap* 4+
17p=0estradiol nappt ++4
17a=0estraiiol nap* _ 4+
17a-0estradiol NﬁbP+ ++
60° 17f-oestradiol nap* ++4
17p=ocestradiol Napp* P

+++ = very  good conversion
++ = good conversion

Homogenates were heated at the stated temperature
for 10 min, then centrifuged. Five ml, of supernatant
was used for eaéh incubation at 37° for 30 min, at pH 8,5,

in air,.




Heat Substrate Cofactor Result

treat- (3 umoles) (0.1 pmole) (oestrone
ment formed)
17a-oestradiol nap* .
17a-0estradiol wapp* e
None 17-oestradiol nap* e
17p-oestradiol napp*t P
17a~0estradiol nap* &
= 17a=-0estradiol NADP+ o
b5 17 =-0cestradiol NAD+ R
17p-0estradiol Napp* 4+
170-0estradiol nap* %
i 17a-oestradiol nADP* +
20 17p=oestradiol. nap?t ' -+
17f=-0estradiol Nappt g
17a-o0estradiol wapt +
. 17a=-0estradiol napp* +
23 17p-o0estradiol NaD* .
178-ocestradiol napp* ++
17a-0estradiol napt +
17a-o0estradiol napp* +
60° R
17f=oestradiol NAD +
17p-cestradiol Napp* +
+4++ very good conversion

good conversion
falrly good conversion
trace

+

+ + +

Homogenates were heated at the stated temperature fon
10 min, then centrifuged, Five ml, of supernatant was

used for each incubation at 37° for 30 min, at pH 8,5
in aire.
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The effects of -heat on 17a- and l17f-ocestradiol
dehydrogenase activities were reinvestigated when the
spectrophotometric assay was eatablishe&. At that time
assays were carried out at 25°, and it was rarely
possible to detect any l7a~ or 1l7p-oestradiol dehydrogen-
ase activity in crude homogenates at that temperature,
Heating for 10 min, at 50° followed by centfifugation,
resulted in removal of some 12 mg, protein/ml., About
50% of both activities was lost; this estimate was
based on subsequent purifications and allowance was
made for increased reactivity at the higiher assay
temperature (37°),

Fresh preparations were heated to 50° and cooled
quickly to L° but losses remained high, Volumes
greate:r than 1 1, proved difficult to cool quickly, and
heat treatment of the crude homogenate from 1.5 Kg. of
liver was impracticable in small volumes, Attempts
to concentrate the enzyme activities in centrifuged, heat-
treated homogenates by ammonium sulphate fractionation
resulted in further losses, Because of such losses in
the first stages of purification and the risk of permanent
structural alterations to the remaining enzyme molecules,

purification by heat treatment was discontinued,
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An attempt was made to prepare a concentrate of
170~ and 17f=cestradiol dehydrogenase activities by
freeze-drying,

Chicken liver stored at -7° for two weeks was
homogenised in a '"Virtis' at 60 volts for 1 min, Two ml,
of 10 mMesodium phosphate buffer (pH 7.2) which contained
EDTA (1 mM) was used for each gram (wet weight) of tissue|
The preparation was centrifuged at 16,300 x g for 30 min,
and the residue discarded, The supernatant was
centrifuged for a further 30 min, at 21,000 x g and 30 ml,
of the second supernatant was applied to a column of
DEAE-cellulose (1,9 em, x 39 em,)s This had been
previously equilibrated with the homogenising buffer at
5°, Elution was carried out with the same buffer mixture,

Five ml, fractions were collected at 5° and assayed
spectrophotometrically, The most active were pooled,
and 20 ml, of the pooled eluate was shell-frozen in a
500 ml, round bottom flask and lyophlliised, The dry
residue was suspended in 2 ml, 10 mM-sodium phosphate
buffer (pH 7.2) prior to spectrophotometric assay at 25°,

The results are shown in Table 22,




.

Speecific Jctivity
(milli-units/mg, protein)
Preparation l7a~o0estradiol 17p=oestradiol
dehydrogenase dehydrogenase

Pooled eluate 0.6 1,2
Reconstituted

af'ter freeze-

drying 03 0,5
P a t ()

One hundred grams (wet weight) of fresh chicken
liver was homogenised in a '"Virtis' for 1 min, at 60
volts with 200 ml, O,1M=sodium phosphate bu?fer pH 8,0
at 1°, The homogenate was centrifuged at 1,920 x g for
30 min, and the residue discarded,

The supernatant was heated to 50° in a 65° water=
bath, held at that temperature for 10 min,, cooled rapidly
to h°® and centrifuged for 30 min, at 11,600 x g, The
regidue was discarded and 90 ml, of supernatant was
stirred into 1 1, of acetone at =-5°, A pale pink
flocculating precipitate was formed, stirring was con-
tinued for 5 min, then the acetone suspension was centri-

fuged at 11,600 x g for 30 min, at -10°,
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The supernatant was discarded and the powder
resuspended and washed twice with fresh acetone at -10°,
The precipitate from 250 ml. of suspension was immediatel
dissolved in 20 ml, O,1M-sodium phosphate buffer, pH 8,0,
Five ml. volumes were incubated at 37° for 30 min. with
steroid substrates in the presence of added cofactors,
The steroid reaction products were examined by thin-layen
chromatography. Inqubationg were repeated with acetone
powders stored at -11° for 24 hr, and for 18 days. The

results are shown in Table 23,

v




Incubated
immediately.
after
preparation

21.]. hI‘ ™
at
_11,_"

18 days
at
~11°

+ = trace

Substrate Cofactor Result
(3 pmoles) (0e1 pmole) (oestrone
formed)
l7a=o0estradiol Nap* ++
l7a=0estradiol napp* +o
17p=-o0estradiol NAD® it
17p=0estradiol wADP™* 4+
17a~o0estradiol nap* +
17c=oestradiol napp* +
17g=0estradiol NaD* s
17¢-oestradiol napp” 4+
l70~0estradiol NAD* +
17a-oestradiol vapp* i
17p=-oestradiol nap* ++
1l7f=0cestradiol wapp”* ++
+++ = very good conversion
++ = good conversgion
+ = fairly good conversion

The acetone powder from 250 ml, of suspension was

dissolved in 20 ml, O,lM=-sodium phosphate buffer,
ml., was used for each incubation in sir at 37° for 30 min.

Mive
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Preliminary experiments with calcium phosphate gel
preyared‘one year previously (Appendix H) gave a two=fold
increase in specific activity of l7a-ocestradiol dehydro-
genase (170 DH) and a six-fold purification of 178=

ocestradiol dehydrogenase (178 DH).

Fraction Volume Volume Protein Specific activity
of gel after mge/mle milli-units/g.

1 mge frac- protein
(dry wt.,) tiona-
per mle tion 17aDH 178DH
Dialysate - 160 99 O.1 Q.2
| 50 198 38,1 0,2 0.5
2 B0 235 27.6 0.2 Q.7
3 100 30h 16,5 Oy 1,2

Because of an insufficiency of aged gel, the investi-
gation could not be continued until adsorption of the
enzyme protein occurred. It was thought that it would be
profitable to repeat these experiments as the proceduéé

gseemed useful for the purification of large batehes of

enzyme,
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Four hundred ml, of an ammonium sulphate precipitate
taken between 30 = 80% saturation and stored in glycerol-
buffer at «10° was dialysed against 5 mM-sodium phosphate
buffer containing EDTA (1 mM), and eysteine hydrochloride
(1 mM), The final pH was 6,0 at 1°, and three 7-litre
volumes were used for dialysis, one hour each change,

The non-diffusible material was centrifuged at
11,600 x g for 30 min, and the supernatant (650 @1.)
fractionated, Calcium phosphate gel (250 ml,, ! mge
dry weight/ml, prepared 6 weeks previously) was used for
each fractionation step. On the addition of gel the
mixture was stirred for 15 min, at 5°, then centrifuged

at 1,920 x g for 15 min, The supernatant was immediately
assayed Table 25),

Fraction Volume Protein Specific activity
after mge/ml, milli-units/mg.protein
gg;;- 17a DH 17¢ IH
tion

Dialysate 650 58 03 0.6

1 860 333 0.3 1,0
2 1060 2611 Ot 1,2
3 1270 19,5 Ot 1,0
Iy 1660 13.8 0.6 i 0y 4
5 2030 946 0.6 1.1t
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There was little or no adsorption of enzyme protein,
Therefofe it was decided to concentrate the activities
by salt fractionation. Crystalline (NH,).SO, (Mann's
Special Enzyme Grade) was added to the enzyme solution
and two precipitates were mﬁ&a; the first, at pH 6,9,
was equivalent to 50% saturation at 0°, the second at
pH 6,7 was equivalent to 75% saturation at 0°, These
fractions were stored in 5 mM-ghOSphate buffer containinq
glycerol (50%, by volume) for 18 hr. and 5 ml. of each
was dlalysed égainat three hi=1litre changes of 5 mM=
sodium phosphate buffer containing EDTA (1 mM), cysteine
hydrochloride (1 mM) and glycerol (20%, by volume), The
total time of dialysis was 3 hr, The results are

summarised in Table 26.

Fraction Protein Specific activity
ng./ml. milli-units/mg.protein
, 170 DH 17¢ DH
0-50% precipitate 127.0 Ol 0.3
af'ter dialysis :
50-75% precipitate 17.h - 0.8

after dialysis

Year-o0ld gel adsorbed more protein per mg. than six-
week o0ld material, Because of this variation and the
shortage of aged pel, the method was not pursued further,




Attempts at adsorption fractionation of dialysed
ammonium sulphate precipitates were continued using
hydroxylapatite (Anacker and Stoy, 19583 Appendix I),
This matefial was packed and eluted at room temperature
(19 = 23°) with 5 mM-sodium phosphate buffer which
contained glycerol (20%, by volume), The column
measured 8 em, in width by 2 em, in depth, o purifica=-
tion of 17a-~ or 17f-ocestradiol dehydrogenase activities

occurred at pH 7.0 or 7.2,
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Yhen this work was undertaken the assumption was
made that tissues of those animals (e.g. sheep, éalf and
rabhit) known to metabolise or to excrete free orl
conjugated 17a-oes£radiol probably contained a specifiec
17a—oeatfadiol deh&drogenase. The results of incubations
with sheep, calf and rabbit liver were therefore
disappointing, Although sheep and rabbit liver homogeh&ﬁm
did oxidise l?u;oestradiol to oestroﬁe, the activities
were 1ow,_but the ovine tissue may have lost activity in
the 36 -« 18 hr, before incubation, It was also possible
that the experimental findings feflected a sex difference
in enzyme aétivitkm, however this aspect could not be
investigated because of difficulty in obtaining tissues,
Sex differences are known to occur in the distribution of
enzymes concerned in steroid metabolism, e.g. the 3f=
hydroxysteroid dehydrogenases of rat liver (Rubin and
Strecker, 1961), nevertheless these observations may not
pertain to chicken liver, In the present study
homogenates of fresh liver from laboratory-reared |
cockerels were shown to interconvert l7c-oestradiol,
17p=oestradiol and oestrone., ‘'hen it is considered how
modifications of steroid hormone metabolism may be evoked
by hypo- or hyperfunction of other endocrine tissues the
possibility of seasonal or cyclic fluctuations in enzyme

activity 1is not remote, Although this facet could not
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be studied, its discussion is relevant,and a good
illustration of the effect of one endocrine secretion
upon steroid metabolism has been provided by Callagher,
Hellmen, Bradlow, Zumoff and Fukushima (1960) who found
that the ratio of 5a0:5f metabolites of C,g=steroids
ranges from very low in myxoedematous patients to greater
than 1 in those with hyperthyroidism,

The choice of chicken liver as starting-materiasl for
the purification of 170~ and l17P-oestradiol dehydrogenase
activities was based on the finding that crude homogenates
of this tissue, without added cofactor, could catalyse
the reversible oxldation of 17a- and 17f-ocestradiol to
oestrone, The yields of the l1l7-ketone were high and it
appeared that the optimum pH for both reactions was above
8elie It was noted that incubation of 17aq-ocestradiol
gave the 17f-epimer in addition to oestrone; similarly,
the 17a-epimer (as well as oestrone) was formed from
178-0estradiol,

The simplest explanation for this observation was
that chicken liver contained at least two oestradiol
dehydrogenases each specific for the 17a- or l78-epimer,
As these activities were located in the non-particulate
sub-cellular fraction, extensive purification was feasible
It was therefore resolved to attempt the isolation and

separation of both 'enzymes' because the system offered
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unique potential as a model for kinetic and mechanistic
studies of the hydroxysteroid dehydrogenases,

An alternate reason for the production of oestrone
and the substrate epimer was that these transformations
may have been catalysed by a specific epimerase, i.,e, an
enzyme which effects inversion of the l7a-hydroxyl to
the 17p=-configuration without formation of the free 17-
keto intermediate, An analogous chemical mechanism
cannot be postulated.

Biological epimerisation of the steroid molecule
has not been established although an enzymic basis for
epimerisation of cardiotonic steroids at C-3 has been
proposed. by Repke and Samuels (1961) using subecellular
fractions of rat liver homogenates, The 3pB-hydroxyl
group of the cardiotonic steroids is known to undergo
inversion to the 3a-configuration in the animal body
(Repke and Lauterbach, 1959), but to consider 'inversion'
as synonymous with biological epimerisation is inaccurate,
Although instances are well-known where a common
symmetrical product can result from the action of pairs of
enzymes, respectively specific for two isomers, there is
evidence that single proteins are concerned with the
epimerisation of sugars or the racemisation of amino=-

aclds,
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In a recent publication Ozon and Breuer (1965)
claimed to have demonstrated l1lba=-, 1l6g-, l7a~, and 17f=
hydroxysteroid oxidoreductases as well as 16a- and 16p-
hydroxylases in incubations of chicken liver slices and
subcellular fractions, These authors also claimed the
partial separation of NAD(P)-dependent 17a-~hydroxysteroid
dehydrogenases from NAD(P)-dependent 17f8-hydroxysteroid

dehydrogenaaeé. The results of Ozon and Breuer's experi
ments with the 17a- and 17p-oestradiol dehydrogenase
activities are in broad agreement with those reported in
this thesis but thelr conclusions must be interpreted with
some scepticism. One important difference in experi=-
mental method concerns the duration of incubation which
in Ozon and Breuer's publication was reported as 60 min,
at 38°, whereas in the present study all incubations were
carried out for 30 min, at 37°,

Only a limited assessment of enzyme activity can be
made from qualitative examination of incubation products
of a steroid and crude tissue homogenates but no attempt
was made to devise an assay based on incubation of
substrate followed by thin-layer or gas-~liguid chromatoe-
graphy of the reaction products,. Such methods
are time-consuming but they may be the only procedures
‘available for the study of particulate enzymes,

The most suitable procedure for the assay of a
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pyridine-~nucleotide-linked dehydrogenase is the measure-
ment of the rate of formation or disappearance of the
quinonoid bond structure of the dihydronicotinamide ring
of NADH or NADPH, This chromophore has a molar
extinction coefficient of 6.2 x 10° litre mole *, ecm *,
at 310 mu,

The pH optima for both oestradiol dehydrogenase
activities (determined spectrophotometrically) were found
to lie between pH 9 - 9,5, a range similar to that
reported by Langer and Engel (1958) for the 17B=-oestradiol
dehydrogenase of human placenta, In the latter case the
proximity of the optimum pH to 10 suggested a possible
influence of the ionisation of the phenolic hydroxyl of
178-oestradiol (pK of oestrone = 9,36)., Langer and Engel
therefore studied the relationship of the initial rate of
oxidation of the 3-methyl ether of 1l7p-oestradiol under
similar experimental conditions. The relationship of
reaction rate to pH coincided roughly with that for 17f«
oestradiol from pH 7.5 - 10,2 and it was concluded that
the peak in reaction rate near pH 10 reflected ionisation
of groups on the enzyme rather than that of the phenolic
hydroxyl.

The results of incubations with chicken liver homo=-
genates indicated that the pH optima were not lower than

8.1 but such results must be interpreted with caution,
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The values quoted for the avian liver activities are not
in agreement with those reported by Ozon and Breuer (1965)
who used a different experimental method.

The determination o the stoichiometry of the
reactionscatalysed by the 1l7a~ and 1l7f=oestradiol dehydro=
genase activities was based on the measurement of product
at the end of the first minute of the reaction, 1.e.'when
the kinetics were zero-order in respect of substrate and
cofactor, Thin-layer chromatography of the reaction
products at the end of the first or second minute always
showed oestrone and never the corresponding substrate
epimer,

Comparison of mobility of the product with that of
the refefance compound in thin-layer and paper chromato-
graphlc systems was considered inadequate for characterisg-
tion, hence resort to countercurrent distribution,
Statistical analysis of the data by means of the computer
programme devised by Purdy, Goldman and Richardson (1965)
showed that there was significant agreement between the
curves for radioactivity and weight, Furthermore the
welghts of oestrone produced enzymically from both oestra-
diol epimers proved that these were equimolar reactions,

The computer programme was based on the statistical
procedure described by Sheps, Purdy, Engel and Oncley
(1960a; 1960b) which superceded the method for
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statistical analysis of countercurrent distribution data
published by Baggett and ¥ngel (1957).

Purdy et al. (1965) recommended that radioactive
samples be randomised before counting in order to reduce
the effect of any time dependence of the counting
efficlency which may occur over prolonged periods of
counting, Since colorimetric or spectrofluorimetric
methods used for the determination of mass are of'ten
dependent on time or temperature or both, Purdy and his
colleagues also advocated the random arrangement of
samples and standards before measurement, This pro=-
cedure was designed to obviate a source of serial
correlation in sequential determinations of weight in
|adjacent tubes,.

Apparent Michaelis constants indicate high affinity
of both 'enzymes' for their substrates, The values are
of a similar order to those reported for other steroid
dehydrogenases, e.gs the K for oestrone and 17B-oe§tradid
for the placental enzyme was given as 2,2 x 10 ® moles/
litre (Langer gt ale 1959).

The graphical method of determining Km and V
described by Woolf (1932) was preferred to that published
by Lineweaver and Burk (193h). A recent penetrating
analysis of graphical methods showed the double reciprocal
plot to be the least satisfactory (Dowd and Riggs, 1965),

1
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The results of incubation experiments showed that
yvields of oestrone and the corresponding substrate epimer
were enhanced by the addition of Napp* and to a much lessec
extent by NAD*, This preference was confirmed in the
spectrophotometric assay by which it was possible to
determine an apparent Michaelis constant for NADPY in
respect of both enzyme activities, Plots of initial
velocity (v) against the ratio of initial velocity:
substrate concentration (v/s) suggeétad that both
dehydrogenase reactions were inhibited by high concentra-
tions of cofactor. Apparent Michaells constants for
NAD* could not be measured. These results are at
variance with those of Ozon and Breuer (1965) who
claimed that the 17a- and 17B-hydroxysteroid oxido~
reductases of chicken liver reacted equally well with
NAD* or NADP* but their experimental methods aiffered
from those used in the present study.

There are at least two dehydrogenases which prefer
NADP* as cofactor and which catalyse the reversible
oxidation of 170~ and 17p-ocestradiol to oestrone, Final
proof must await complete separation of the activities,
however, there is evidence to support this view, It was
found, as Ozon and Breuer (1965) claimed, that a partial
separation of the 1l7a~ and 17f-ocestradiol dehydrogenase
activities could be achieved by salt fractionation,

r
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An accurate comparison cannot be made between those find-
ings and the results reported in this thesis, but they
agree in that the 17g-oestradiol dehydrogenase activity
is widely distributed throughout the ammonium sulphate
fractions whereas the l7a~-dehydrogenase activity is
largely confined to the fractlon obtalned between

30 - hO% saturation (Ozon and Breuer) and the 30 - 50%
precipitate (p. N12).

Further support for the exlistence of at least two
NADP*~linked dehydrogenases stems from the observation
that the ratios of both activities were not constant
during ion-exchange chromatography. Prolonged dialysis
gave only l7f-oestradiol dehydrogenase activity, however
this is not proof of the exisicnce of two distinct enzymep
it may be that some small molecule necessary for the
stability of l1l7e¢-ocestradiol dehydrogenase activity was
lost during dialysis, Conclusive evidence must await
further purification, separation, and substrate
specificity studies,

The correct nomenclature of the activities studiled
in this thesis cannot be assigned until the completion
of detailed investigations of substrate specificity with
highly purified enzyme preparations, Although eluates
of DEAE-cellulose columns catalysed the oxidation of the

testosterone epimers, these transformations may not have

.
3
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been effected by the same enzymes which attacked 1l7a-
and 17g-oestradiol, The presence or absence of other
hydroxysteroid dehydrogenases (e.g. those specific for
C,e-steroids) has yet to be proved,

Precise investigations of steroid-enzyme interactions
demand extensive purification of the activities concerned,
Ideally the ultimate goal would be crystallisation of the
catalytic proteins but there are difficulties inherent
in the purification of enzymes involved in steroid
metabolism, Not the least of these is the small yield
of activity particularly vhere endocrine tissues are
used as starting-material. This problem was not
encountered with the enzymes discussed in this thesis,

The major restriction was imposed by the limited
capacity of the centrifuge and the resultant inability
to extract large quantities of tissue with minimum delay.
A second obstacle was the low specific activity of the
enzymes used for column chromatography. Although the
first method of purification gave a satisfactory yleld
the procedure required improvement for the reasons given
(pe 76)e

The finding that considerable enzyme purification
occurred on ClMe-cellulose at pH 6,0 - 6,5 was encouraging

and the most profitable method of extraction would seem
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to be at pH 5,5 followed by ammonium sulphate fractiona-
tion. The stabllity of ammonium sulphate precipitates
and column eluates in glycerol-buffer could permit
"stockpiling' of activities by successive or recycling
chromatography on CM-cellulose, Evidence was obtained
that the 17p-dehydrogenase activity began to be eluted
before the l1l7a-activity and it may be possible to exploit
a difference in charge to separate the 'enzymes' by
gradicnt elution with buffers of increasing molarity or
PHe

If such methods were successful the purified material
could be pooled and concentrated by means of a high
molecular weight disperse polymer such as 'Picol1l’
(Pharmacia)., Alternatively further attempts at lyophili-
sation may be profitable,

The choice of chromatographic materials is wide and
stronger cation-exchangers such as phosphonic acid- or
sulphoethylcellulose deserve congideration, The
possibility of further purification on the combined ion-
exchange:cross-linked dextrans, such as ClM-Sephadex is
not remote. Should attempts to separate the activities
fail before this stage then gel-filtration on a cross=
linked dextran (e.g. Sephadex G-100 or G=-200) may fulfil
the purpose, Such procedures have been most effectively

employed in the purification and separation of the




~109=-

bacterial hydrogysteroid dehydrogenases (Dalin, Squire
and Porath, 196h)., However this would appear to be a
late step for use with preparations of high specific
activity. Column electrophoresis or electrophoresis on
starch or acrylamide gel are also procedures of greatest
potential in the final stages of purification, It is
clear that the most interesting aspects of this study
must awalt separation and extensive purification of the
17a- and 17p-ocestradiol dehydrogenases, therefore the
remainder of the discussion will be largely speculative,
Theorell and Chance (1951) proposed a kinetic, com=
pulsory order mechaniem for horse liver alcohol dehydro-
genase whereby the enzyme-coenzyme complex must form bhefore
substrate is bound. There is now considerable evidence
to supnort this conceptﬁin the case of the liver enzyme
and McKinley-lcKee (196li) has stated that the Theorell-
Chance mechanism is probably applicable to all dehydro=
genases, It is possible that the enzyme-coenzyme complex
induces profound conformational changes in the protein
which in turn cause rearrangement of the polypeptide
chains to form the active site which binds substrate.
Such conformational changes are amenable to study by
optical rotatory dispersion but separation and rigorous
purification of the 17a~ and 17g-cestradiol dehydrogenases
would be obligatory before these potential models could

be investigated by such sophisticated techniques,
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It is probable that the 17a- and 1l7p-oestradiol
dehydrogenases of chicken liver each reversibly catalyses
the 'direct' transfer of hydrogen from C-17 to position L
of the nicotinamide ring in position B (Fig. 2). All
hydroxysteroid dehydrogenases so far investigated use
the B side of the nicotinamide ring of the pyridine
nucleotides and it would be of particular interest to
investigate the stereochemistry of'hydrogen transfer in
model reactions in which there were two enzymes, each
specific for the 1l7a«~ and 17f-configuration, The choice
of isotope lies between deuterium and tritium; the
former 1is preferred where high accuracy 1s sought, but
tritium has the greater ezse of estimation,

It is now known from the absolute configuration at
C=li of the dihydronicotinamide ring (Fig. 2) that yeast
and liver alcohol dehydrogenases transfer HA’ and the
a- and e-~ketone reductases of J, falcata transfer HB.
Kinetic measurements with eyclohexane and decalin
derivetives led Prelog (1963) to propose models of the
steric relationship of enzyme, coenzyme and substrate in
the neighbourhood of the active site, The possible
importance of the interaction of substrate with the
carboxamide group of the coenzyme was emphasised as a

factor in the determination of product specificity,




THE POSITION OF NADH RELATIVE T0 SUBSTRATE
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The black dot represents the A hydrogen
of NADH and is understood to be beneath the
carbonyl group. The planes of the dihydro-
pyridine and cyclohexanone rings need not be
parallel to each other.

(After Graves et al.,1965)
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Graves, Clark and Ringold (1965) investigated the
reduction of 3~ and h-alkyl cyclohexanones and the four
10-methyl-2-decalones by horse liver alecohol dehydrogenasd
By correlating reaction rates and steric specificity
they were able to define (1) areas common to reactive
substrates and (2) areas that gave reduced rates of
reaction, Graves and his colleagues also suggested
preliminary mapping of enzyme, coenzyme and substrate in
the vicinity of the active site,

The position of NAD and NADH relative to the sub-
strate was considered by Prelog (1963, see Fig, 3). He
held that the cofactor was located directly in front of
the substrate so that HA which was transferred lay
directly under the substrate carbonyl and the carboxamide
group lay to the right. Graves, Clark and Ringold prefern
another position for NADH in the reaction with liver
aleohol dehydrogenase, i.,e, with a portion of NADH under
the substrate but at a right angle to the cyclohexanone
ring (Fig. 19). -

They indicated that if the 1l,h-dihydronicotinamide
ring is planar as suggested by the nuclear magnetiec
resonance studies reported by Meyer, Mahler and Baker
(1962), H, and Hy of NADH will be staggered relative to
the nicotinamide ring and not in true axial-equatorial
positions, Graves et al. (1965) maintained that hydride




THE SPATIAL RELATIONSHIP BETWEEN NADH AND ACETALDEHYDE
IN REACTIONS CATALYSED BY YEAST AND LIVER ALCOHOL
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transfer could occur with this conformation but if there
was a strict requirement for axial transfer in the transe
ition state then the two rings under discussion must be
essentially parallel.

Karabatsos, ®leming, Hsi and Abeles (1966) have
argued against Prelog's concept of the importance of the
carboxamide group in the control of product stereo-
specificity. They described the spatial relationship
between NADH and acetaldehyde in the yeast and liver
alecohol dehydrogenation reactions(Pig, 20) by correlating
the absolute configuration of HA and HB with the
following evidencet=

"NADH and l-deuterioacetaldehyde give (=)=ethanol-l-d

The absolute econfiguration of (+)=-ethanol-l-d is (R)"

Karabatsos gt ale claimed that these facts, togethenr
with the finding that yeast alcohol dehydrogenase and
NAD* preact with (8)-2-octanol but not (R)-2-octanol,
indicate that Prelog's concept is follovwed with enzymes
associated with the transfer of HA as well as with HB'

In order to evaluate the importance of hydrophilie
and hydrophobic regions in these reactions these workers
determined the absolute configuration at C-l1 of 1,2=-
propanediol-1-d obtained from the reduction of D- and
L-lactaldehyde with deuterated NAD and horse liver

aleohol dehydrogenase, They suggested that the polar
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THE REDUCTION OF D- AND L- LACTALDEHYDE WITH
DEUTERATED NAD AND HORSE LIVER ALCOHOL DEHYDROGENASE
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group that is capable of hydrogen bonding might
conceivably 'force deuterated NAD' in a rather than b
(Fige 21)s It was also claimed on the basis of nuclear
magnetiec resonance studies that as far as product
stereospecificity is concerned D= or Lelactaldehyde and
acetaldehyde have the same substrate-coenzyme relation-
ship (Figs. 19 and 21b). | |
Steroids possess unusual advantages for investigatio
of enzyme-substrate interactions, They are chemically
well-defined, rigid molecules, amenable to many subtle
variations in structure and they can be readily measured
in minute amounts, Substrate specificity studies of the
type deseribed by Langer gt ale (1959) for the 178=
oestradiol dehydrogenase of human placenta would provide
a basis for the construction of models according to
Prelog's 'diamond-lattice' theory, Thus it should be
possible to picture the relationships between enzyme, co=
enzyme and substrate in the vicinity of the active sites
and to "mgd these areas by the use of two enzymes each
specific for the 170~ and 17f-configuration, Should furth
investigation of reaction mechanisms be suggested from
these projected kinetic experiments then the deuterium
or tritium isotope effect could be used to advantage,
According to vestheimer (1961) "The deuterium effect has
bedome one of the most important tools which physical

organic chemists employ in the elucidation of the

er
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mechanisme of chemical reactions", Thus when a bond to
a hydrogen or deuterium atom is broken in the rate-
determining step of a reaction, the rate constant (KH)
for the reaction of the hydrogen compound exceeds the
constant (KD) for the same reaction with the corresponding
deuterium compound,. _

Engel and his colleagues (196):) have compared the
relative rates of oxidation of testosterone derivatives by
chromic acid and by the soluble NADP'T-linked testosterone
dehydrogenase of gulnea-pig liver, In this way they
attempted to contrast the effects of variaﬁion in steroid
structure which influence Qhemical oxldation at carbon-1l7
with the results obtained by enzymic oxidation, Although
the studies were incomplete, distinctions could be made
between the rates of oxidation of certain C,g=compounds
with chromic acid and those with the dehydrogenase,

The physiological importance of such in yitro
studies may seem remote, but steroid hormones are potent
modifiers of biochemical reactions in wvivo, and metabolic
control mechanisms cannot be described without detaiied
knowledge of the reactions concerned, Three concepts
are of particular relevance in this respect, The first
is that of the 'allosteric effect' (Monod, Changeux and
Jacob, 1963) cited by Engel (196h) as a useful model for
the study of hormone action, By exerting this effect a
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hormone could alter the conformation of an enzyme protein
and thereby influence binding at the catalytic site.

This hypothesis implies that the active site of an enzyme
is not rigid and the argument has been upheld by Koshland
(196h) in his theory of 'induced fit' of substrate and
EeNnzZyme .

It is not known whether steroid hormones can function
as 'allosteric ligands' but Monod (1965) has stated that
their physico-chemical properties make these compounds
'rather unfit' to serve this purpose. He indicated that
virtually all the metabolites known to function as
'allosteric ligands® are highly polar, mostly ionic
compounds in contrast to steroids.

Although the mechanism(s) of steroid hormone action
are obscure the assumption is widely held that these
compounds exert their effects by interaction with a
macromolecule and therein lies thq basis of Engel's
concept which was restated in 196, He believes "that
if a steroid hormone interacts with enzymes concerned in
its metabolism, with proteins involved in its transport
and with receptor sites concerned in its physiological
action, then these substances must all share structurally
related sites complementary to the steroid hormone",

In kinetic studies with the 17/5-ocestradiol dehydro=
genase of human placenta, Langer et ale. (1959) showed tha

the steroid substrate must possess a highly planar ring A

F
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or B or both for significant reactivity, and the high
affinity for substrates, the steric specificity, and the
frequent pronounced effeects of distant modifications upon
substrate reactivity indicated multiple sites of inter-
action with the enzyme,  Further investigations of the
effect of nitro=groups in ring A were made with the same
enzyme (Engel, Stoffyn and Scott, 196lh) and it was
suggested that the phenolic ring A of the ocestrogen might
interact with a tyrosyl group at the binding site of the
enzyme

The experiments reported in this thesis were
directed towards the isolation and purification of the
ocestradiol dehyc rogenases of avian liver in order to
provide a mpdel for the investigation of steroid-enzyme
interactions, Such investigations constitute an
approach to the understanding of the mechanism(s) of
hormone action, a fundamental biological problem which

must ultimately be resolved in chemical terms,
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This work was undertaken to find a source of 17q=
oestradiol dehydrogenase, to purify and characterise this
enzyme and to study the effects of substrate structure
upon its reaction kineties in an in yitro model system,

The literature was reviewed concerning the in vivo
metabolism of l7a-oestradiol, the interconversion of
17a=o0estradiol and oestrone by animel tissues jp vitro,
and the histochemical demonstration of l7a-~hydroxysteroid
dehydrogenase activity, Publications dealing with the
178=hydroxysteroid dehydrogenases and topics related to
the mechaniem of action of the hydroxysterold dehydro-
genases were also reviewed,

Chicken liver was chosen as the best source of 'l7o=
ocestradiol dehydrogenase' on the basis of incubation

experiments with sheep, calf and rabbit liver, calf kidney

and avien 1iver., On subeellular fractionation when NADPY

was used as cofactor, most activity was found in the
'soluble' preparation, Becsuse this fraction also
contained 17f-ocestradiol dehydrogenase activity the
purification of both 'enzymes' was attempted.

A spectrophotometric assay (at 340 mu) based on the
formation of NADPH was devised for these studies. The
pH optima were in the range 9 - 9,5 and the product of
both reasctions was identified by comparison of its
mobility with that of authentic oestrone in thinelayer

and paper chromatogranhic systems and by countercurrent

-~
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distribution of the enzymic oxlidation product of both
epimers in the presence of tritiated oestrone,
Statistical analysis of the experimental data by computer
revealed significant =agreement between the curves for
radioactivity and weight, and the fluorescence measure-
ment of oestrone showed that both dehydrogenations were
equimolar reactions,

Extraction of the oestradiol dehydrogenase activitiep
was best carried out between pH 7 = 8 in 0,1M sodium
phosphate buffer using a tissueibuffer ratio of 1:3,

All the l17a~dehydrogensse activity and almost all of the
178-dehydrogenase was precipitated by ammonium sulphate
between 30 and 80% saturation, TFurther purification
was effected on DEAE- and CM-cellulose in 5 mM-sodium
phosphate buffer (pH 7.2) containing glycerol (20%, by
volume)., This procedure gave a 50=-fold purification of
the l7a-dehydrogenase and a 30-fold purification of the
p-enzyme, The existence of at least two NADP'-linked
oestradiocl dehydrogenases each specific for the 17a-~ and
17p-configuration was claimed on the grounds of partial
seperation of those activities by salt fractionation and
the inconstant ratios of both activities during lon-

exchange chromatography.
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The reactions appeared to follow Michaelis-Menten
kinetics at 25° in respect of both steroid substrates,
and apparent Michaells constants were of the order of
1,2 x 10" ® moles/litre for l7a=ocestradiol and 1,6 x 10 °
moles/litre for 17p~ocestradiol, Plots of initial
velocity against the ratio of initial velocity:substrate
concentration were not linear when attempts were made to
determine the apparent K_ for Napp* 1nlr63pect of both
enzymes, The results were suggestive of inhibition at
high cofactor concentrations. Apparent Michaelis
constants for NAD* could not be determined because of
high activity in the 'blank' cuvette when this nucleotide
was used as cofactor,

Tpe oestradiol dehydrogenases were stable for at
least !i monthse when stored at -10° in dilute sodium
phosphate buffer containing glycerol (50%, by volume),
and the enzymic activities of eluates of DEAE-~ and CM-
cellulose columns were also preserved by the addition
of glycerol (20%, by volume),

Other methods of purification, e.g. chromatography
on Cl-cellulose at pH 6 = 6,5 and adsorption on calcium
phosphate gel were described and suggestions for further
purification were advanced, The potential use of two
separate, highly purified 17a- and 17f=-oestradiol

dehydrogenases in model reactions was dlscussed in
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conjunction with current concepts of steroid/enzyme
interactions and the mechanism of action of steroiad

hormones,

A preliminary account of this work was given at
the Forty-Seventh Meeting of the Endocrine Soclety in
New York City, New York, June, 1965,
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APPENDIX A

n-laye
The following thin-layer system was used for the
examination of the steroid reaction products from

incubation mixtures and spectrophotometric assaysi=

35 g. Silica gel G (Merck, according to Stahl)
73 ml, Distilled water
3 ml, Fluorescein solution (12,5 mg, fluorescein

made up to 500 ml, with 0,1N-NaOH)

The micrometer on the Desaga-Brinkmann lModel S
Bpreader'ﬁas set at about 350 microns, Plates were
activated for 13 - 1l hr, at 60 - 70° before use.

The mobilities of the steroid reaction products were
compared with those of reference compounds in the system
ether-benzene (2:1, by volume)., The plate was examined
under ultraviolet light and sprayed with 95% ethanol/
concentrated sulphuric acid (v/v), 17a=Oestradiol
appeared as a bright yellow spot immediately after
spraying with fresh reagent, Colours developed after
heating at 110° for 5 - 10 min, COestrone, 17a- and 17p=-
cestradiol showed as bright orange spots on heating, The

colours gradually dulled on exposure to air.
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Dlalvsls

Dialysis was carried out against buffer at I - 5°,
Dialysis tubing (flat width 1 3/16") was obtained from
Arthur H, Thomas Co,, Philadelphia, Pa, It was found
tﬁat this tubing produced a yellow discolouration on
immersion in aqueous buffers, It was therefore soaked
in an aqﬁeous solution of EDTA (5 g./100 ml,) for at
least 18 hr, before use, This was followed by thorough

washing in de-~ionised water and in the dialysis buffer,




APPENDIX D

Purification of [6,7-2H.] oestrone

Two hundred and fifty pc., of compound NET-51,
[647-%Hz] oestrone, lot No, 13h=-21-77 was obtained from
New Fngland Nuclear Corporation, This had a stated
specific activity of 10,6 ¢/m-moles The weight was given
as '0,00167 mg. in 0,5 ml, 10% methanol/benzene', The
compound was sealed under nitrogen and dated 12,22,6l,

Two hundred and fifty pc. was transferred quantitatively
to a 250 ml. volumetric flask with 'Spectrograde' benzene,
Fifty pl, was placed in a vial, dried under nitrogen, and
10 ml., scintillation fluid added, This gave a total
count per min, of 2,7 x 10%, A second sample of 50 ul,
was put in a vial, then applied to a silica gel plate
which had been subdivided into tracks approximately

1.5 em, wide, The vial was rinsed twice with one drop
of redistilled ethanol, and tha washings were applied to
the same origin, The mobility of the labelled oestrone
was compared to that of authentic oestrone in the ethere
benzene system, A 17p=-oestradiol reference was also
used. The plate was examined under ultraviolet light
and the position of the authentic compounds was marked,
One cm, lengths of silica gel were scraped from the radio=
active track into Pasteur pipettes loosely plugged with

cotton wool, The steroids were eluted with ethanol into




a counting vial and dried under nitrogen,

A contaminant, which corresponded in mobility to
17p=ocestradiol, was present in the stock solution. Two
ml, of stoek (1 pe./ml,) was dried under nitrogen and
taken up in one drop of redistilled ethyl acetatej; this
sample was applied to a 'curtain' of Vhatman No, 1 paper
cut in multiple strips. The papillary—applicator was
rinsed with one drop of solvent and this was applied to
the same origin, Twenty pge oestrone and 20 ug. 17p-
oestradlol were included for reference on separate strips
A 'blank', which consisted of two drops of ethyl acetate,
was applied to a fourth strip. The position of the
front was marked with '0il Red 0',

The paper was pre-equilibrated by the rapid method
of Bush and Crowshaw (1965) in which the steroids were
washed to the start line with ethyl acetate-methanol-
chloroform (1:1:1, by volume), The peper was dried in
air and the procedure was repeated twice. The paper was
then soasked in a mixture of ether=75% methanol (1l:1, by
volume) and placed in the system ligroin-toluene=70%
methanol (2:1:3, by volume) at 29°,

The reference strips were cut out and stained with

1% FPeClg=l% K4 Fe(CN)g (v/v) for 5 min., then washed in




cold running tap-water. Sections which corresponded to
oestrone and l7f-oestradiol in the blank and radioactive
strips were cut out and counted after elution in ethanol
overnight,

The procedure was repeated using compound NET=51,
[6,7-%Hz] oestrone, Lot No, 131-21-75, This had a
stated specific activity of "0.,6 ¢/m mole and a weight
of 0,00167 mge in 0,5 ml, 10% methanol/benzene’,

The radioactive oestrone was found to contain
approximately 1% of a compound of similar mobility to
authentic 17f=-oestradiol in the petroleum ether-toluene-
methanol system, The radioactive compound which
corresponded in mobility to the oestrone reference was

used for countercurrent distribution.




APPENDIX B
Cc = t 1

The carbon tetrachloride-methanol-water system was
prepared by mixing 1 1, redistilled methanol with 1 1.
deionised, glass-distilled water; this mixture was
allowed to cool to room temperature and 2 1, redistilled
carbon tetrachloride was added, A 100=~tube all-glass
Craig apparatus (H.O0. Post Scientific Company, New York)
calibrated for 10 ml, lower phase was used for the
countercurrent distributions, The tubes were capped
except for every fourth one which was filled with 1O ml,
lower phase, This was t?ansferred by hand until all the
tubes were filled, The uncapped tubes were covered,

10 ml, of upper phase was introduced into tube 0 and the
machine was tilted to mix ten times, The phases were
allowed to separate and the upper layer was transferred
to tube 1, Another 10 ml, of upper phase was added to
tube O and the procedgre was repesated until eight upper
layers were introduced, The contents of tube O were with
drawn by syringe and 10 ml, of cach phase was added to
the dried sample in 2 ml, aliquots which were then transe
ferred to tube O, The machine was tilted by hand to mix,
the phases were allowed to settle and the first transfer
was made to tube 1, Ten ml, of upper phase was added to
tube 0, the reservoir was primed and the robot mechaniesm

set to give a total of 100 transfers,




In order to locate the peak of radiosctivity every
fourth tube was dried down under reduced pressure and
5 ml, of pure ethyl alcohol (United States National
Formulary) was added to each flasky

Ten ple volumes were removed at the same time for
fluorescence assay and for counting in a Packard d
"T"ri-Carb' liquid secintillation spectrometer (Model 31k
Ex). The efficlency was about 23%, Sufficient counts
were accumulated to ensure an aceuracy of about 1%.
Complete analysis of the peak was carried out in this
manner, Oestrone was measured spectrofluorimetrically
(Slaunwhite, Z“ngel, Scott and Ham, 1953). Oestrogen
assays and %H-counting were performed on randomised
samples in accordance with the recommendations of Purdy,
Goldman and Richardson (1965).

Experimental data are shown in Tables 27, 28, 29, 30,




12
13
1
15
16
17
18
19

2l
22

23

25
26

28
29
30
31
32
33
3L
35
36

IABLE 27

Qestrone from 17f—ocstradlol

Recovery of [6,7°H

oestrone

Total 308 x 10 ¢

EiainLﬁzraiiqng
per min, x 10

0.6
0.9
0.9
3¢5
10,9
6.8
11.14
13.7
11.8
20,0
2340
2045
28,0
2743
2609
2247
18,6
1641
15.1
740
9.0
53
he2
2.
1.5




12
13
1h
15
16
17
18
19

21
22

23

25
26

28
29
30
31
32
33

35
36

TABLE 28

Oestrone from 17¢-gostradlol
Recovery of [6,7%H.]oestrone

per min, x 10%e

0.3
0.9
2.1
3¢5
he3
6.8
10.3
13.7
11,9
20,0
165
20,5
177
273
16,2
2247
11.6
16,1
71
7.0
3.6
5¢3
2.0
2.1t
1.0

Total 252 x 10 %




12 1.5

13 3¢5
1 Lh.8
15 10,5
16 13.2
17 175
18 28.6
19 3245
20 19,9
21 e 5
22 694
23 575
2l 775
25 72,5
26 6941
27 6745
28 14949
29 1345
30 ' 28,6
3 19,0
32 13,2
33 12,0
3l 1e8
35 740
36 1.5

The content of the even-numbered tubes was derived
from the theoretical curve (Table &, p. 58). The
content of the odd-numbered tubes was that determined by
fluorescence assay.

Total oestrone = 0.7998 mg,




ie 3¢5

13 5.0
i : 65
15 | 8.0
16 1565
17 15,5
18 21,0
19 18,0
20 340
21 25.5
22 31le5
23 30,0
2 3945
25 30,0
26 3645
27 2745
28 20,0
29 16,5
30 13.5
31 10,5
32 845
33 645
3l 5¢5
35 1,0
36 245

Total oestrone recovered (1.3. the sum of the amounts
found in each tube by fluorescence) = 0,135 mg,




APPENDIX F

Lon-exchange gelluloges

The diethylaminoethyl (DEAE)-cellulose and carboxy-
methyl (CM)=-cellulose used throughout this work were
obtained from Brown Company, Berlin, New Hampshire, The
capacity of the DEAE-cellulose was 0,7 m-equiv./g. and
the value for Cli=cellulose was 0,6 meequiv,/g. Both
ion-exchangers were subjected to the same washing proe-
cedure in the hope that any heavy metals would be removed
as their salts,

Two hundred g DEAE- or Cl-cellulose was allowed to
sink into 5 1, distilled water, The suspension was
gently stirred, then made up to 10 1, wi@h distilled
wvater. Stirring was continued for 3 - Ii min, The
heavier particles of cellulose were allowed to settle and
5 1, of 'fines' was siphoned off, The volume was again
made up to 10 1,, a second 5 1, volume of 'fines' was
removed and the cellulose was allowed to settle; this
occupied a volume of about four and a half litres,

Five 1, 0,1N-HC1 (reagent grade) was added to the
cellulose suspension which was stirred for 30 min, The
supernatant was decanted after 30 min, and 5 1, O0,1N-NaOH
was added, The suspension was stirred for 30 min,

allowed to settle, then 6 1, of supernatant was decanted.




The suspension was washed at least ten times with
6 1. distilled water before storage in water at 5°,

The capacities of the ion-exchange celluloscs were
determined before and after treatment with acild and
alkali and were found to be unchanged.

One gram each of DEAE- and Cliecellulose was spread
on watch-glasses, dried for 12 hr, at 60° then reweighed,
The cepacities of each ion-exchanger were determined as
follows, The DEAE-cellulose was converted to the
hydroxide form on a Buchner funnel by washing with 50 ml,
0,5 N=NaOH and then with freshly-distilled water until
the washings were neutral, The cellulose was transe
ferred quantitatively to a 100 ml, beaker, 25 ml, of
1,0N-NaCl was added and this mixture was titrated with
0,1N-HC1l to pH 3,0 using a glass electrode,

The CM=cellulose was converted to the hydrogen form
on a Buchner funnel with 50 ml, of O45N=-HCl, The
cellulose was washed with freshly-distillied water until
the washinge were neutral; the ion-exchanger was then
transferred quantitatively to a 100 ml, beaker, 25 ml, of
1,0N=-NaCl was added and the mixture titrated with O,1Ne
NaOH to pH 10,0 using a glass electrode,




APPENDIX G

Cofactors

The £ forms of NADY, NADP* and the reduced forms
were obtained from Sigma Chemical Company, St. Louis, MNo.
The stated purity was 98% (corrected for 3 moles Hp0),
A 1,0 mM solution of nucleotide was made up in distilled
water and 10 pl, were applied to a poly (ethyleneimine)
cellulose thin-layer sheet, This was chromatographed
in 0,2M aqueous lithium chloride for 30 min, at 23°
(K, Randerath, personal communication), On examination
in ultraviolet light no contaminants were seen at this
concentration, The less polar NAD+ migrated from the
origin, NADP* remained as a discrete spot,.

Purity of the oxidised forms was also confirmed
by enzymatie reduction with glucose-b6-phosphate
dehydrogennse (Sigma) using an assay system based on

that deseribed by Horecker and Kornberg (1957).




Ereparation of calcium phosphate gel

The method was essentially that of Kunitz, described
by Dixon and Vebb (196L). One hundred and fifty ml.
caleium chloride solution (132 g. CaClg, 6H20/1,) was
diluted to 1,600 ml, with deionised water, This was
| ghaken with 150 ml, trisodium phosphate solution (152 g,
NagPO,.12H,0/1,) and the pH adjusted to 7.l by the
addition of O,5M acetic acid. The gel was washed eight
times by decantation, using 10 1., deionised water for
each change, It was then stored in a dark bottle

at i = 5° for at least a month before use.




EPrevaration of hvdroxylapatite

25.2 ge CaH (PO.)2,H;0 was dissolved in 5 1,
delonised water, The following solutions were added
dropwise with constant stirring over a two-hour period:=-

1 1. 1.5M-KgH PO,

11, 1.£M-03012.H,0

The precipitate was allowed to settle at room temper
ature for AO min., . The supernatant was siphoned off and
the precipitate transferred to a 2& em, Buchner funnel
fitted with Whatman paper (No, 5)s The precipitate was
washed with 2 1, deionised water and gently mixed with
2.5 1. 50 mM~NaOH for 3 hr. at 37°. The supernatant was
removed an' 1,5 1, 50 mM-NaOH added; this mixture was
stirred for 12 hr, at 37°% 'wo further changes each for
2 hr, were made with 1,5 1., 50 mM-NaOH, The precipitate
was washed with 50 mM-NaHoPO,.,Hg0 until the pH was 6 = 7,
The precipitate was then washed with I 1, deionised water

and stored in deionised water at room temperature,




Steroids

All sterold substrates were supplied by courtesy

of Dr. Lewis Engel,
A Stock solutions of atéroida (2 x 1073M) stored at
I = 5° in redistilled ethanol were used in enzyme assays.
Homogeneity of oestrone, 170~ and l7p=-oestradiol
(recrystallised from ethanol) was confirmed by thin-layer
chromatography in ether-benz. ne and by paper chromato-
graphy in the ligroin-toluene-70% methanol system,

- No contaminants were found by thin-layer chromato-
graphy of recrystallised epitestosterone, testosterone

and androstenedione in the ether-benzene system,







AcPyADs AcPyADH

CM=cellulose

DEAE~-cellulose
EDTA
| Ligroin

+
NAD"; NADH
NvAapP*;  NADPH

NAD(P)

(NH,) 280,

v/v

Oxidised and reduced forms
of the 3-acetylpyridine
analogue of nicotinamide-
adenine-~-dinucleotide,

Carboxymethylcdllulose

Diethylaminoethyleellulose
Ethylenediaminetetra=
acetate (disodium salt)

A saturated volatile
fraction of petroleum B,P,
20 - 135°

Oxidised and reduced forms
of nicotinamide-adenine=
dinucleotide,

Oxidised and reduced forms
of nicotinamide=adenine-—
dinucleotide phosphate,

The cofactor specificity
of an enzyme vhich uses
either pyridine nucleotide

Ammonium sulphate

The ratio of the velocity
of the substance under
consideration to the
velocity of the mobile
phase in a chromatographic
system,

Volume for volume,

All molarities reported in the text are final concentra=-

tions,




Systematic name

Androsteli-ene-~3,17-dione
Ja=hydroxy-5ba-androstan-l7-one
3p=hydroxy-Sa-androstan-17-one
17a-hydroxyandrost—q-en-j—one
178=hydroxyandrost-l-en-3-one

Oestra=-l,3,5(10)=triene=3,170~
diol

Oestra=1,3,5(10)=triene=-3,17¢-
diol

Oestra=l,3,5(10),11l-tetraene-
34170=diol

Oestra=1l,3,5(10)=triene-3,16a,
17p-triol

Oestra-l,3,5(10)~triene~3,168,
178=triol

Oestra=1,3,5(10)-triene=3,16a,
17a=triol

Oestra-l,3,5(10)~triene-3,168,
170~triol

3=-hydroxyocestra=-l,3,5(10)=
trien~-17-one

34160a~dihydroxyoestra=1,3,5(10)=

trien-17-one

3,16R=dihydroxycestra=1,3,5(10)=

trienf17-one

Pregn-li~ene=3, 20~dione

Irivial name

Androstenedione
Androsterone
Epiandrosterone
Epltestosterone
Testosterone

l7a-oestradiol
17p=ocestradiol
ll=dehydro=-17a=
oestradiol
Oestriol
16=-epiocestriol
17-epiocestriol
16,17-epioestriol
Oestrone
16a~hydroxyoestrone

16p-hydroxyoestrone

Progesterone
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