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ABSTRACT

The 5a-reductase of Penicillium decumbens ATCC 10436 was

used as a model for the mammalian enzyme to investigate the

mechanism of reduction of testosterone to 5a-

dihydrotestosterone . The purpose of this study was to search

for specific 5a-reductase inhibitors which antagonize

prostate cancer

.

In a whole-cell biotransformation mode, this organism

reduced testosterone (1) to 5a-dihydrosteroids (8) and 5a-

androstane-3, 17-dione (9) in yields of 28% and 37%

respectively. Control experiments have shown that 5a-

androstane-3, 17-dione (9) can be produced from the

corresponding alcohol (8) in a subsequent reaction separate

from that catalysed by the 5a-reductase enzyme . Androst-4-

ene-3, 17-dione (2) is reduced to give only (9) with a

recovery of 80%

.

The stereochemistry of the reduction was determined by

500 MHz ^H NMR analysis of the products resulting from the

deuterium labelled substrates. The results were obtained by

an analysis of the NOE difference spectra, double-quantum

filtered phase sensitive COSY 2-D spectra, and ^^c-Ir 2-D

shift correlation spectra of deuterium labelled products.

According to the unambiguous assignment of the signals due to

H-4a and H-4Ii in 5a-dihydro steroids, the NMR data show

clearly that addition of hydrogen to the 4{5)K bond has

occurred in a trans manner at positions 413 and 5a.
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To Study the reduction mechanism of this enzyme, several

substrates were prepared as following; 3-methyleneandrost-4-en-

17fi-ol(3), androst-4-en-17i5-ol(5) , androst-4-en-3ii, 17fi-diol (6)

and 4, 5ii-epoxyandrostane-3, 17-dione (7) . Results suggest that

this enzyme system requires an oxygen atom at the 3-position of

the steroid in order to bind the substrate. Furthermore, the

mechanism of this 5a-reductase may proceed via direct addition

of hydrogen at the 4,5 position without involvement of a

carbonyl group as an intermediate.
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INTRODUCTION

1.1 Steroid 5a-Reductase (3-oxo-5a-steroid:NADP+ 4-ene-

oxidoreductase, EC 1.3.1.22)

Steroid 5a-reductases are the enzymes which catalyze the

reduction of the double bond between carbons 4 and 5 of steroid

molecules . Because the reduction leads to the formation of an

asymmetric carbon atom at carbon 5, either of two possible

isomers can result. By standard steroid nomenclature these are

the 5a- (hydrogen below the plane of steroid molecule) and the

515- (hydrogen above the plane of steroid molecule) reduction

products (Figure 1) .

As mentioned above, the enzymes catalyzing the reductions

can be either 4-ene-5a-reductases or 4-ene-5i5-reductases,

depending on the stereochemistry of the product at carbon 5.

The 4-ene-reductases catalyze an irreversible reduction as they

are not capable of removing hydrogens from position 4 and 5 of

saturated steroids.

Previous work by Samuels, McCaulay and Sellers showed that

the incubation of testosterone (1) with surviving liver mince

resulted in a rapid diminution of the absorption band at 238 nm

(Samuels, et al
. , 1947). As evidence that this loss is due to

reduction, the 5a-reduced products were identified after

incubation of deoxycorticosterone (33) with rat liver slices

(Schneider, 1952). With deoxycortisol (34) as substrate, it has

been demonstrated that rat liver contains both the 4-ene-5a-

hydrogenase and 4-ene- 515- hydrogenase systems, which yield.





1 2

5a-dihydro-

metabolite

4-ene-3-keto
structure

5ii-dihydro-
metabolite

Figure 1. Steroid ring A reduction pathways

yielding 5a- and Sli-metabolites
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after incubation, the 5a and 5fi stereoisomers. These two enzyme

systems have been separated by differential centrifugation

(Forchiellli and Dorfman, 1956) . Preparations from beef, hog,

guinea pig, rabbit, pigeon and rat livers showed readily

detectable levels of enzyme. Rat liver had the highest initial

specific activity and therefore was used for purification

studies. The other organs tested in the rat, i.e. muscle,

brain, spleen, kidney, adrenal, plasma and whole blood, showed

little or no activity (Tomkins, 1957)

.

When the details of 4-ene-reductases for each of the

hormone groups are examined, one notes that in general the liver

contains both 4-ene-5B-reductases and 4-ene-5a-reductase

activities while other tissues have only 4-ene-5a-reductase

activity. There are a few exceptions but, in general, there is

no known biological significance to the existence of 4-ene-5Ii-

reductase in tissues other than the liver (Gower, 1984) . For

most steroids the liver is the principal site for their

metabolism. There is considerable evidence that 4-ene-reduction

is the rate-limiting step in steroid metabolism and this is

supported by the finding of low levels of 5a- and 5fi- reduced 3-

ketosteroids in the circulation. In other words, once the 4-ene-

reductases have performed their actions, other enzymes in

particular the 3-hydroxysteroid dehydrogenases, reduce the ring

A saturated steroid to 3a- and 3R- hydroxysteroids . It has been

found that, in seminal vesicles (Suzuki and Tamaoki, 1974),

testosterone (1) was converted into 5a-dihydrotestosterone (8) and

5a-androstane-3ii-17fi-diol (36) as well as androst-4-ene-3, 17-
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dione(2), thus indicating the presence of the 5a-reductase, 3li-

and 17ii-hydroxysteroid dehydrogenase enzymes (Figure 2) . When

5a-dihydrotestosterone (8) was used as the substrate, the major

product was 5a-androstane-3a, 17B-diol (36) , suggesting that the

5a-reductase and the 3a-hydroxysteroid dehydrogenase act

sequentially.

It soon became clear that there was more than one 4-ene-5a-

reductase; evidence was obtained for at least 5 enzymes, acting

respectively on cortisone (31) , Cortisol (32)

,

deoxycorticosterone (33) , 11-deoxycortisol (34) and androst-4-ene-

3, 17-dione (2) . Furthermore, C-19 steroids were shown to inhibit

the reduction of C-21-4-ene-3-oxosteroids, although the converse

was not true, strongly indicating that the same enzyme was not

involved in both a and ii reductions (Gower, 1984) .

There are two common approaches to the measurement of 4-

ene-reductase activity. Steroids with a conjugated double bond

system in ring A (4-ene-ketone) have a characteristic absorption

peak in the ultraviolet range, in organic solvents, at or close

to 24 nm. This absorption peak disappears when the double bond

between carbons 4 and 5 is reduced. This has provided the basis

for many 4-ene-reductase assays, particularly in the liver. The

assay does not indicate in any way whether the product formed is

a 5a- or a SB-reduced steroid. However, in tissues other than

liver, the rate of reduction is often not great enough to follow

with changes in ultraviolet absorption spectra. -^H- or ^^C-

labeled steroids are utilized as substrates and the products are

then isolated by standard chromatographic techniques. The rate
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4-androstenedione Test OS t e rone

B

OH

rH-^M^
O

H

5a-androstane-3fi, 17i3-diol 5a-Dihydrotestosterone

Figure 2. Reductive processes in the metabolism of
4-androstenedione

Enzymes: A= 17Ii-hydroxy-steroid dehydrogenase

B= 4-ene-5a-reductase

C= 3Ii-hydroxy-steroid dehydrogenase
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of formation of the labeled products is used as the basis of

assays for measuring 4-ene-reductase activity (Hobkirk, 1979)

From a historical point of view, 4-ene-5a-reduction was

first determined to be important in the expression of the

androgenic activity of testosterone for the prostate. Pearlman

and Pealman (1961) had reported in 1961 that when (l^C) -androst-

4-ene-3, 17-dione was infused into adult male rats, the

radioactivity in the prostate was principally in the form of 5a-

metabolites

.

Reports from the laboratories of Anderson and Liao

(Anderson and Liao, 1968) and Banlien et al . (Banlien et al.,

1968) also showed that labeled 5a-dihydrotestosterone was the

major compound found in the prostate following the

administration of -^H- testosterone to rats. These studies, and

knowledge that 5a- dihydrotestosterone was a more potent

androgen than testosterone itself, stimulated many studies on

the relationships of androgen metabolism to the expression of

biologic activity in the prostate and other androgen-dependent

target tissues. These include reports on the specificity of the

binding of compounds by the androgen receptor and the nature and

control of 4-ene-5a-reductase activity.

In general, it is now believed that while testosterone is

quantitatively the important androgen in the circulation, 5a-

dihydrotestosterone is the important androgen intracellularly in

the prostate. It has been shown (Bruchovsky, 1971) that the

androgenic activity correlated well with the amount of labeled

5a-dihydrotestosterone which appeared in the rat prostate
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following administration of tritiated testosterone. In a series

of 11 different species it was found (Wilson and Gloyna, 1970)

that the rate of conversion of testosterone to 5a-

dihydrotestosterone correlated with the ultimate size of the

gland; dog and man had high conversion rates . The soluble

androgen receptor in the prostate which binds steroids, enters

the nucleus and binds to chromatic acceptor sites to stimulate

transcription. This leads to the expression of androgenic

activity. The androgen receptor has a higher affinity for 5a-

dihydrotestosterone than for any other androgens.

The pathways of androgen metabolism involving 4-ene-

reduction are shown in Figure 3. These metabolites fall into

the group of urine compounds called 17-ketosteroids and

androstanediols . As an indication of the extent of metabolism

of testosterone in humans, it is known that approximately 6 mg

of testosterone is produced per day by an adult male ( Horton at

el., 1965); however, only 100 ^ig is excreted with the 4-ene- 3-

ketosteroid structure intact (De Nicona at el., 1966). This is

in the form of testosterone glucuronide.

The basic characteristics of the 4-ene-5a-reductase enzyme

activity have been studied largely in rat, although measurements

of activity in different situations have been made in other

species including man. The enzyme activity is located

predominantly in the microsomes and nuclei, with approximately

half being found in each subcellular site (Frederiksen and

Wilson, 1971) . Also it appears (Frederiksen and Wilson, 1971)

that there is not a series of 4-ene-5a-reductases in the
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Testosterone androst-4-ene-3,17-dione

5a-dihydro-

testosterone

OH

H

5B-dihydro-

testosterone

H

5a-androstane-

dione

5B-androstane-

dione

Androstanediols 17-Ketosteroids

Figure 3. Pathway of androgen metabolism

involving 4-ene-reduction
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prostate, at least in the nucleus, differing in substrate

specificity, as there are in the liver. The reduction of any of

the steroids which are converted to 5a-metabolites by the

prostate nuclei appears to be performed by one enzyme. More

recently, the 5a-reductase activities in human prostatic nuclei

and microsomes were compared (Houston et al
.

, 1985). The

activities in both subcellular fractions were identical with

respect to pH dependence, heat inactivation and Michaelis

constants for NADPH and testosterone. Subcellular distribution

studies using DNA and nicotinamide mononucleotide adenyl

transferase as a nuclear marker, showed that the amount of 5a-

reductase present in the microsomes was directly proportional to

the amount of nuclear contamination. These results indicate

that human prostatic tissue contains only one form of 5a-

reductase, which is located exclusively in the nucleus. This

finding has important implications for the mechanism of steroid

action in the prostate.

As mentioned before, although liver has high level of 5a-

reductase activity, the role of enzymes in this gland is still

not clear . On the other hand, there have been a number of

studies on androgen metabolism and levels in human prostate

disease situations. Dihydrotestosterone contents for

hypertrophic prostate (0 . 60p.g/100g) were higher than those for

normal prostate (0 . 13|lg/100g) , however, the rate of conversion

of testosterone to dihydrotestosterone was similar for both

types of tissue (Gloyna et al, . 1970) . Recently Griffin and

Wilson found that human males born with deficient androgen
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receptor action exhibit a female phenotype, complete with breast

development, in spite of high levels of circulating testosterone

(Griffin and Wilson, 1980) . Males with a deficiency of 5a-

reductase are born with poorly developed external genitalia and

are often raised as girls (Imperato-McGinley and Peterson,

197 6) . As adults, these men show little beard growth and no

temporal recession of the hairline and have prostate glands that

remain small throughout life. On the other hand, an increase in

5a-reductase activity has been implicated in several clinical

conditions such as benign prostatic hyperplasia and female

hirsutism (Imperato-McGinley et al., 1974; Wilson, 1975; Wilson

et al., 1970; Serafin et al., 1985; Isaacs et al., 1983; Wilkin

et al., 1980) . It would appear that, except for a short

critical period, when fetal development of external genitalia is

occurring, treatment with a 5a-reductase inhibitor should have

no deleterious effects. Indeed, an agent that could lower levels

of dihydrotestosterone without interfering with testosterone

levels may be useful and safe in the treatment of acne,

alopecia, and benign prostatic hypertrophy (Gasmusson et al.,

1986)

.

It would follow from the above that 5a-reductase plays a

key role in growth regulation of the prostate and it is

considered a possible target enzyme for therapeutic agents

(Kadohama et al., 1984) . Attention has been focussed on this

enzyme and much effort has been expended in the study of the

enzyme mechanism in order to find specific 5a-reductase

inhibitors

.
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The required coenzyme for all these 4-ene-reductases is

NADPH. Bjorkhem (1969) examined the mechanism and

stereochemistry of rat liver microsomal 4-ene-5a-reductase,

utilizing 7a-hydroxycholest-4-ene-3-one (35) as substrate, and

found the hydrogen to be preferentially transferred from the 4B

position of NADPH. The evidence obtained suggested a cis or

nonspecific addition of hydrogen rather than a trans addition.

When rat liver microsomal 5a-reductase was successfully

solubilized by use of the non-ionic detergent Lubrol WX, sodium

citrate and glycerol (Wilson, 197 6) , it was shown that five

fractions are necessary for maximal enzymatic activity:

membraneous, NADPH: cytochrome oxidoreductase, steroid-5a-

reductase, phosphatidylcholine and coenzyme Qio. More recently,

the subcellular distribution and functional characteristics of

5a-reductase from rat ventral prostate were studied and compared

to 5a-reductase from female rat liver (Golf and Graef , 1978)

.

To elucidate the characteristics of hydrogen transfer of the

enzyme, the effect of flavins and different other coenzymes on

5a-reductase activity in isolated prostatic nuclei were studied

(Enderle-Schmitt et al.,1986). The results confirmed that in

rat ventral prostate the conversion of testosterone to 5a-

dihydrotestosterone proceeds by a direct hydrogen transfer from

NADPH to testosterone.

Wilton (Wilton et al
.

, 1966) studied the mechanism of the

reduction of testosterone by using the 5a- and 5B-reductases of

rat liver, and two possiblities were considered. One mechanism

involves the formation of a protonated Schiff-base intermediate
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which would polarize the double bond to give an electron-

deficient C-5, suitable for transfer of H~ from the coenzyme. A

second possibility is the initial protonation of the carbonyl

group oxygen atom. Here the enzyme enhances the electron-

withdrawing capacity of the carbonyl group by protonation. Then

hydride ion transfer occurs at the electron-deficient C-5,

followed by double bond isomerization to give an enol

intermediate. Decomposition of the enol intermediate will

result in an enzyme-mediated proton uptake at C-4 (Scheme 1)

.

Wilton's results were consistent with the second mechanism in

which the 3-oxo group remained intact, rather than being

involved in Schiff-base formation.

Mechanism 2 must be regarded as the preferred

representative of a number of mechanisms in which the carbonyl

group remains intact. Four major variations of mechanism 2 are

in fact possible (Scheme 2)

.

(a) . A Michael-type addition in which hydride transfer to C-5 is

followed by double-bond isomerization and the formation of a

negatively charged oxygen atom. Collapse of the enolate will

give the product

.

(b) . Initial protonation of the carbonyl oxygen atom followed by

double-bond migration by hydride transfer to C-5. Collapse of

the enol will give the product

.

(c) . Initial hydride transfer to C-5 followed by proton uptake

at C-4.

(d) . Initial protonation at C-4 followed by hydride transfer to

C-5.
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Mechanism 2b

Mechanism 2c

Mechanism 2d A^
Scheme 2.
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Mechanism 2 (a) and 2 (b) both use the C-3 carbonyl group in

the actual reaction mechanism, whereas mechanisms 2 (c) and 2 (d)

do not. Since there is an obvious mechanistic advantage in

achieving the maximum possible polarization of the carbon-carbon

double bond before reduction., the direct involvement of a

carbonyl group in the reaction seems favourable. It is worth

noting that there appears to be no recorded example of the

steroidal 4-ene-double bond being reduced by these systems in

the absence of a functional carbonyl group at C-3; this is

consistent with the involvement of this group in the enzyme

mechanism. Generally, during the nicotinamide nucleotide-linked

reduction of double-bond systems the hydride-transfer step

occurs in a substrate molecule already activated by protonation

(Wilton et al
. , 1968; Watkinson et al., 1971; Bloxham et al

.

,

1975; ) . Of the two mechanisms still under consideration, it is

found that 2 (b) is superior 2 (a) . It was proposed by Wilton

that both the 4-ene-5a-and 5B-reductase from mammalian liver

operate by mechanism 2 (b) , in which the initial polarization of

the carbonyl group is achieved by an enzyme-mediated protonation

or by an enzyme-bound bivalent metal ion acting as a Lewis acid.

A recent study (Houston et al
.

, 1987) showed that human

steroid 5a-reductase follows a kinetic mechanism with NADPH

binding prior to steroid. Upon catalysis the 5a-reduced steroid

is released followed by NADP+. This ordered binding of

substrates and release of products requires the existence of

discrete binary complexes of enzyme with NADPH and NADP+. NADPH

is the first substrate to bind and NADP+ the last product to be
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released (scheme 3) . Catalysis (Scheme 4) is proposed to

involve a direct hydride transfer from NADPH to the 5-position

of testosterone leading to an enolate at carbon 3,4. The

enolate would likely be stabilized by some electrophilic residue

E+ in the active site. This process may be viewed alternatively

as electrophilic activation of the enone substrate by E+ leading

to a positively charged species which accepts a hydride from

NADPH at the 5- position. Protonation at C-4 then leads to the

product dihydrotestosterone

.

As previously stated, high levels of dihydrotestosterone

have been implicated in the proliferation of prostate tumour

cells. A compound that antagonizes 5a-reductase may thus have a

potential role in the therapy of prostatic disease.

4-Azasteroid 1 is believed to be a competitive inhibitor of

5a-reductase . The mechanistic action of this inhibitor is

assumed to be that of transition state inhibition (Bertices et

al
. , 1984). The conformation of the A-ring lactam closely

mimics that of the transition state 5a-reduced 3-enol 2 that

occurs on the enzyme in proceeding from the 4-ene-3-ketone to

the 5a-reduced 3-ketone (Gasmusson et al., 1986) (Figure 4).

3-Keto-4-diazo-5a-dihydrosteroids 3 and 6-methylene-4-

pregnen-3-ones 4 have been proposed in the hope that such

structures would be specific irreversible inhibitors (Metcalf et

al., 1984/ Petrow et al . , 1981) (Figure 5).

Recently, a noncompetitive inhibitor 5 (Figure 6) has been

designed that would be expected to bind to the steroid 5a-

redcutase in a tertiary complex with NADP+, rather than with
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C2H5
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E— OX^
H

Figure 4. The conformation of the A-ring lactam

mimics that of the transition state
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NADPH, owing to the complementary charges between the

carboxylate anion of the acrylate and the positively charged

nicotinamide ring (Metcalf et al
. , 1989).

This thesis focuses on designing 5a-reductase inhibitors

based on the reduction mechanism which may be competitive with

substrate as a suicide inhibitor.
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N(i-Pr)2

Figure 6. Compound which may be

a noncompetitive inhibitor
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1.2. Fungal 5a-Reductase as a Model of Maimmalian Enzyme

In spite of the attention which has been focused on the

mammalian 5a-reductase enzyme, several basic features of its

mode of action necessary for the design of a mechanism based

inhibitor still remain obscure.

Many in vivo studies have been conducted in humans (De

Nicona et al., 1966; Zumoff et al., 1976), but they can in some

ways be considered to be indirect because the urine metabolites

are used as indicators of the extent and type of 4-ene-

reduction. These studies are complemented in many instances by

in vitro experiments with animal tissues or tissue fractions

since the appropriate human tissues are often not readily

available, especially in experimental situations. However, one

must also consider the possibility of species differences when

results for human and animals are being compared.

The conversion of testosterone to 5a-dihydrotestosterone by

prostate from rats, dogs and human has been investigated (Liang

et al., 1985). Significant species differences were found with

their pH profiles, affinities for 4-azasteroidal inhibitors, and

sensitivities to mercuric sulfhydryl reagents, suggesting that

5a-reducases in the prostate of these three species are

significantly different.

It is not difficult to appreciate that if we hope to gain a

detailed understanding of the behaviour of an enzyme in a

complex system we must try to understand its properties in a

simple system. In many case this simple system would consist of
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a solution of the enzyme in a medium containing only small ions,

buffer molecules, cofactor, etc. The use of isolated enzymes

has a distinct advantage over the use of whole-cell systems in

that the chosen enzyme will generally catalyse just one reaction

and unwanted side reaction are rarely observed. The use of

partially purified enzymes allows the reaction in a small amount

of water or solvent; the temperature and pH of the solution are

easily controlled and organic cosolvents are often well

tolerated. The principal disadvantages are likely to be the

higher cost of using isolated enzymes and that the enzyme may be

more sensitive to inactivation than the enzyme within an intact

organism.

A number of factors influence the choice of starting

material in an enzyme purification. At first, it is obviously a

good idea to choose a source in which the required enzyme occurs

in large amounts. In this case, human prostate tissue is an

excellent source of enzyme. Since the human tissue is not

readily available, it may be profitable to examine the

corresponding enzyme in another species.

5a-Reductase is a membrane-bound enzyme. Therefore one

major prerequisite for the purification is the solubilization of

the enzyme . Several procedures have been proposed for

solubilization of the enzyme from rat liver microsomes (Golf and

Graef , 1978) , from microsomes and nuclear fractions of rat

ventral prostate and epididymis (Moore and Wilson, 1980; Scheer

and Robaire, 1983; Cooke and Robaire, 1985) and from microsomes

of human prostatic tissue (Houston et al., 1985) . However, no
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further purification was achieved, as the so-claimed

"solubilized" 5a-reductase appeared to be aggregated with other

membrane components.

Although a lot of exploratory work in isolating enzymes

from different animals and different tissues has been done, the

isolation of such enzymes from bacteria and fungi has been

neglected. Fungi and bacteria have the advantage that they can

be easily grown and it is usually not difficult to scale up a

production process (Lilly, 1979; Bucke, 1983) . In addition, the

sources are not subject to seasonal or other factors . Compared

with enzymes from animal and plant sources, increase in yield of

microbial enzymes is often obtained by changes in the growth

conditions, addition of inducers, or strain selection, including

increasing the number of gene copies by genetic engineering

(Brown, 1986) . Therefore isolation of microbial enzymes is a

desirable goal for enzyme mechanism and inhibition studies.

Steroids are derived from plants and mammals . The very

important discovery of the microbiological lla-hydroxylation of

progesterone and other steroids by Peterson and Murray (Peterson

and Murray, 1952) served as a new and vigorous stimulus for

studies on micro-biological transformation of steroids. This

regioselective oxidation of the complex tetracyclic molecule

became a very important historical point that showed micro-

organisms demonstrate the presence of enzymes that react with

mammalian steroid hormones with high affinity and specificy.

Reduction of steroid A ring double bonds by bacteria

(Mamoli and Schramm, 1938; Mamoli et al., 1939; Eppstein et
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al.,1956; Schubert et al.,1967; Schubert et al., 1963), yeast

(Butenandt et al., 1940) and streptomyces (Barkemeyer et

al.,1960) had been reported earlier. In many instances where

the 3-keto group was present in the steroid substate it was

reduced to a hydroxyl group; the hydrogen in the 5 position that

resulted from the 4-ene reduction was generaly of the fi

configuration. Only Mycobacterium smegmatis , of the cultures

reported, reduced 3-keto-4-ene-steroids to their 3-keto 5a-H

derivatives (Schubert et al . , 1967). In this bioconversion it

was necessary to have a 6-hydroxy group on the substrate in

order to block steroid degradation. Reductions of steroid

double bonds in the 6-ene,7-ene, and 16-ene positions by

Nocardia (Tsong et al., 1964) and by Mycobacterium (Ambrus et

al., 1968) species have also been studied.

Penicillium decumbens ATCC 10436 was found for the first

time to reduce the steroid A ring double bonds without reduction

of the 3-keto group (Windeler and Feldman, 1970) . The 4-ene

double bond was stereospecifically reduced to the 5a-H

derivative, and steroid degradation apparently did not occur.

The steroid reductions by Penicillium decumbens are shown

in Figure 7. It is significant that the reaction is

stereospecific, giving only the 5a-hydrogen isomer. Thus, with

testosterone as substrate, this micro-organism offers a useful

alternative to mammalian tissues for 4-ene bond reduction.

In the course of this study, it was also confirmed that

Nocardia corallina ATCC 13259 is capable of reducing the 4-ene

double bond of cholesterol (Lefebvre et al., 1972). Even though
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85%

Progesterone

83%

Androst-4-ene-3,17-dione

O

27%

5a-Pregnane-3,20-dione

O

5a-Androstane-3,17-dione

Testosterone 5a-Dihydrotestosterone

Figure 7. Summary of conversion reaction by

Penicillium decumbens
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this organism possesses two distinct parallel enzymatic

activities which catalyze the oxidation of ring A (1-ene

dehydrogenase) and its hydration (4-ene reductase) . (Figure 8)

.

Although 5a-reductase from different sources shows

differences of enzymatic character, in general the overall

mechanistic features of these enzymes are largly independent of

source. It is therefore concluded that 5a-reductase from

Penicillium decumbens ATCC 10436 and Nocardia coralllna ATCC

13259 can be a good models for the study of the mammalian

enzyme.
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III

II IV

Degradation cycles

Figure 8. Initial steps of catabolism of cholestenone

by Nocardia corallina
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EXPERIMENTAL

2.1. Apparatus, Material, and Methods

Melting points were determined on a Kofler Heating Stage

and are uncorrected. Infrared spectra were recorded with an

Analect 62 60 FX spectrometer interfaced to an analect MAP-66

data system. Proton nmr spectra were recorded at 80 MHz with a

Bruker WP80CW or at 200 MHz with an AC200 spectrometer, using

CDCI3, as solvent and TMS as internal standard. Carbon spectra

were recorded at 50.3 MHz (JMOD mode) using the latter

instrument with chloroform as solvent and internal standard.

Deuterium spectra were recorded at 30.72 MHz (AC200) , using

chloroform as solvent and natural abundance CDCI3 as internal

standard. The fast atom bombardment (FAB) spectra were obtained

from a KRATOS MS 30 with a saddle field gun (Ion Tech. Ltd.)

operating at an energy of 7 Kev using a glycerol matrix for the

sample. Elecron Impact (EI) mass spectra were recorded on a

KRATOS/AEI MS 30 with a DS55 data system at 70 ev. The

deuterium incorporation of the various samples was obtained by

deconvolution of averaged sample spectra. Optical rotations

were measured at 20°C in CHCI3 solution using a Rudolph Autopol

3 polarimeter with a sample pathlength of 1dm.

Column chromatography was performed using silica gel, flash

chromatography with Merck Kieselgel 60 (230-400 mesh) , and thin

layer chromatography on Merck thin layer silica gel 60 F-254

(0.2mm)

.
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The pH of solutions was measured with a Fisher Accumet pH

meter model 800.

2.2. Maintenance of Microorganism

Peniclllium decumbens ATCC 10436 was grown at 2 6°C on

slopes of potato dextrose agar then stored at 4°-7°C and

transferred at intervals not exceeding 8 weeks.

Nocardia corallina ATCC 13259 was grown at 26°C on slopes

of sporulation agar then stored at 4°-7°C and subcultured at

intervals not exceeding 4 weeks

.

2.3. Preparation of Substrates

Deuterium Labelled Testosterone (11) .

Testosterone (1) (5.0 g, 0.017 moles) was dissolved in a

mixture of 300 mL dry toluene and 20 mL D2O. Sodium (0.7 g,

0.030 moles) was added carefully and then tetrabutylammonium

bromide (Ig, 0.0032 moles) was added. The resulting solution

was gently refluxed with stirring overnight. The condenser was

fitted with a drying tube to ensure the absence of atmospheric

moisture. When the reaction mixture was cooled, 50 mL of H2O

was added. The mixture was extracted with ether (4 X 50 mL)

.

The extracts were dried over anhydrous sodium sulphate. The

ether was removed by using a rotary evaporator to give product

(11) (3.61 g, 0.012 moles), a 73% yield. m.p. 152-153°C

(Steraloids, 1980, 150-154°C) .
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The ^H NMR (200 MHz) spectrum showed signals at 5 : 0.83

(3H, s, C-18H), 1.02 (3H, s, C-18H) , 3.75 (IH, t, C-17H)

.

The EI mass spectrum m/e (%) : 294 (0.9), 293 (3.0), 292

(5.0), 291 (2.3), 290 (0.6), 248 (4.2), 234 (1.4), 205 (2.3),

165 (2.5) , 45 (100.0) .

Deuterium contents (%) : da (6.1), da (22.3), d4 (46.6), ds

(20.2), de (4.6) .

Deuterium Labelled Androst-4-ene-3, 17-dione (14)

Synthesis of (14) from androst-4-ene-3, 17-dione (2) was

completed as outlined in the preparation of (11) except that

recrystalization was performed three times. This was done by

adding 20 mL of ethyl actate, boiling and then adding hexane

until the solution became cloudy. Cooling and filtering then

yielded the pure product (14) (2.64 g, 0.0090 moles), a 53%

yield, m.p. 171-172 °C (Steraloids, 1980, 166-175°C) .

The ^H nmr (80 MHz) spectrum showed signals at 5 : 0.85

(3H, s, C-18H), 1.20 (3H, s, C-19H)

.

The EI mass spectrum m/e (%) : 294 (6.3), 293 (40.8), 292

(71.9), 291 (32.7), 290 (10.6), 289 (4.3), 274 (6.3), 248

(67. 8), 128 (100.0)

.

Deuterium contents (%) : ds (3.2), d4 (7.1), ds (22.5), de

(48.0), d7 (19.2)

.

Deuterium Labelled 5a-Dihydrotestosterone (13)

5a-Dihydrotestosterone (8) (0.5 g, 0.0017 moles) was

dissolved in a mixture of 50 mL dry toluene and 5 ml D2O . Sodium
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(0.25 g, 0.011 moles) was added carefully and then tetra butyl

ammonium bromide (0.25 g, 0.00080 moles) was added. The

resulting solution was gently refluxed with stirring overnight.

When the reaction mixture was cooled, 50 mL of H2O was added.

The mixture was extracted with ether (4 X 50 mL) . The extracts

were dried over anhydrous sodium sulphate. The ether was

removed by using a rotary evaporator to give product (13) (0.42

g, 0.0014 moles), a 84% yield. m.p. 172-173 °C (Steraloids,

1980, 179-183°C) .

The ^H NMR (80 MHz) spectrum showed signals at 6 : 0.50

(3H, s, C-18H) , 1.00 (3H, s, C-19H) , 3.63 (IH, t, C-17H)

.

The IR spectrum showed C=0 absorption at 1693 cm"^ and OH

absorption at 3434 cm"^

.

The EI mass spectrum m/e (%) : 296 (3.5), 295 (17.6), 294

(63.4), 293 (15.6), 292 (7.1), 276 (8.4), 261 (9.1), 250 (16.8),

235 (78.5)

.

Deuterium contents (%) : dz (7.3), da (14.6), d4 (62.5), ds

(15.2), de (0.3) .

Deuterium Labelled 5a-Androstan-3, 17-dione (15)

Synthesis of (15) from (9) was completed as outlined in the

preparation of (13) to give product (15) (0.36 g, 0.0012 moles),

a 72% yield. m.p. 125-126 °C (Steraloids, 1980, 132-134°C) .

The ^H nmr (80 MHz) spectrum showed signals at 5 : 0.76

(3H, s, C-18H) , 1.02 (3H, s, C-19H)

.
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The IR showed C=0 absorption at 1711 cm"^ and 1741 cm"^

.

The EI mass spectrum m/e (%) : 295 (35.4), 294 (67.4), 293

(48.6), 292 (22.1), 276 (13.8), 248 (37.7).

Deuterium contents (%) : d4 (15.0), ds (29.8), de (39.4), d?

(15.8) .

Deuterium Labelled Androst-4-ene-3, 17-diol (21)

Deuterium labelled testosterone (11) (2.0 g, 0.0069 moles)

was dissolved in 150 mL anhydrous tetrahydrofuran. To this

solution, LiAl (Ot-Bu) 3H was added and the mixture was refluxed

for 12 hours. 150 mL of water was added and the solution was

then evaporated to remove most of the tetrahydrofuran. This

solution was extracted with ether (3 X 150 mL) , washed with 5%

of HCl (3 X 150 mL) , dried over anhydrous sodium sulfate and

evaporated to a brown oil. Recrystallization from AcOEt / Hexane

(1:1) gave product (21) (0.92 g, 0.0031 moles), a 45% yield,

m.p. 155-156 °C (Steraloids, 1980, 154-158°C) .

1h nmr (80 MHz) included signals at 5: 0.80 (3H, s, C-18H)

,

1.15 (3H, s, C-19H), 3.85 (IH, t, C-17H) , 4.18 (IH, s, C-3aH)

.

The IR spectrum showed typical OH absorption at 3500cm""i,

but no C=0 absorption.

The EI mass spectrum m/e (%) : 296 (7.5), 295 (73.9), 294

(23.0), 233 (72.7), 223 (89.7), 222 (100.0).

Deuterium contents (%) : d4 (23.4), ds (73.0), de (2.2).





45

Deuterium Labelled 5a-Androstane-3, 17-dione (16)

Chromic trioxide (27 g, 0.23 moles) in 23 mL of

concentrated sufuric acid, was diluted with water to a volume of

100 mL to make Jones reagent (Fieser and Fieser, 1967)

.

Compounds (22) and (23) were dissolved in 10 mL acetone. Jones

reagent was added dropwise until the green solution turned

orange. The solution was stirred for about 5 minutes and then 2

drops of 2-propanol were added until the orange colour

disappeared. 100 mL of water and 100 mL of ether were added to

this mixture, which was extracted then dried and evaporated to

get compound (16) . m.p. 155-157 °C (Steraloids, 1980, 132-

134°C) .

The ^H NMR ( 80 MHz ) spectrum showed signals at 5 : 0.7 6

(3H, s, C-18H) , 1.02 (3H, s, C-18H)

.

The EI mass spectrum m/e (%) : 294 (5.5), 293 (35.8), 292

(100.0), 291 (36.0), 290 (25.1), 274 (23.9), 259 (34.0), 248

(63.2) , 233 (46.4), 221 (52.4) .

Deuterium contents (%) : d2 (14.9), da (18.3), d4 (55.8), ds

(9.7), d6 (1.3)

.

3-Methyleneandrost-4-en-17B-ol (3)

This compound was prepared by the method reported by

(Miyairi and Fishman, 1986) . To a suspension of

methyltriphenylphosphonium bromide (14 g, 0.040 moles) in 600 mL

anhydrous ether, n-butyllithium (0.040 moles) in n-hexane was

added slowly with stirring at room temperature under a nitrogen

atomsphere. The mixture was stirred for 20 minutes , then the
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testosterone (1) (3.0 g, 0.010 moles), dissolved in anhydrous

ether, was added and the stirring was continued overnight. The

ether was then removed by distillation and was replaced by 600

mL anhydrous tetrahydrofuran . The resulting mixture was refluxed

for 1.5 h, diluted with chilled water, and extracted with ethyl

acetate. The organic layer was washed with water, dried over

anhydrous sodium sulfate, and evaporated. The residue was

purified by silica gel column chromatography by eluting with

CHCl3-EtOAc ( 9:1) and crystallized from MeOH as colorless

needles (3) (2.4 g, 0.0080 moles), a 80% yield. m.p. 130-132 °C

(Steraloids, 1980, 132-134°C) .

The 1h NMR (200 MHz) showed signals at 5 : 0.76 (3H, s, 18-

CH3) , 1.06 (3H, s, 19-CH3), 3.65 (IH, m, 17a-H) , 4.65 (2H, s, 3-

methylene), 4.16 (IH, s, 4-H)

.

The EI mass spectrum m/e (%) : 286 (14.7), 277 (8.3), 253

(2.5), 120 (25.6) 55.0 (100.0).

The IR spectrum showed typical OH group absorption at

3500cm"^ and no C=0 absorption at 1600cm~^.

Testosterone-3-semicarbazone (4)

The preparation of (4) was accomplished by an adapted

method of Dannenberg, Scheurlen, and Ruhle (Dannenberg et al .

,

1956) for synthesis of cholest-4-en-3-one-semicarbazone.

Testosterone (1) (5.0 g, 0.017 moles) was dissolved in 350 mL of

ethanol and to this was added semicarbazide-acetate (10 g, 0.074

moles) . The mixture was refluxed for 24 hours, cooled,

filtered, and recrystallized from methanol to give pure product
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(4) (3.5 g, 0.0098 moles), a 58% yield, m. p. 238-239 °C.

(Steraloids, 1980, 237-243°C) .

Androst-4-en-17B-ol (5)

The synthesis of (5) was adopted from the method of

Grundon, Henbest, and Scott (Grundon et al., 1963) for the

synthesis of cholest-4-ene. Testosterone-3-semicarbazone (4)

(3.5 g, 0.0098 moles) was dissolved in 150 mL dry toluene. To

this solution, potassium t-butoxide (2.0 g, 0.018 moles) was

added and the reaction mixture was refluxed under an atmosphere

of dry nitrogen, with gas trap, until the evolution of nitrogen

ceased (about 60 hours) . The reaction mixture was cooled and

neutralized. The aqueous layer was extracted with ether. The

ethereal extracts were combined with the toluene layer, washed

with water (2 X 150 mL) , dried over anhydrous sodium sulfate,

and evaporated to a brown gum. Filtration of this gum through

a silica column by eluting with CHCl3-EtOAc (9:1) gave pure

androst-4-ene-17ii-ol (5) (1.87 g, 0.0068 moles) m.p. 135-136°C

(Steraloids, 1980, 132-138°C) .°C.

The 1h NMR (200 MHz) showed signals at 6 : 0.75 (3H, s, 18-

CH3) , 1.02 (3H, s, I9-CH3), 3.62 (IH, m, 17a-H) , 4.10 (2H, m, C-

3H) , 5.30 (IH, m, 4-H)

.

The EI mass spectrum m/e (%) ; 275 (12.9 M+1) , 274 (60.6),

259 (22.5), 259 (22.5), 241 (23.0), 108 (100.0).
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A, 5fi-Epoxy-androstane-3, 17-dion« (7)

This was prepared by the method reported by Bible, Placek,

and Muir (Bible et al . , 1957). To a stirred solution of

androst-4-ene-3, 17-dione (2) (4.3 g, 0.015 moles) in 200 mL

methanol, was added dropwise and simultanously 24.4 mL of 4N

NaOH and 24.4 mL of 30% H2O2 . The mixture was maintained at 20°C

during the addition and a white precipitate formed soon after

the addition was begun. The resulting mixture was stored

overnight at 4°C (refrigerator) , diluted with water and

extracted with benzene. The extract was washed with water and

dried over anhydrous sodium sulphate. The residue was purified

by crystallization and recrystallized twice with aqueous

methanol to give B-epoxide (7) (1.8 g, 0.006 moles), a 40%

yield. m.p. 158-159 °C (Steraloids, 1980, ,m. p. 159-163 °C) .

The EI mass spectrum m/e (%) : 302 (29.8), 286 (48.8), 284

(43.1), 274 (50.6), 230 (82.0).

^H nmr (200 MHz) included signals at 6 : 0.90 (3H, s, C-

18H) , 1.19 (3H, s, C-19H), 3.00 (IH, s, C-4iiH) .

The IR spectrum showed two C=0 absorptions at 1671 cm~^ and

1740 cm-l.

[a]20j^= +216.6° (1.0 % chloroform). Reported, [a] 20^^=

+220.0° (1.0 % chloroform).

4a-Methyl-2 (H) -3,4, 4a, 5,6,7,8, 8a-octahydronaphthalenone (25)

This was prepared by the method reported by Yanagita and

Yamakawa (Yanagita and Yamakawa, 1957) . The addition in small

pieces of sodium metal (0.2 g, 0.0087 moles) at room
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temperature, to a solution of 2-methyl--cyclohexan-l-one (2 6)

(10.6 g, 0.095 moles) and l-diethyl-aminol>utan-3-one (28) (5.0

g, 0.034 moles) in the presence of a small amount of

hydroquinone was carried out . After the sodium dissolved, the

mixture was slowly heated to 135 °C in an oil bath and the

temperature was maintained for 3 hours. The dark brown solution

was cautiously acidified with 10% HCl acid under ice-cooling and

extracted with ether, washed with water and dried. Evaporation

of the ether extract gave an oily residue. This was distilled

to give, with a considerable forerun containing the starting

material, the product (25) (3.2 g, 0.020 moles) of 57% yield,

b.p. 85-90 °C at 1.0-0.8 mm. (Yanagita and Yamakawa, 1957,

b.p. 102-110°C at 2.5 mm).

The EI mass spectrum showed m/e (%) : 165 (13.7), 164

(86.7), 149 (15.7), 136 (69.3), 122 (100).

1h nmr (200 MHz) included signals at 5 : 1.24 (3H, s, C-

4aH) , 3.00 (IH, s, C-IH)

.

2.4. Fungal Biotransformations

2.4.1. Incubation with Panicllllum DBCumbens

Literature Medium (Windeler et al., 1970)

The growth medium used in the cultivation of the micro-

organism Penicillium decumbens consisted of a mixture of

dextrose (10 g) , Torula yeast (5 g) , Kaysoy (5 g) and cornsteep

liquor (3 g) per Litre of distilled water.
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The growth medium (200 ml) was transferred to one Litre

flasks, stoppered with sponge plugs and sterilized in the

autoclave at 15 psi at 121°C for fifteen minutes. Upon removal

from the autoclave, the flasks were allowed to cool to room

temperature. The fungus was transferred from the slopes into

the growth medium under sterile conditions. One slope was

usually enough to incubate approximately five to seven flasks.

The flasks were set on a rotary shaker (200 rpm) for 24 hours at

2 6 °C.

After 24 hours, approximately one mL of substrate solution

was added to each flask. (The substrate was dissolved in 95%

ethanol in the ratio of 250 mg of substrate to 10 mL of

solvent) . If volatile substrates were used, then the flasks

were stoppered with rubber, otherwise sponge stoppers were used

and the incubations were carried out for 72 hours. After the

incubation the medium was separated by filtration using a

Buchner funnel

.

The liquid filtrate was continously extracted over a 72

hour period with dichloromethane, dried over anhydrous sodium

sulphate, and evaporated using a rotary evaporator. The filtered

fungus was blended three times in a Waring Blender with

dichloromethane (300 ml) . The filtrate was dried over anhydrous

sodium sulphate and finally a rotary evaporator was used to

remove the solvent. The two residues were separately weighed

and column-chromatographed using a 10% benzene/ether gradient.

The fractions obtained were analysed by TLC . Based on these
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results the appropriate fractions were chosen for ^H NMR, ^^C

NMR, IR, optical rotation, and mass spectrometric analysis.

Potato Dextrose Medium

Penicillium decumbens ATCC 10436 was grown in a Potato

Dextrose broth medium (24 g per Liter of distilled water)

.

The next procedures were carried out as previously outlined

under incubation with literature medium.

2.4.2. Incubation with Nocardia coralllna ATCC 13259

The growth medium used in the cultivation of the micro-

organism Nocardia coralllna consisted of a mixture of peptone

(10 g) , glucose (10 g) , and yeast extract (3 g) per Litre of

distilled water. The growth medium was sterilized as the

standard procedures, and set on the rotary shaker ( 170 rpm)

for two days at 27 °C.

After two days, the contents of the flasks were filtered

and the isolated bacterial growth was washed a number of times

with distilled water. The resulting bacterial growth was

divided into equal parts and re-suspended in flasks each

containing 300 ml phosphate buffer (0.038 M) , pH 7.4, in the

presence of 200 mg substrate. The incubations was carried out

for two days. Extraction and analysis procedures were carried

out as previously outlined under incubation with Penicillium

decumbens .
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2.5. Incubation of Testosterone end Other Substrates

2.5.1. Incubation with Pmniclllium DBCumbens ATCC 10436.

Testosterone (1)

Incubation of commercially purchased (1) (750 mg) gave

extracts from the medium (2 60 mg) and mycelium (280 mg) . After

the column, the medium extract gave 5a-dihydrotestosterone (5a-

androstan-17B-ol-3-one) (8) (110 mg) and 5a-androstane-3, 17-

dione (9) (30 mg) . The mycelium extract gave (8) ( 40 mg ) and

(9) (170 mg) . The reduction yields of (8) and (9) from the

mycelium extract were of 2 8% and 37% respectively.

The ^H NMR (80 MHz) of (8) included signals at d: 0.75 (3H,

s, C-18H) , 1.00 (3H, s, C-19H), 3.63 (IH, t, C-17H)

.

The EI mass spectrum of (8) m/e (%) : 290 (71.4), 257

(11.0), 246 (20.1), 1231 (100.0).

The IR spectrum showed typical absorption at Ci7=0 (1740

cm-1), C3=0 1714 cm"!) .

The iR NMR (80 MHz) of (9) included signals at 5: 0.74 (3H,

s, C-18), 1.00 (3H, s, C-19H)

.

The EI mass spectrum of (9) m/e (%) : 289 (20.9, M+1), 288

(100), 270 (17.2), 255 (24.2), 244 (44.6).

Androst-4-ene-3, 17-dione (2)

Incubation of commercially purchased (2) (750 mg) gave

extracts from the medium (150 mg) and mycelia (310 mg) . After

the column, 5a-androstane-3, 17-dione (9) from the mycelia
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extract, was the only product (250 mg) . The isolated yield from

the mycelia extract was 80%

.

The EI mass spectrum of (9) m/e (%) : 289 (20.9, M+1) , 288

(100), 270 (17.2), 255 (24.2), 244 (44.6).

The iR NMR (80 MHz) of 9 included signals at 5: 0.74 (3H,

s, C-18H) , 1.00 (3H, s, C-19H)

.

5a-Dihydrotestosterone (8)

Incubation of commercially purchased (8) (750 mg) gave

extracts from the medium (150 mg) and mycelia (310 mg) . After

the column, the isolated compounds were starting material and

5a-androstane-3, 17-dione (9) from the mycelia extract.

The EI mass spectrum of (9) m/e (%) : 289 (20.9, M+1), 288

(100), 270 (17.2), 255 (24.2), 244 (44.6).

The ^H NMR (80 MHz) of (9) included signals at 5: 0.74 (3H,

s, C-18H) , 1.00 (3H, s, C-19H)

.

3-Methyleneandrost-4-Gn-17fi-ol (3)

Incubation of (3) (750 mg) gave extract from mycelia (360

mg) . After the column, the only isolated compound was starting

material (3)

.

The 1h NMR (200 MHz) showed signals at 6: 0.76 (3H, s, 18-

CH3) , 1.06 (3H, s, I9-CH3), 3.65 (IH, m, 17a-H) , 4.65 (2H, s, 3-

methylene), 4.16 (IH, s, 4-H)

.

The EI mass spectrum m/e (%) : 286 (14.7), 277 (8.3), 253

(2.5), 120 (25.6) 55.0 (100.0).
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Androst-4-en-17a-ol (5)

Incubation of (5) (750 mg) gave extract from mycelia (300

mg) . After the column, the only isolated compound was starting

material (5)

.

The 1h NMR (200 MHz) showed signals at 5 : 0.75 (3H, s, 18-

CH3) , 1.02 (3H, s, I9-CH3), 3.62 (IH, m, 17a-H) , 4.10 (2H, m, C-

3H) , 5.30 (IH, m, 4-H) .

The EI mass spectrum m/e (%) : 275 (12.9 M+1) , 274 60.6),

259 (22.5), 259 (22.5), 241 (23.0), 108 (100.0).

Androst-4-ene-3fl, 17B-diol (6)

Incubation of (6) (750 mg) gave extract from mycelia (490

mg) . After the column, the mycelia extract gave 5a-androst-4-

ene-3,17 dione (9) (270 mg) and 5a-androstan-3fi-ol-17-one (10)

(220 mg)

.

The 1h NMR (80 MHz) of (9) included signals at 5: 0.74 (3H,

s, C-18H) , 1.00 (3H, s, C-19H)

.

The EI mass spectrum of (9) m/e (%) : 289 (20.9, M+1), 288

(100), 270 (17.2), 255 (24.2), 244 (44.6).

The 1h NMR (80 MHz) of (10) showed signals at 5 : 0.78 (3H,

s, I8-CH3), 0.80 (3H, s, 19-CH3), 3.60 (IH, t, C-17H)

.

The EI mass spectrum of (10) showed m/e (%) : 290 (95.4),

275 (14.8), 272 (17.9), 262 (19.0), 257 (20.0), 107 (100.0).
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5a-Androstane-3, 17-dione (9)

Incubation of 5a-androstane-3, 17-dione (9) (750 mg) gave

extract from mycelia (300 mg) . After the column. The mycelia

extract gave only starting material , no conversion took place.

The iR NMR (80 MHz) of (9) included signals at 5: 0.74 (3H,

s, C-18H) , 1.00 (3H, s, C-19H)

.

The EI mass spectrum of (9) m/e (%) : 289 (20.9, M+1) , 288

(100), 270 (17.2), 255 (24.2), 244 (44.6).

4, 5fi-Epoxyandrostane-3, 17-dione (7)

Incubation of 4, 5i5-epoxyandrostane-3, 17-dione (7) (750 mg)

gave extract from mycelia (300 mg) . After the column, the

mycelia extract gave most starting material , in spite of the

very small amount of androst-4-ene-3, 17-dione (2) (10 mg)

.

The EI mass spectrum of (2) m/e (%) : 302 (21.5), 286

(59.7), 234 (80.9), 219 (59.9), 43 (100.0).

4a-Methyl-2 (H) -3, 4 , 4a, 5,6,7,8, Sa-Octahydronaphthalenone (25

Incubation of (25) (750 mg) gave extracts from the medium

(560 mg) and mycelia (180 mg) . After the column, both parts gave

only starting material back.

Combined Substrates (25) and Cyclopentanone (27)

Incubation of (25) (500 mg) and (27) (250 mg) together gave

extracts from the medium (240 mg) and from the mycelium (100

mg) ; both parts gave back only starting material.
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2.5.2. Incubation with Penlcllllum DBCumbens Medium

Androst-4-enG-3, 17-dione (2)

Two days following inoculation, mycelia and medium were

separated by filtration on a Buchner funnel. Incubation of

androst-4-ene-3, 17-dione (2) in the liquid medium gave back only

starting material, showing that this part has no enzyme

activity.

2.5.3. Incubation with Nocardia. Corallina ATCC 13259

Testosterone (1)

Incubation of commercially purchased (1) (750 mg) gave

extract (560 mg) . After the column, the extract gave compound

(25) (50 mg)

.

The mass spectrum of (25) showed m/e (%) : 300 (27.5), 286

(21.6), 244 (18.), 134 (100), 55 (85.2).

1h nmr (200 MHz) included signals at 5 : 1.61 (3H, s, C-

19H), 2.25 (3H, s, C-18H) , 6.69-7.00 (3H, complex m, aromatic

ring)

.

The EI mass spectrum m/e (%) : 288 (37.6), 246 (42.1), 228

(13.3), 203 (21.5), 124 (100.0).

The IR spectrum showed C=0 absorption at 1670 cm"^ and

typical OH group absorption at 3413 cm~^.
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Testosterone (1) with C0CI2

Incubation of (1) (750 mg) and C0CI2 gave extract (200

ing) . After the column, the extract gave back only starting

material

.

1h nmr (80 MHz) included signals at 6: 0.76 (3H, s, C-18H)

,

1.20 (3H, s, C-19H), 3.70 (IH, t, C-17H) , 5.80 (IH, s, C-4H)

.

The EI mass spectrum m/e (%) : 288 (37.6), 246 (42.1 ), 228

(13.3), 203 (21.5), 124 (100.0).

2.6. Incubations of Deuterium Labelled Testosterone and

Other Deuterium Labelled Substrates

Deuterium Labelled Testosterone (11)

Incubation of deuterium labelled testosterone (11) (750 mg)

gave extracts from the medium (200 mg) and mycelia(360 mg)

.

After column, the mycelia extract gave deuterium labelled 5a-

dihydrotestosterone (12) (70 mg) and deuterium labelled 5a-

androstane-3, 17-dione (16) (200 mg) . The reduction yields of

(12) and (16) were 28% and 37% respectively.

The ^H nmr spectrum of (16) (80 MHz) showed signals at 5 :

0.76 (3H, s, C-18H), 1.02 (3H, s, C-18H)

.

The EI mass spectrum of (16) m/e (%) : 294 (18.0), 293

(58.8), 292 (100.0), 291 (48.5), 274 (23.9), 259 (34.0), 248

(63.2), 233 (46.4), 221 (52.4).

Deuterium contents (%) : da (25.8), d4 (47.8), ds (21.2), de

(5.1) .
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The ^H NMR (80 MHz) of (12) included signals at 5: 0.75

(3H, s, C-18H) , 1.00 (3H, s, C-19H), 3.63 (IH, t, C-17H)

.

The EI mass spectrum of (12) m/e (%) : 296 (8.5), 295

(30.6), 294 (51.8), 293 (22.1), 262 (11.0), 251 (20.1), 128

(100.0).

Deuterium contents (%) : da (23.4), d4 (50.1), ds (22.0), de

(4.4) .

Deuterium Labelled Androst-4-ene~3, 17-dione (14)

Incubation of deuterium labelled androst-4-ene-3, 17-dione

(14) (750 mg) gave extracts from the medium (200 mg) and

mycelia (4 00 mg) . After the column, the mycelia extract gave

deuterium labelled 5a-androst-3, 17-dione (17) (280 mg) . The

isolated yield from the mycelia extract was 70%.

The Ir NMR spectrum of (17) (80 MHz) showed signals at 5 :

0.76 (3H, s, C-18H), 1.02 (3H, s, C-19H)

.

The EI mass spectrum of (17) m/e (%) : 295 (35.4), 294

(64.4), 293 (28.6), 292 (10.1), 276 (13.8), 248 (37.7), 221

(47.4) .

Deuterium contents (%) : d4 (8.5), ds (26.5), de (49.7), d-j

(19.4).

Deuterium Labelled Androst-4-ene-3B, 17fl-diol (21)

Incubation of deuterium labelled androst-4-ene-3, 17-diol

(21) (500 mg) gave extracts from the mycelia (230 mg) . After

the column, the mycelia extract gave deuterium labelled 5a-
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androstan-3fi-ol-17-one (22) (130 mg) and deuterium labelled 5a-

androstane-3Ii, 17fi-diol (23) (70 mg) .

The ^H NMR spectrum of (22) (80 MHz) showed signals at 5 :

0.78 (3H, s, I8-CH3), 0.80 (3H, s, 19-CH3) , 3.61 (IH, t, C-3H) .

The ^H NMR spectrum of (23) (80 MHz) showed signals at 5 :

0.75 (3H, s, I8-CH3), 1.12 (3H, s, I9-CH3) , 3.65 (IH, t, C-17H)

,

4.15 (IH, t, C-3H)

.

The EI mass spectrum showed mixture of (23) and (22) m/e

(%) : 298 (3.0), 297 (18.9), 296 (18.6), 295 (46.6), 294 (13.9),

293 (3.3), 281 (17.3), 263 (12.6), 237 (46.0).

2.7. Incubation with Penlcillium d^cumbens in the

Medium of H2O and D2O (1:1)

Androst-4-ene-3, 17-dione (2) with Excess NADH

Two days following inoculation, the flasks were filtered

and the isolated mycelial growth was washed a number of times

with distilled water. The resulting mycelia was re-suspended in

a flask containing 100 ml H2O and D2O (50: 48) in the presence

of 50 mg substrate and 100 mg NADH. The incubation was carried

out for six days. After column chromatography, the extract gave

deuterium labelled 5a-androstane-3, 17-dione

.

EI mass spectrum showed mixture of (18, 19, 20, 9) at m/e

(%) : 290 (27.6), 289 (30.5), 288 (18.5), 271 (6.3), 245 (13.0),

218 (18.) .
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Deuterium contents (%) : do (27.0), di (39.6), d2 (32.8).

2h nmr (200 MHz) included signals at 5 : 1.53 (ID, m, C-

5D) , 2.28 (ID, m, C-4D) that showed 2D on the compound.

Androst-4-ene-3, 17-dione (2) with Excess NAPDH

Two days following inoculation, the flasks were filtered

and the isolated mycelial growth was washed a number of times

with distilled water. The resulting mycelia was re-suspended in

a flask containing 100 ml H2O and D2O (50: 48) in the presence

of 50 mg substrate and 100 mg NAPDH. The incubation was

carried out for six days. After column chromatography, the

extract gave deuterium labelled 5a-androstane-3, 17-dione

.

EI mass spectrum showed mixture of (18, 19, 20, 9) at m/e

(%) : 290 (25.6), 289 (30.8), 288 (16.5), 271 (6.3), 245 (13.0),

218 (18.2) .

Deuterium contents (%) : do (26.0), di (43.0), d2 (31.0).

2h nmr (200 MHz) included signals at 6 : 1.45 (ID, m, C-

5D) , 2.17 (ID, m, C-4D) that showed 2D on the compound.

2.8. The ^H NMR Assignment of Products of Enzyxnic 5a-

Reduction

Assigment of the proton nmr spectra of 5a-

dihydrotestosterone and related compounds was carried out by Dr.

D.W. Hughes at McMaster University. The following experimental

procedures and assignments are described by Dr. Hughes.

All nmr spectra were recorded on a Bruker AM-500

spectrometer. Proton spectra were acquired at 500.135 MHz using
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a 5 mm dual frequency ^H/^^C probe. Dihydrotestosterone spectra

were obtained in 32 scans in 32K data points over a 1.818 KHz

spectral width (9.011 s acquisition time) while the

androstandione-d5 spectra were recorded in 48 scans in 16K data

points over a 1.085 KHz spectral width (7.553 s acquisition

time) . Sample temperature was maintained at 30®C by a Bruker

BVT-1000 variable temperature unit. The free induction decay

were processed using Gaussian multipication for resolution

enhancement and were zero-filled to either 64K or 32K before

Fourier transformation.

NOE difference spectra were obtained by subtraction of the

off-resonance control FID from the on-resonance FID. The signal

of interest was selectively saturated for 5.0 s and the

decoupler was gated off during acquisition. This saturation

period also served as the relaxation delay. A 90° pulse width

of 19.2 |Xs was used. Eight scans were acquired for each

irradiation with the cycle of irradiations repeated 10 times.

Free induction decays were processed using exponential

multiplication (line broadening: 4.0 Hz) before Fourier

transformation. Samples were not degassed.

Double-quantum filtered COSY 2-D nmr spectra of

dihydrotestosterone were acquired in the phase-sensitive mode

using the pulse sequence: 90° - ti - 90° - t -90° - ACQ. Phase-

sensitive data were obtained using time-proportional phase

incrementation (TPPI) (Marion and Wuthrich, 1983; Bodenhausen et

al., 1984). The fixed delay t was 10.0 Jls. In the F2 dimension

512 FID'S were acquired in 16 scans each over the 1.818 KHz





spectral width in 4K data points. A 1.0 s relaxation delay was

used. Zero-filling in the Fl dimension produced a 2K X 2K data

matrix after 2-D Fourier transformation of the phase-sensitive

data. This resulted in an F2 digital resolution of 1.125 Hz /

point. During the 2-D Fourier transformation a sine bell window

function shifted by 7C / 2 was applied to both dimensions. The

transformed data were not symmetrized. The digital resolution

of the F2 cross-sections was improved by performing an inverse

Fourier transform to regenerate the FID of a particular row.

This was followed by zero-filling to 32K and then Fourier

transformation

.

The androstanedione-ds COSY 2-D nmr spectra were recorded

in the absolute value mode using the pulse seqence : 90° - ti -

90° - ACQ. Spectra were acquired in 8 scans for each of the 128

FID'S which contained 512 data points in F2 over a 1.085 KHz

spectral width. Zero-filling in Fl produced a 256 X 256 data

point matrix with a digital resolution of 4.237 Hz / point in

both dimensions. A sine bell squared window function was

applied to both dimensions during 2-D Fourier tranformation.

The transformation data were then symmetrized.

Carbon-13 spectra were recorded at 125.759 MHz using the 5

mm dual frequency ^H/^-^C probe. The spectra were acquired over

a 30.0 KHz spectral width in 32K data points (0.557 s

acquisition time) using the standard J-modulated spin sort pulse

sequence for editing. The ^^C 90° pulse width was 6 . 4 |Xs . A

1.0 s relaxation delay was used. The FID's were processed using

exponential multiplication (line broadening: 3.0 Hz).
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The l^C-^H 2-D shift correlation spectra were obtained

using the standard pulse sequence incorporating the BIRD pulse

during the evolution time for ^H- ^H decoupling in Fl (Bax,

1983; Rutar, 1984; Wilde and Bolton, 1984) . The spectra in F2

were recorded over a 10.060 KHz spectal width in 2K data points

for androstandione-ds . The 256 or 128 FID's for

dihydrotestostrone and androstanedione-ds, respectively, were

obtained with the previously mentioned ^H spectral widths in Fl

.

The fixed delays in the pulse sequence were a 1.0 s relaxation

delay, BIRD pulse and polarization transfer delays (1/2 ^JCH) of

0.003571 s and a refocussing delay (1/4 IjCH) of 0.001786 s.

The data were processed using exponential multiplication (line

broadening: 4.0 - 7.0 Hz) in F2 and unshifted sine bell in Fl

.

The samples used in this study were dissolved in CDCI3 to

give a concentration of 0.119 M for dihydrotestosterone and

0.053 M for androstanedione-ds- Chemical shifts for the ^H and

^^C spectra are reported in ppm relative to TMS using the

residual solvent signals at 7.24 and 7 7.0 ppm as internal

references

.
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RESULTS AND DISCUSSION

3.1. Incubation with Penicllllum DecumbQns

The results of the incubations disscussed below are summarized

in Table 1. In a whole-cell biotransformation mode,

testosterone and androst-4-ene-3, 17-dione were first tested for

reduction by this organism.

Testosterone was reduced to 5a-dihydrosteroids (8) and 5a-

androstane-3, 17-dione (9) in yields of 28% and 37% respectively.

Control experiments have shown that 5a-androstane-3, 17-dione (9)

can be produced from the corresponding alcohol (8) in a

subsequent reaction separate from that catalysed by the 5a-

reductase enzyme. Androst-4-ene-3, 17-dione (2) is reduced to

give only (9) with a yield of 80% from the mycelial extract

(Figure 9)

.

The incubation medium has been improved by using potato

dextrose medium. Compared with the literature (Miller and

Hessler, 1970) , this commercially purchased broth has fewer

components and can easily be handled during the fermentation.

Table 1. shows there is no big difference between the two growth

media during the incubation. So potato dextrose medium has

been used to replace the one from the literature.
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Testosterone

Sa-reductase

5a-reductase

4-androstenedione

28%

5a-Dihydrotestosterone ^ another
enzyme

37%

5a-androstane-3,17-dione

5a-androstane-3,17-dione

80%

Figure 9. Incubation with Penicillium decumhens
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3.2. Incubation with Nocardla Coralllna

In this investigation, Nocardla Corallina was expected

to have the same 5a-reduction ability as Penillium decumbens

according to the literature reported (Lefebvre et al., 1972).

When testosterone was used as the starting material,

instead of 5a-dihydrotestosterone, compound (24) was found, by

using ^H NMR, ^^C NMR and mass spectrometry, to be the only

product. 9a-Hydroxylase is the enzyme usually employed to start

breaking the steroid B ring (Dodson and Muir, 1958) , The

proposed reaction mechanism for this metabolic process is shown

in Figure 10.

In an attempt to inhibit 9a-hydroxylase, in order to show

5a-reductase activity, 0.05% C0CI2 was added to the testosterone

24 hours after inoculation (Fa and Xu, 1980) . The incubation

result showed that the cobalt ion eliminated all of the steroid

enzymes that resulted only in the reisolation of the starting

material

.

Because of the very strong side reaction of 9a-hydroxylase,

it is difficult to detect the existence of 5a-reductase in this

organism. As a result, attention has been paid to Penicillium

decumbens in the study of the reaction mechanism of 5a-

reductase

.





68

CM

-X ^ ^
O

Testosterone H

5a-Dihydrotestosterone

Co
2+

t

C-9 hydroxylation

HO

HO

Figure 10. Incubation v/iih Nocardia corallina
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3.3. Preparation of Deuterium Labelled Substrates

In this investigation, testosterone and ancirost-4-ene-

3,17-dione labelled with deuterium at C-2, C-4 and C-6

positions, were used to study the stereochemistry of the 4-ene

reduction process.

Although acid or base catalysed enolic exchange is a

routine method for deuterium labelling of carbonyl containing

compounds, the method is not generally applicable in cases where

the substrate is chemically reactive under the exchange

conditions or is one which is susceptible to acid or base

catalysed rearrangements.

A convenient, one step method for the preparation of

deuterium labelled substrates was used which utilizes labelled

water as the source of the label (Holland et al., 1989). This

is a phase transfer catalysed method using tet rabutylammonium

bromide as the catalyst. The reactions were carried out at

reflux temperature. The exchange of steroids was efficient and

proceeded without rearrangment (Figure 11)

.

The exchange method described herein thus provides a rapid

and simple procedure for the preparation of deuterium labelled

keto steroids. In addition, it can be used as a routine method

for the labelling of other carbonyl containing compounds.
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OH

DD

H,0-free Benzene or Toluene, DjO/ Na, Br" N*(Bu)4, ReHux

Figure 11. Preparation of deuterium labelled substrates
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3.4. The ^H NMR Assignment of 5a-Product

The NMR analysis described is dependent upon the

unambiguous assignment of the signals due to H-4a and H-4fi in

5a-dihydrosteroids . The 500 MHz ^H NMR spectra of unlabelled

substrate (8), and (16), the product obtained by the

biotransformation of (11) by P. decumbens, have been assigned.

The results (Table 2) were obtained by an analysis of the NOE

difference spectra, double-quantum filtered phase sensitive COSY

2-D spectra and ^^C-^H 2-D shift correlation spectra of both (8)

and (16) . These assignments are consistent with the sparse ^H

NMR data currently available for ring A saturated steroids

(Schneider et al., 1985) and, for ring C and D, with other

published androstane assignments (Hall et al., 1980; Hall et

al., 1980)

.

The data in Table 2 show clearly that addition of hydrogen

to the 4 (5) % bond has occurred in a trans manner at positions

4i5 and 5a. Using the assignments from Table 2, we find that the

^H NMR spectra of the other products of enzymic 5a reduction

[(16) from (11), (17) from (14)] also clearly show the presence

of hydrogen at c-4B and its absence at c-4a. This confirms that

reduction has occurred with trans stereochemistry (Figure 12)

.

Figure 13 shows the NOE difference spectrum of (12)

obtained by irradiation of the C-19 methyl hydrogens, in which

the signal at 5 2.234, assigned to the C-4ii hydrogen, is clearly

enhanced. Additional evidence for the S> stereochemistry of the

C-4 hydrogen was the observation of a 14 Hz vicinal coupling
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with H-5a, which must result from a trans di-axial orientation

of these two hydrogens.
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Table 2. ^H chemical shifts of 5a-dihydrotestosterone (8) and

(16) .

Proton 8 16

la 1.316 1.327

IB 1.991 1.991

2a

4a

4B 2.235 2.234

5a 1.483 1.522

6a

e&

7a 0.857 0.978

7fi 1.677 1.806

SB 1.413 1.580

9a 0.705 0.776

lla 1.585 1.675

llfi 1.346 1.388

12a 1.044 1.244

12ii 1.792 1.805

14a 0.936 1.268

15a 1.560 1.922

1513 1.233 1.499

16a 2.026 2.056

16iS 1.407 2.425

17a

18-CH3 0.728 0.865

19-CH3 0.989 1.016

8
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3.5. ^H NMR Study on th* Orientation o£ the Reduction

As previously stated (Houston et al . , 1987), this reduction

process may be viewed as electrophilic activation of the enone

substrate by E+, leading to a positively charged species which

accepts a hydride from the coenzyme at the 5-position.

Protonation at C-4 then leads to the product

dihydrotestosterone

.

The orientation of this enzyme reduction can be determined

by ^H NMR when the incubation is carried out in a medium of H2O:

D2O (1:1). Protonation at C-4 may lead to a (1:1) ratio of H/D

at that position if Kh / Kd =1. Interpretion of the H/D ratio

may also give the product isotope effect.

In an attempt to demonstrate this approach, NADH was first

used as the coenzyme in excess to ensure that enough hydride

anion is present to add on to the 5-position. After incubation

of androst-4-ene-3, 17-dione with Penicillium decubens in the

medium consisting of equal mole fractions of H2O and D2O (1:1)

for six days, the ^H NMR showed almost equal amounts of

deuterium at both the 4 and 5 position of the product . It was

shown using mass spectrometry that four possible products

existed after this incubation.

In view of the consideration that NADPH is the required

coenzyme for 5a-reductase (Bjorkhem, 1969) , an excess of NADPH

was used to replace NADH, but same results by ^H NMR and mass

spectra were obtained (Figure 14)

.
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Figure 14. Incubation results in the medium of H2O: D2O

and excess NADPHorNADH
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It is possible that when excess NADPH was used, an exchange

between NADPH and D2O might have taken place. If NADPH changed

into NADPD, then deuterium may have added at the 5 position of

the steroid instead of the proton.

An alternative approach can be taken when this enzyme is

isolated. In the purified enzyme system, it should be possible

to avoid most of the side reactions, and thus obtain information

about the orientation of the enzyme reduction.
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3.6. Incubation of 4a-Methyl-2 (H) -3, 4, 4a, 5, 6, 7, 8, 8a-

Octahydronaphthalenone (25)

This enzyme reduction is known as a 5a-reduction. One

possible application of 5a-reduction is to use 4a-methyl-2 (H)

-

3, 4, 4a, 5, 6, 7, 8, 8a-octahydronaphthalenone (25) as the starting

material along with the enzyme in order to obtain only one

enantiomer (Figure 15) . If this reaction occurs, it will be

significant in the sense that it will show that biosynthesis can

be more powerful than organic synthesis, controlling the

stereochemistry of the product by employing one simple step.

Unfortunately, no conversion of this starting material

occurred. Considering that this enzyme may require a steroid

structure for binding, cyclopentanone (27) was added to incubate

together with 4a-methyl-2 (H) -3, 4, 4a, 5, 6, 7, 8, 8a-

octahydronaphthalenone (25) , to mimic the steroid structure that

can be accepted by the 5a-reductase . No reaction occurred,

indicating that a steroid structure is strictly required by this

enzyme

.
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single enantiomer

H

Figure 15. Incubation of 3-keto-9-methyl-4-ene-

octahydronaphthalene
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3.7. Reduction Mechanism of 5a-Reductase

Some structural change based on testosterone may give

information of the reduction of 5a-reductase . Therefore,

several compounds were prepared for the investigation of the

reduction mechanism.

The intermediacy of Schiff bases during enzymatic

transformation of substrates which contain a carbonyl group is

well established for many system. Examples include the vitamin

Bg dependent reactions and tetrahydrofolate dependent transfer

of a Ci unit at the formaldehyde oxidation level (Walsh, 197 9)

.

Schiff base formation has been proposed to occur during

enzymatic transformation of steroids. It has been suggested

that the 3-ketosteroid A^, A^-isomerase from Pseudomonas

testosteroni operates on a substrate bound to the enzyme as a

Schiff base involving the C-3 carbonyl of the steroid and a

primary amino group of the protein (Benisek and Jacobson, 1975)

(Figure 16) .

Wilton (Wilton et al., 1966) has shown that saturation of

the A^ double bond of S-^^O-testosterone (2 9) by mammalian C-5a-

or 5Ii- reductase involves retention of label, thus precluding

the formation of a Schiff base intermediate in this case. A

necessary corollary of reversible Schiff base formation on

testosterone is the exchange of the carbonyl oxygen of the

substrate with water, leading to loss of the label in the case

of ^^O carbonyl labelled substrates (Figure 17)

.





82

R— NH

4 5
Figure 16. Proposed mechanism of 3-ketosteroid A , A -isomerization.
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H+, H2^^0

2-propanol

loss of label

ketimine-enamine

retention of label

keto-enol

18.
Figure 17. Synthesis and incubation of 3- O- testosterone
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Since loss of the label in both recovered starting material

and product is also attributable to nonenzymatic exchange of the

label with water during the incubation, it is necessary to keep

the incubation period shorter than 15 hours to minimize the

nonenzymatic exchange of label by the organism. This ensures

that there is only slightly loss of labelling material.

Unfortunately, it takes at least 24 hours to see any

conversion by Penicillium decumbens , We may need a partially

purified enzyme to improve this reaction.

Another possibility is the initial protonation of the

carbonyl group oxygen atom. 3-Methyleneandrost-4-en-17ii-ol (3)

and androst-4-en-17i5-ol (5) have been synthesized (Figure 18) as

starting material to incubate with Penicillium decumbens.

Since the C-3 carbonyl group on A ring has been replaced on (3)

and (5) , we can test whether the C-3 carbonyl group is involved

in the actual reaction.

Incubation of these two compounds resulted in the re-

isolation of starting materials. It is shown that the oxygen

atom at the 3-position of A ring is necessary for the formation

of keto-enol intermediate in this reduction (mechanism 2a or 2b,

page 22) , but not the hydrogen direct addition without

involvement of a carbonyl group (mechanism 2c or 2d, page 22)

.

The next approach was to use 4,5i5-epoxy-androstane-3, 17-

dione (7) to prove that reaction should not occur at the 4,515-

epoxy position of this compound. The epoxidation of a, R

unsaturated ketones by basic hydrogen peroxide is a reaction

which is well understood (Figure 19)

.





ether 25°C

CH3(Ph)3P''Br", n-BuLi

over night

HoC
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O

HoNCNH-NH/ CH3COO"

ethanal

reflux 1 hour

O
I

H2NCHN-N

dry toluene

K-t-butoxide

Figure 18. Synthesis of the starting material 3-methyleneandrost-

4-en-17B-ol and androst-4-en-176-ol





86

On
X

X
o

T3

s

-•

e
a

p
CQ

o
cd
-O
•<^
X
o

On

u
s





87

As shown in Figure 20, the reaction may produce compound

androst-4-ene-3, 17-dione (2) if the hydrogen is added directly

without involvement of a carbonyl group. Indeed, the ^H NMR

Spectrum and the Mass Spectrum both showed that only a small

amount of compound (2) was obtained.

In comparing these two incubations, we find completely

contradictory results. To clear up this confusions, androst-4-

ene-3, 17-diol (6) was used for further study to check the result

obtained when a 3-hydroxyl group replaces the 3-carbonyl group

on the steroid A ring.

It was a surprise that the isolated products were equal

amounts of 5a-androstane-3, 17-dione (9) and 5a-androstan-3-ol-

17-one (10) (Figure 19) . Assuming that a C-3 carbonyl group is

necessary for this reaction; then formation of compound (9) can

be explained by the 3-hydroxyl group first being oxidized to 3-

keto and then being reduced by 5a-reductase through a keto-enol

intermediate (Figure 20) . Formation of compound (10) needs

another step to reduce 3-keto back to 3-hydroxyl on A ring.

To test the above assumption, 5a-androstane-3, 17-dione (9)

was incubated as a starting material to investigate the possible

formation of a 5a-androstan-3-ol-17-one as a sequential product.

The incubation result showed that starting material (9) is the

only compound recovered. This suggested that the reactions

shown in figure 20 may not represent the actual process.

It is logical to propose from this experiment that 5a-

reduction occurs through direct hydrogen addition without the

involvement of a carbonyl group (Figure 21) . Since the
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H

Figure 21. Pathway of incubation of Androst-4-ene-36,176-diol
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involvement of a carbonyl group favours the maximum possible

polarization of the carbon-carbon double bond before reduction.

To investigate this possibility, deuterium labelled 4-ene-

androst-4-ene-3, 17-diol (21) was synthesized from deuterium

labelled testosterone (11) by reduction of LiAl (Ot-Bu) 3H (Figure

22) . The incubation products of deuterium labelled 5a-

androstane-3, 17-diol (22) and deuterium labelled 5a-androstane-

3, 17-diol (23) from (21) were oxidized by Jones reagent (Figure

23 ), to give deuterium labelled 5a-androstane-3, 17-dione (16).

The determination of the stereochemistry of this compound

was carried out using 200 MHz ^H NMR spectrometer. NOE

difference spectra showed clearly that the addition of hydrogen

was also in a trans manner at position 4ii and 5a. It was proven

that this reaction was also a 5a-reduction but not a 5fi-

reduction.

In conclusion, this enzyme system may require an oxygen

atom at the 3-position of the steroid in order to bind to the

substrate. This may be the reason that compouns (3) and (5) did

not show any reduction but compouns (7) and (6) did.

Furthermore, the mechanism of this 5a-reductase may proceed via

direct addition of hydrogen without involvement of a carbonyl

group as an intermediate.

This may be investigated by using compound (30) (page 93 )

to determine the effect of using a substrate which contains an
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LiAl(0-tBu)3H

incubation

HO ^^i -. N-^ D
H D H ^ D

H2Cr04, H2SO4

Jones reagent

HO yr^ '.^ D
H D H D

Figure 23. Incubation result of deuterium labelled

androst-4-ene-3B,17B-diol
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CHs-O

(30)

Figure 24. Another possible substrate
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oxygen atom but not a carbonyl group at the 3-position of ring

A.

Now that the work of isolating this fungal enzyme has been

started, a clearer picture can be generated by studying the

isolated enzyme.
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APPENDIX

(1).
Testosterone

(2). Androst-4-ene-3,17-dione

(3). 3-Methyleneandrost-

4-en -176-01

(4). O

H2NCNH-

Testosterone-3-

semicarbazone.
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(5) Androst-4-en -17B-ol

(6) Androst-4-ene-36,176-diol

(7).

4,56-Epoxy-androstane-

3,17-dione

OH

H

5a-Dihydrotestosterone
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(9).

(10).

5a-Androstane-3,17-dione

5a-Androstan -3B-ol-17-one

(11).

Deuterium labelled

Testosterone

(12).

Deuterium labelled

5a-Dihydrotestosterone
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(13).

(14).

Deuterium labelled

5a-Dihydrotestosterone

Deuterium labelled

Androst-4-ene-3,17-dione

(15).

Deuterium labelled

5a-Androstane-3 , 1 7-dione

(16).

D^^^^vj^Y^^
—

^

d"d1^

Deuterium labelled

5a-Androstane-3, 1 7-dione
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(17).

^'
d»dD

D
D

Deuterium labelled

5a-Androstane-3,17-dione

(18).

(19).

(20). <A^

Deuterium labelled

5a-Androstane-3,17-dione

Deuterium labelled

5a-Androstane-3,17-dione

Deuterium labelled

5a-Androstane-3,17-dione
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(21). Deuterium labelled

Androst-4-ene-36, 1 76-diol

(22).

d^dD

Deuterium labelled

Sa-Androstaii -SB-ol-lT-one

(23), Deuterium labelled

5a-Androstane-3i3,17B-diol

(24).





no

(25).
4a-Methyl-2(H)-3,4,4a,5,6,7,8,8a-

oclahydronaphthalenone

(26).
2-Methyl-cyclohexanone

(27).

O

Cyclopentanone

(28).

H3CH2Gs^ /CH2CH3

N

O

1 -Diethyl aminobutan-3-one
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(29).
3-^^0-Testosterone

(30).

H3C-0

3^-Methoxyandrost-

4-en-17-one

(31).

CH2OH

• ce

Cortisone

(32)

^^N-'^'^^vUv'

O

2QH

O

rrr^ Cortisol
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(33)

Deoxycorticosterone

(34)

c-"OH

ll-deoxycortisol

(35)

7a-Hydroxycholest-

4-en -3-one

(36)
5a-Androstane-36,176-diol
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