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Hardly anyone has to be convinced nowadays of the im-
portance of microorganisms for the development and sus-

tenance of life on earth.

Nor do chemists have to be told

of the significance of microbiological processes in present-
-day industry. The mere mentionof antibiotics is sufficient.
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The present review deals with an extremely narrow field of
the metabolic activity of microorganisms, which has, none-
theless, attracted the attention of chemists all over the
world.

This review of the reactions of steroids induced by
microorganisms is not exhaustive. Its purpose is to em-
phasize the possibilities for the cooperation of chemists
and microbiologists, without going into too many details.

Transformation of a substrate is caused by enzymes pro-
duced by the metabolic activity of a microorganism. Micro-
biological reactions suchasalcoholicand lactic fermentation
have been in use since time immemorial. The correlation
of these processes with the metabolic activity of living
organisms was first observed by Schwann in the thirties of
the last century. Pasteur termed the microbiological re-
actions accompanied by gas evolution as “fermentations”,
but this term was later extended to other microbiological
processes.

The capacity of certain microorganisms to induce various
transformations in steroids was noticed more than 20 years
ago. The earliest work, by Mamoli and Vercellone 152,83,
dealt with the hydrogenation of an oxo-group conjugated with
a double bond, or with the dehydrogenation of a secondary
hydroxyl group. In 1948 Kramli and Horvath* first suc-
ceeded in introducing a hydroxyl group into a steroid mole-
cule by a microbiological method. It was not, however,
until after Peterson® had obtained 10% 1la-hydroxyproges-
terone (I) by incubating progesterone (II) with a Rhizopus
nigrvicans culture that microbiological transformations of
steroids awakened widespread interest.

Microbiological steroid reactions are extremely diverse
in character. They include introduction of hydroxyl groups,
formation of oxo-groups, formation and cleavage of epox-
ides, hydrogenation, dehydrogenation, etc. In spite of this
diversity, techniques employed in carrying out microbio-
logical reactions are fairly uniform. In experiments where
a large quantity of the substance is either not required or
is not available trial runs arecarriedout in flasks mounted
on agitators, several flasks being usually set up in series.
Most often 750-1000 m1l flasks are used with 100-200 mg
steroid. For steroid amounts of the order of 1-2 g glass
fermenters of 10-20 litre capacity are used, provided with
stirrers, thermometers, devices for filling, emptying, and
sampling, heat-exchange elements, and, when needed, with
an air bubbler., In industry and in pilot plants steel appa-
ratus is usually employed, fitted with similar devices.

The procedure used in the glass fermenter is essentially
the same as that used in flasks or the steel apparatus (this
does not mean, however, that the reaction in the flask can
completely model that in the fermenter). The fully equipped
fermenter is sterilised, and filled with a sterile culture
medium, which has been inoculated by the microorganism
under sterile conditions. Special attention must be paid to
the observance of strictly sterile conditions throughout all
the operations. Depending on the experiment, sterilisation
is carried out in an autoclave at 110°-120°, by working in
boxes illuminated with bactericidal lamps, or by carrying
out filling, sampling, etc. in the flame of a gas burner.
After the addition of the inoculated culture medium (usually
transferred by means of compressed air), a definite period
of time is required for the development of the culture (from
several hours to several days). The steroid is introduced
in =solution in an organic solvent, e.g. acetone, alcohol,
propylene glycol, or dimethylformamide., A suspension of
the steroid, obtained by precipitation with water of an

ethanol or acetone golution, is sometimes advantageous as
far as the yields are concerned. Reaction is carried out
at a temperature requisite for the normal growth and meta-
bolic activity of the microorganism, mostly at 24°-33°.
The course of the reaction is followed by assay using either
paper chromatography or microbiological methods. “Thin
layer chromatography”, on an adsorbent on glass plates,
without a binding agent, is widely used in following the
course of microbiological reactions of steroids 87. By this
method steroids can be separated and detected in 30~45 min,
in contrast to several hours needed by paper chromato-
graphy.

At the end of the process the reaction mixture is ex-
tracted by an organic solvent immiscible with water,
usually chloroform, dichloroethane, ethyl acetate, methyl-
ene chloride, and sometimes ether. In some cases only
the filtered reaction liquid need be extracted. For com-
plete separation of steroids, extraction is sometimes pre-
ceded by homogenisation of the reaction mixture. The
extract is concentrated in vacuo and the steroid isolated
from it either by crystallisation or chromatography.

According to a recent paper, microbiological steroid
reactions can be carried out by passing the steroid solution
through a layer of the microorganism culture on a carriers8,
This method has possibilities as a continuous industrial
process.

II. VARIOUS TYPES OF MICROBIOLOGICAL STEROID
REACTIONS

1. Introduction of a Hydroxyl Group

Introduction of a hydroxyl group at carbons 1 and 2 of
the steroid molecule was carried out on various steroid
substrates, e.g. androstenedione® (IilI), Reichstein's sub-
stance S ' (IV), 9a-fluorohydrocortisone!! (V), and other
steroids, by incubation with microorganisms such as
Streptomyces, Penicillium, Rhizoctonia, and Sclerotinia.

OH

13
=0 Rhizoctonia Hi Hs CHy
«-OH ferrugena
SRR O @
16
O

In all cases examined both 1a- and 23-isomers were ob-
tained. The yield of the 1- and 2-hydroxy derivatives rarely
exceeds 10%. Hydroxylation in the 1- and 2-positions is
usually complicated by various side-reactions, which make
difficult the isolation and purification of the reaction pro-
ducts. Most often 1- and 2-hydroxylations proceed con-
comitantly with hydroxylations at C,; and C,;, and with the
reduction of the oxo-group at C,,.?
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Hydroxylation in the 68-position, mostly induced by e.g. androstenedione (III), 2! hydroxylates pregnenolone (V)
fungi, is also seldom completely selective. For example, in positions 78 and 11, and compounds of the allopregnane
incubation of progesterone (II) with Absidia vegnieri cul- series in the 73-position?32,2:

ture®® yields five products:

0 i
Rh. arrhizus ~A HO-..
_’ rd N
o () OH
J=0 HO-., .A‘__Tﬁ
g Ph. arrhizus \'f/)'\\(\"
) /l N oH ,
f\*,_f‘"
i ! . i
¥ Py Rh. arr_}_uzus \H\(
U T A
HO™ N T
63-Monohydroxylation only occurs if the other possible On incubation of 38-hydroxyandrost-5-en-17-one (VI)
position for the hydroxyl group is already taken!4: with a species of Rhizopus (M2045), Dodson?¢ isolated from

the reaction products a molecular compound of the 7a- and
7B8-hydroxy-derivatives:

Aspergillus
nidulans
OH Rhlzopus . g
sp. “sp. M 2045 .
OH “-OH 0]
(vi) o .

Peterson!® reported a case where the 68-hydroxylation
was accompanied by oxidative degradation of the side-chain:

A tertiary hydroxyl group was introduced at C; of deoxy-
corticosterone (VIII) by the action of Helicostylum pivi-
forme?®:

Gliocladium )
a S calenulalum w ?J\/
cn,on
H. plnforme
The preparation of 30% 68, 17a,21-trihydroxypregn-4- Wi

-ene-3,20-dione by incubation of Reichstein’s substance S
(IV) with Bacillus cereus has recently been reported s,

For all substrates undergoing 63-~hydroxylation the pre-
sence of the 4-ene-3-o0xo-grouping is a characteristic
feature, the nature of the side-chain at C,, not being of

8 -Hydroxylation can be carried out by microorganisms such
as Curvularia pallescens *®, Mucor parasiticus 26, etc.

decisive importance. 6B-Hydroxy-derivatives were also Schubert and collaborators 27 obtained 9a-hydroxypro-
obtained from compounds such as progesterone (II) and gesterone using a Circella culture. Its structure was
androstenedione (III). 13,18 established by subsequent hydrogenation and dehydration

Microorganisms which induce 7a-hydroxylation are into the known pregn-9(11)-ene-3,20-dione (VIII):

Cephalosporium'?, Helmintospovium*®, Proactinomyces*®,
and Sincephalostrum?°.

C:rceIIa _h/ _}l{’ + \,!/
T89.7% ! /}\

p~TsOR

i)

Sincephalostrum
———

(1)

The course of hydroxylation is in certain cases pre-
determined by the structure of rings A and B of the steroid
nucleus. Thus, the mould Rhizopus arrhizus, which Hydroxylation of the tertiary carbon atom in the 10-posi-
induces 11¢ - and 68-hydroxylations in 4-ene-3-oxo-steroids, tion occurs on incubation of 19-nortestosterone (IX) with a
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species of Rh.nigricans, the microorganism which usually
hydroxylates the 11« - and 63-positions28:

H H
H oH H
Rh. nigricans Dﬁ
- + +
0P F (%) :
OH

Djerassi's group?®, however, reported 1la-mono-
hydroxylation of 19-norprogesterone in 70% yield by means
of a species of Rh.nigricans.

The microbiological preparation of 11a-hydroxyproges-
terone (I) in 1952 by Peterson opened up a simple way for
the introduction of an oxygen-containing functional group at
the 11-position of steroids. This is of great importance
for preparing corticosteroids difficult to obtain by chemical
methods.

0 HO-..
Rh. arrhizus +
————

(m ) H

Incubation of progesterone with Rh.nigricans gave 95%
of 11a-hydroxyprogesterone3. This oxidation, however,
does not always proceed unidirectionally, 11a-hydroxyla-
tion often being accompanied by 63-,15:* 17a-,3%2:%% and
21-hydroxylations34. Incubation of A'®-dehydroprogeste-
rone (X) with Rh.nigricans gave 11a-hydroxy-1T7-isopro-
gesterone (XI):3

Rh. nigricans
ATCC 6227b

————
25— 40%

HO.., H
f "ﬁ*-CHa HCl
1 218} S
O alcohol .
(xn

On incubation of A°-dehydroprogesterone (XII) with a
species of Rh.nigricans, partial hydrogenation of the
Aé-double bond took place3®:

HO-,
HO-,,
Rh. nigricans +
—

Hydroxylation of pregnane-3,20-dione and allopregnane-
-3,20-dione with Rh.nigricans gave the corresponding 11a-
~hydroxy-derivatives in40% and 25% yields, respectively 37,
Ercoli3® and Peterson?® and their collaborators carried out
the fermentative hydroxylation of 16c,17a-epoxyprogester-
one (XIII) in 75% yield:

(xu)

.0 Rh. nigricans
—

HO..,
75% /@

(xur)

Hydroxylation of steroids by Rh.nigricans isanexcellent
example of the combination of specificity and diversity of
action of microorganisms. Incubation with Rk.nigricans
induces primarily hydroxylation in position 11 of steroid
substrates such as progesterone (II), A®-dehydroprogeste-
rone (XII), 16a,17a-epoxyprogesterone (XIII), etc. But
11a-hydroxylase is not the only enzyme formed by
Rh.nigricans. Prolog and Acklin*® showedthat Rh.nigvi-
cans can reduce substrates such as A*-methyloctaline-3,8-
-dione (XIV):

q, H :
Rh. nigricans m :
—_— +

. (XIV) ‘

+

It has been reported* that during the incubation of
4-methyltestosterone the methyl group in position 4 hinders
the introduction of the hydroxyl group at carbon 6, with the
result that 78- and 1la-hydroxy-derivatives are chiefly
formed, with very small amounts of 7a- and 63-hydroxy-
-derivatives. Simultaneous formation of 11a- and 1583-
-hydroxy-derivatives has been described by Muir and Dod-
son*?. Meister and Weintraub*® obtained both 11@-hydroxy-
testosterone and testosterone with Sporotrichum epigaem.
1l1a-Hydroxylation has been effected by incubating steroids
with Condiobolus sp., Basidiobolus ranarum **, and Meta‘r-
rhizium anisopliae *°.

Even more important is the introduction of the 1183-
-hydroxy-group into the steroid molecule, since it is known
to be responsible for the physiological activity of cortico-
steroids (hydrocortisone, corticosterone). Colingsworth
and his collaborators*® were the first to carry out this
hydroxylation, although with very small yield:

. plaesleeeS *

(v)
S, 60—70% (XV)

frag;,
(Colip lae
83worthy = (xv)

Shull and Kita %7 obtained 41%, and Dulaney *® 509 of
hydrocortisone (XV) by incubating Reichstein's substance §
(V) with Curvularia lunata. Connel?® increased the yield
of hydrocortisone to 60~70% by incubating compound S with
Cunninghamella blakesleeana, obtaining at the same time
20% of cortisone (XVI).

It has been shown that the yield of hydrocortisone can be
increased by changing the culture medium, e.g. by adding
trioleates5°, phenol®, and other substances.

20% (XVI)

A number of communications appeared on the 118-hydro-
xylation by means of other microorganisms. Davisson3!
patented the preparation of 70% of hydrocortisone (XVI)
from Reichstein's substance S (IV) by means of Stachilidium
theobromae. Thoma and his collaborators®2 obtained pred-
nisolone (XVIH) from 17q,21-dihydroxypregna-1,4-diene-
-3,20-dione using Coniothyrium helleborine®?, and Sardinas
and Shull®® carried out 113-hydroxylation with Spondiocla-
dium austvale, S. xylogenum, as well as Fpicoccum. The
118-hydroxylation is often accompanied by hydroxylation in
position 140,%? and the reduction of the 20-oxo-group.
Schmidt-Thome55 obtained hydrocortisone (XV) and epi-
hydrocortisone (XVII) in equal amounts by incubating com-
pound S with Absidia glauca.
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Schubert and his collaboratorss® carried out 123-hydro-
xylation of progesterone (II) using Calonectria decora:

OH

an C. decora

(quantitative)

H

In their investigation of the effect of microorganisms on
cardiac glycosides and aglycones Gibler and Tamm57s58
established that Fusarium lini contains at least four en-
zymic systems, namely hydroxylase, capable of hydroxy-
lating the 128- and 15¢-positions, esterase, capable of
saponifying acetyl groups, hydrogenase, and B-glycosidase:

OoH
F. lini s

OH AcOr

digoxigenin

140-Hydroxylation can be induced by microorganisms
such as Stemphilium botryosum, Cuvvulavia lunata, and

C.blakesleeana®®:
S. botryosum
ST .

OH

The preparation of 14a-hydroxyprogesterone® by means
of Bacillus cereus is one of the comparatively few exam-
ples of hydroxylations carried out by bacteria. On incubat-
ing progesterone (II) with Absidia regnieri, Shirasaka®! ob-
tained a mixture of reaction products:

A, regnieri
an ==

OH

15a-Hydroxylation can also be effected by various micro-
organisms, most important being Fusarium %2, and Peni-
cillium ®:

am F. lini

50%
OH

_ There are comparatively few references to side reac-
tions during the 15a-hydroxylation. On incubating sub-
stance S (IV) with a Spicaria species, Bernstein and his

298

collaborators ® obtained the corresponding 15B-hydroxy-
-derivative. Incubation of substance S (IV) with Bacillus
megathevium gave 50% of 158,17a,21-trihydroxypregn-4-
-ene-3,20-dione %, Incubation of progesterone gave a
smaller yield of 158-hydroxyprogesterone. An attempt to
introduce the 158-hydroxy-group into prednisone and pred-
nisolone using this method was unsuccessful, hydrogenation
of the double bond in the 1-position taking place instead®s,

A group of Japanese chemists %7 isolated 158-hydroxy-
-derivatives from a complex mixture of products obtained
on incubation of 1T7a-hydroxyprogesterone (XIX) with
Sclerotinia libertiana:

o]
..-OH
H HO.,
Sc. libertiana (ﬂ + Qi + jﬁz‘gH
(XIX) OH

The important 16a-hydroxylation was effected using
various species of Actinomycete. Perlman and his colla-
borators© obtained 30-40% of 16a-hydroxyprogesterone by
incubating progesterone with the Streplomycete species
MD2428. Incubation of 9a-fluorohydrocortisone with
Streptomyces roseochromogenus gave 50% of 9a-fluoro-
-16a-hydroxyhydrocortisone 9.

118,16 -Dihydroxy-9a-fluoroandrost-4-ene-3,17-dione
was produced by St.roseochromogenus ™. 16a-Hydroxyla-
tions induced by moulds Pestalotia funerea™ and Didymella
vodakii % have also been reported.

Despite the intensive search for microbial cultures
capable of inducing steroid reactions, the microbiological
introduction of the 168-hydroxy-group was not discovered
till 1960, 72

An elaborate chromatographic technique applied to pro-
ducts obtained by incubation of testosterone (XX) with a
Wojnowicia graminis (CBS) culture revealed ten products,
including 168-hydroxytestosterone (XXI) and 16-oxotesto-
sterone (XXII):

H
OH H H
OH ..{)H °
(XX)

and oth
(XxX1) (XX1) p:od:cfsr

It had been reported earlier ™, that W.graminis can
introduce a hydroxyl group in the 21-position of pregnene
steroids.

The important 17a-hydroxylation has so far only been
achieved using three microorganisms. Tvichothecium
roseum,”®, Trichoderma vivide ™, and Gliocladium .

(X1X)

T. viride
10 e

20%
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In other cases 17¢-hydroxylation proceeds with concomitant
11a- and 6B-hydroxylations 32,7, and the oxidation of the
hydroxyl group in position 11,7

CH,OH

457

(vihy

H,0H
H,OH 0

Cephalothecium HO-.

__ froseum ---OH

CH,0H
ﬁ%ﬁm
The Ciba group patented the preparation of 18-hydroxy-
-steroids by the action of fungi on 13-methylsteroids ™

,OH

H
e}
C. roseum - OH

(xXvn

Hydroxylation in position 19 has been reported by Japan-
ese workers™. They prepared 17¢,19,21-trihydroxypregn-
-4-ene-3,20-dione (XXMI) by incubating compound (IV) with
Colricium sasakit:

- OH Hi Hoy
C. sasakii
e ———

The same group carried out the 19-hydroxylation of hydro-
cortisone and 11-epihydrocortisone.

Hydroxylation in position 21, first effected by Wettstein's
group™, often proceeds exclusively. It can be induced by
microorganisms such as Aspergillus niger®®, and the
Sphaeroidaceae, Hendersonia ™, and Wojnowicia®. Vischer,
Schmidlin, and Wettstein ®2used microbiological hydroxyla-
tionto separate the racemate of dl-118-hydroxypregn-4-ene-
-3,20-dione-18-carboxylic acid (18—11)lactone (XXIV). Incu-
bation of racemate (XXIV) with an Ophiobolus herpotrichus
resulted in the 21-hydroxylation of the steroid with the
natural configuration, while the /-form remained unchanged:

H,OH

0. herpotrichus F k)

o/\/

dl (XX1V) d

2. Formation and Opening of an Epoxide Ring

Closely related to microbiological hydroxylation is the
microbiological formation of epoxide rings. The method
was elaborated by Bloom and Shull® who, on incubation of
17a,21-dihydroxypregna-4,9(11)-diene-3,20-dione (XXIq)
with Curvularia lunata, known to induce 11B-hydroxylation,

or with C. blakesleeana, obtained 17¢,21-dihydroxy-98,11p-
-epoxypregn-4-ene-3,20-dione (XXIla):

H,;OH

o]
«OH

C. lunata /@
——————
(XXIa) (XXlla)

The same species was used for transforming 17¢,21-
~-dihydroxypregna-4,14(15)-diene-3,20-dione (XXIIlz) into
17a,21-dihydroxy-14o,15a -epoxypregn-4-ene-3,20-dione
(XXIVa):

2 OH

...OH
C. lunata
e -

(XXlla) 0" (XX1Va)

No epoxide was formed when the same substrate was
incubated either with microorganisms which normally
induce 11 -hydroxylation or those which are incapable of
hydroxylating position 14. Perlman et al.%* failed to ob-
tain an epoxide by incubating pregna-4,16-diene-3,20-dione
withan A ctinomycete (which normally introduces a hydroxyl
at 16a). As noted earlier, incubation of androst-5-en-33-
-ol-17-one with Rhizopus 2 and of Al'®-dehydroprogesterone
with Rh.nigricans ® also failed to produce epoxides. Perl-
man considers that microbiological epoxide formation can
take place in steroids containing isolated double bonds, by
means of microorganisms which are capable of introduc-
ing axial hydroxyl groups in positions corresponding to
those taken up by the epoxide.

Quite recently Czech workers® found that the incubation
of 3B-hydroxy-B-norandrost-5-en-17-one with Rh. nigri-
cans yields 3B-hydroxy-5¢, 6£ -epoxy-B-norandrostan-17-
-one and 3B,11w-dihydroxy-5¢,6¢ -epoxy-B-norandrostan-
-17-one, together with 11¢- and 63-hydroxy-derivatives.

Epoxide rings can also be opened by microbiological
reactions. Using yeast, Camerino and Modelli®®,87 opened
the epoxide ring in 16a,170-epoxyprogesterone (XII). At
the same time, rearrangement into 16a,20¢-dihydroxy-
-17B8-methyl-18-norpregna-4,13-dien-3-one (XXV)occurred:

CH(OH)CH,

"b,

In 1959 Camerino® succeeded in opening the epoxide
ring in 4,5-epoxyprogesterone (XXVI), in 65% yield. Re-
duction of the 3-oxo-group took place simultaneously:

\i)/\ﬁc _yeast ‘/JI:S/
HO N
Ho OH

(xim (xxv)

of\/\/

(XX Vi)
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3. Introduction of an Oxo-Group

Enzymic transformations of steroids sometimes include
the direct introduction of an oxo-group. For instance,
hydroxylation of Reichstein's substance S with C.blakes-
leeana®® also yields 20% of cortisone. If hydrocortisone is
used as substrate, there is no formation of cortisone?®,
As already mentioned #, an oxoderivative was also isolated
after incubation of 38-hydroxyandrost-4-en-17-one with
Rhizopus. All this can be taken as evidence that in certain
cases the formation of an oxo-group does not proceed via
oxidation of a hydroxyl group, but by direct oxidation of a
methylene group. Direct introduction is, however, not the
only way of the microbiological formation of an oxo-group.
Eroshin® showed that incubation of hydrocortisone (XV)
with a Cunninghamella elegans culture yields cortisone
(XVI), while under the same conditions Reichstein's sub-
stance S (IV) gives a mixture of hydrocortisone, epihydro-
cortisone, and cortisone. On incubating prednisolone
(XVII) and epihydrocortisone with C.elegans, Eroshin found
no such transformation products.

4. Oxidation of a Hydroxyl Group

In 1937 Mamoli and Vercellone® published a paper on the
oxidation (in Milan) of the 3B-hydroxy-group in dehydroepi-
androsterone (XXVII) with yeast. When, however, Mamoli
attempted to repeat this experiment in Berlin, using the
local yeast, no oxidation could be detected. He established
that the dehydrogenation of the hydroxyl group is carried
out by aerobic bacteria, which were contaminating the
Milan yeasts.

S = X
H (XXV1)

Hang and his collaborators® carried out a selective de-
hydrogenation of the 178-epimer of oestradiol by means of
Actinomycete species:

—Xr

Turfitt 92,9 described the microbiological dehydrogena-
tion of various steroids, including the oxidation of choles-
terol (XXXV) in 34% yield,

and of testosterone, to yield 47% androstenedione, by
means of Proactinomyces erythropolis.

Microbiological oxidation of the 38-hydroxy-group is
concomitant with the shift of the double bond from ring B
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into ring A. Incubation of corticosterone (XXVIII) with
Absidia regnieri ® gave 14a,21-dihydroxypregn-4-ene-
-3,11,20-trione (XXIX):

Ha0H CH,0H
H 0 0
A. regnieri
OH '
0ONF (XXVII) (XXIX)

No transformation products were detected on incubation of
epicorticosterone and hydrocortisone.

Oxidation of hydroxyl groups in positions 7 and 12 has
also been described®.

5. Dehydrogenation of the Steroid Skeleton

The discovery by Vischer and Wettstein? of microbio-
logical dehydrogenation by the Fusarium fungi was followed
by a number of papers and patents dealing with the micro-
biological dehydrogenation of steroids in the 1,2-position.
On incubation of the pregnane steroids, a simultaneous oxi-
dative degradation of the side-chain occurred:

°Q§J\M/” b

/ ~,

O F. solani

Vischer et al.?” carried out the dehydrogenation of
pregn-4-enes with F.solani and Calonectria decora, with-
out the concomitant degradation of the side-chain:

H,OH

F. solani Oﬂ
et i

According to a Japanese patent®, incubation of proges-
terone (II) with F.solani yields 30-50% of Al-dehydropro-
gesterone and 30-40% of androsta-1,4-diene-3,17-dione.
Degradation of the side-chain does not take place on incu-
bation with F.solani if the substrates contain a dihydroxy-
acetone radical in position 17.99

Skryabin and his group 19,191 incubated cortisone (XVI)
and hydrocortisone (XV) with a species of Mycobacterium
and obtained 75-80% of prednisone and prednisolone, re-
spectively.

Of special interest was the preparation of prednisolone
from Reichstein's substance S (IV) by a group of Japanese
workers. They first described the incubation of (IV) with
a species Pseudomonas bacteria, which yielded a mixture
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of 17a,208,21-trihydroxypregna-1,4-dien-3-one (XXX) and
118,17@,21-trihydroxypregn-4-ene-3,20-dione (XXXI), the
latter in very small yield only®*,

CH,OH
0
Hi
~-OH
(1vyPseudomonas +
(XXX1)

O

They also obtained 30% of prednisolone (XVI) from Reich-
stein's substance S using a Pseudomonas mutant obtained
by ultra-violet irradiation!®2, This example shows that the
formation of enzymic systems in microorganisms has a
certain flexibility, and that the methods of preparing mutant
strains has a great future and is worthy of a systematic
study.

It has already been indicated that unfortunately in many
cases microorganisms form not one, but several enzymic
systems, giving rise to different reaction products, or
attacking simultaneously several points in the steroid mole-
cule. In the last example, however, the combination of
Al-dehydrogenase and 11B3-hydroxylase was most advan-
tageous, allowing a one-stage conversion of substance S to
prednisolone.

According tothe paper of Vischer et al. mentioned above 82,
incubation of the racemate of aldosterone with Didymella
lycopersici results in the dehydrogenation of the compound
of natural configration only:

(’)H
OH
O—CH T
Dol ici
di o d © 1

Charney and his group!® prepared 95% of prednisone by
incubating cortisone with Corynebacterium simplex.

The 1,2-dehydrogenation is often accompanied by the re-
duction of a 20-oxo-group to a 208-hydroxy-group 1%¢:

H,OH CH,0H
H H
--OH .- OH

Calonectria
decora
~ 43%

It is interesting that oxidative degradation of the D ring,
yielding a lactone, often proceeds simultaneously with de-
CH,OH

hydrogenation 1
w OH M

Incubation of 2a,17B8-dihydroxyandrost-4-en-3-one 196
with Bacillus sphericus (ATCC 7055) gave 2a-hydroxy-
androsta-1,4-diene-3,17-dione. To make certain that the

Cylindrocarpon
radicola

50%

last compound is not an artefact, the same substrate was
incubated with a denatured culture of B.sphericus; it was
fully recovered after incubation.

There are cases of microbial steroid dehydrogenation
occurring at other positions in the molecule. On incubat-
ing 21-hydroxypregnane-3,20-dione (XXXII) with Prota-
minobacter alboflavum, Shull®” obtained 21-hydroxypregn-
-4-ene-3,20-dione (XXXIII), and on longer incubation,
21-hydroxypregna-1,4-diene-3,20-dione (XXXIV):

O (XXXH) (XXX11) (XXXIV)

On incubating 3B-hydroxyandrost-5-en-17-one with
F.solani, Vischer and Wettstein® obtained androsta-1,4-
-diene-3,17-dione.

The introduction of a double bond in position 7 of choles-
terol (XXXV) by incubation with a species of Azotobacter,
carried out by Horvath and Kramli'®®, was the first case of
microbiological introduction of a double bond into a steroid
molecule:

’ Azotobacter D/
H (XXXV)

Peterson and his collaborators!®® showed that incubation
of pregnane-3,11,20-trione and allopregnane-3,11,20-trione
with Septomyxa affinis (ATCC 6737) gives, respectively,
5-10% and 40-45% of derivatives dehydrogenated in the
1,2-position. This is yet another clear example of the dif-
ferent behaviour of cis- and trans-isomers of condensed
ring systems in microbiological reactions. The same work
dealt with incubation of 1738-hydroxy-19-norandrost-4-en-
3-one with S.affinis, which yielded 55% of oestrone and 129
of oestradiol. The absence inthis case of an angular methyl
group at position 10 resulted in the aromatisation of ring A,

On incubating A*-3-o0xo-19-norsteroids with Corynebac-
terium simplex, Kushinskii!!® obtained an aromatic A ring.
A small yield of a compound containing a hydroxyl group in
position 1 or 2 was also found among the reaction products.
This may well indicate that dehydrogenation proceeds via
hydroxylation and subsequent dehydration.

Peterson and his collaborators!!! found that aromatisa-
tion of 2a-methyl-19-norandrostan-17-one (XXXVI) with
Septomyxa affinis , was accompanied by hydroxylation:

(XXXVI) H

. affinis
TATCC 6737
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Djerassi and collaBorators!2 incubated 19-nor andro-
stan-4,7-diene-3,17-dione (XXXVII) with C.simplex, and
obtained 60% of equilin (XXXVII):

. o

(XXXVE) (XXXVEI)

On incubating 19-norhydrocortisone with Coryrebac-
terium simplex (ATCC 6946), Herzog and Nobile 1% ob-

tained the corresponding compound with an aromatic A ring.

A condition for the microbiological aromatisation of
ring A in steroids seems to be the absence of an angular
methyl group at position 10. Nonetheless, aromatisation
occurs simultaneously with the cleavage of the bond be-
tween carbons 9 and 10 when androstenedione (HI) is incu-
bated with Nocardia, apparently via a 9a-hydroxylation
stage!4:

M Nocardia M

(1)

6. Reduction

Microbiological reduction of steroids is also of wide-
spread occurrence, and in certain cases it has a great prac-
tical significance. As early as the thirties Mamoli and
Vercellone 725,115,118 carried out the following transforma-
tions of the C,, steroids with yeast:

s N vidvh

In their study of the microbiological transformations of
androstenedione (III) with Trichomonas gallinae (Protozoa)
Sebek and Michaels!!? established that incubation under
aerobic conditions induces the oxidation of the hydroxyl
group, while under anaerobic conditions it results in the
reduction of the oxo-group at C,,. Incubation of 38-hydroxy-
androst-5-en-17-one acetate with Penicillium notatum gave
79% of testosterone 8,

Many microorganisms are capable of the stereospecific

reduction of the 20~-oxo-group in various steroid substrates.

Schmidt -Thome %5 reduced selectively the 20-oxo-group of
hydrocortisone (XV) in 80% yield with a Streptomyces
species from the soil (S.hydrogenans):

H2OH
= H,OH
-+<OH HO—-H
S. hyd ans
ydrogen .OH

80%

Later !'® Schmidt-Thome established the specificity of
the action of S.hydrogenans upon the dihydroxyacetone
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group, since the incubation of progesterone (II) and deoxy-
corticosterone (VII) resulted in no change. This specifi~
city of action on the dihydroxyacetone group in the 17-posi-
tion has not been found in any other microbial species.
Peterson? reduced the 20-oxo-group in deoxycorticoste-
rone by incubation with a Streptomyces species.

The capacity to reduce the 20-oxo-group to form the
20B-hydroxy-group is characteristic of many species of
Actinomycete?®. Many other microorganisms, for in-
stance Curvularia lunata®*, Corynebactervium simplex 122,
Pseudomonas *?®, and Mycobacterium *241%  are also
capable of reducing the 20-oxo-group.

Peterson'?® reduced the aldehyde group in the 22-posi-
tion of bisnorchol-4-ene-3,22-dione (XXXIX):

H
ﬁcmon
(XXXIX)

Microorganisms can also carry out the hydrogenation of
double bonds. Hydrogenation of the At-double bond in
various steroids has been effected in high yields with

Bacillus putrificus '27:

Weisz and his collaborators 3¢ noticed that incubation of
deoxycorticosterone with Ophiobolus herpotrichus may in-
duce the hydrogenation of the double bond. Using Strepto-
myces griseus, Vischer and Wettstein recently!?® carried
out a stepwise reduction of a A*-3-oxo-steroid, firstintoan
unsaturated ketone, and then into an alcohol.

Pemc:llmm
_ lilacinum _

B. putrificus
D 5o—go%

m S. griseus Q/(j:b/
o : H H

H S, griseus f H
85%

{n

7. Hydrolysis

The microbiological saponification of acetyl groups
usually proceeds readily. It can be effected, for instance,
by means of Flavobacterium dehydrogenans*®®, or, as in
Suvorov's laboratory, using Bacillus megatherium, which
is specific in the deacetylation of 21-acetates 130

H,OH

B. megatherium
——-

+OH
90%

In many cases deacetylation proceeds alongside the main
reaction characteristic of the given microorganism.  Zet-
sche 13! showed that during incubation of the 21-acetate
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derived from Reichstein's substance S with Curvularia
lunata the rate of deacetylation exceeds the rate of hydro-
xylation of substance S, and that only the saponified diol is
capable of undergoing hydroxylation. This is consistent
with the results of Eroshin and Krasil'nikov®® who incubated
hydrocortisone 21-acetate with Cunninghamella elegans.

Certain microorganisms produce enzymes capable of
hydrolysing steroid saponins to sapogenins and sugar 132,

8. Cleavage of Carbon-Carbon Bonds

It has already been mentioned!® that certain microbio-
logical reactions, especially dehydrogenation, may be
accompanied by the modification of the steroid D ring to a
lactone. Microbiological formation of lactones can also
proceed independently. Capek and his collaborators!3?
used microorganisms such as Aspergillus ovizae, A.cheva-
lievi, Penicillium citrium, etc. to carry out progesterone
transformations according to the following scheme:

s T

Microbiological degradation of the side chain in preg-
nane steroids, resultingin a 17-oxo- or 178-hydroxy-group,
is quite common. By incubating progesterone (II) with
Cylindvocephalum aureum QM 610, Shull and Routien!3¢ ob-
tained a mixture of androstenedione (III) and testosterone
(XX). On incubating progesterone with Neocosmospora
vasinfecta, they obtained 69% of testosterone!3s. Several
other microorganisms are capable of inducing such degra-
dation of the side chain?!®6.

A paper appeared quite recently on the microbiological
formation of steroid 173-acetates. Incubation of proges-
terone with Cladosporium resinae®’ gave androstenedione,
testosterone, and testosterone acetate:

(XX)

an C. resinae -

Under the same conditions testosterone does not form
testosterone acetate. Using [21-*4C Jprogesterone, it was
shown that the formation of testosterone acetate is in fact
an intermediate step in the degradation of the side chain.

This path of the microbiological formation of acetates
is obviously not the only one possible. Incubation of an-
drostenedione (III) with Saccharomyces fragilis (ATCC
100222) 138 resulted in a mixture of testosterone and testo-
sterone acetate. In this case it is difficult to guess the
source of carbon used in the formation of the acetoxy-group.

The 21-acetates were isolated in high yields after incu-
bation of 16a,17a-isopropylidenedioxysteroids with Tricho-
derma glaucum (Lederle No. Z-636)1%.  The yield of the

corresponding 21-acetate obtained from 113,21 -dihydroxy-
-16a,170-isopropylidenedioxy-9a-fluoropregn-4-ene-3,20-
-dione (L) was 70%:

Trichoderma
glaucum

Incubation of steroids not containing the 16a,17a-isopro-
pylidenedioxy-group with the same culture gave no acetyla-
tion products.

Among papers describing the cleavage of a carbon-carbon
bond in the steroid skeleton that of Schubert and his colla-
borators 49 is worthy of note. On the basis of their kinetic
data, they suggested the following scheme for the transfor-
mations of 3B-hydroxyallopregnan-17-one (LI) induced by
Mpycobacterium smegmatis:

M. smegmatis
q /
HO TN (LD) )
FOGad O
—_— — —_—
OH

This mechanism for the opening of the B ring of the steroid
skeleton has been confirmed by the work of Dodson and
Muir 114,141,142

Theisolation3? of a D-homosteroid after the incubation of
17a-hydroxyprogesterone (XXII) with Aspergillus niger is
rather curious:

o (XXI1)

No less so is the formation of a D-homosteroid on incuba-
tion of triamcinolone (LII) with Streptomyces roseochromo-
genus:

Goodman and Smith144»1% recently proved that D-homo-
-isomerisation in this case is caused by an excess of iron
ions in the incubation medium, and not by the biological
processes involved.

III. SOME ASPECTS OF THE MECHANISMS INVOLVED
IN MICROBIOLOGICAL REACTIONS OF STEROIDS

There is no doubt whatsoever that the microbiological
transformations of steroids are caused by the enzymic sys-
tems produced by the microorganisms. Such systems con-
tain several enzymes, each being responsible for one
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definite step in the reaction. In certain cases the enzymes
involved have been obtained in a reasonably pure state.

The Talalay team is carrying on a systematic study of en-
zymes from the soil bacterium Pseudomonas testosteroni,
which is capable of oxidising testosterone (XXVI) to andros-
tenedione (IIl)*4¢, They isolated 38-, and 178-dehydro-
genases 147, and A'- and A*-5a-dehydrogenases 18 of high
purity. In 1960 a paper appeared reporting the crystallisa-
tion of A°~3-0x0- and A*-3~o0x0-isomerases 149,

The reason why microorganisms cause transformations
in the steroids they come in contact with appears incom-
prehensible at first sight. In the overwhelming majority
of cases microorganisms do not require steroids as food
and they are perfectly capable of carrying out their meta-
bolic functions in the absence of steroids. It is true that
certain microorganisms contain and metabolise sterols?s°,
but their formation has no connection with the enzymes in-
volved in steroid transformations. Vischer and Wettstein 5
showed that the ergosterol isolated from 11a-hydroxylating
fungiof the Rhizopus species does not contain any 11-hydroxy-
-derivatives. Work done in recent years has thrown some
light onthis subject. Capek 152,153 established that the intro-
duction of steroids, e.g. progesterone, into a culture of
Rh. nigricans growing in a nutrient medium suspends the
growth and respiration of the microorganism during the
transformation of the progesterone into 11@-hydroxyproges-
terone, while the introduction of 11a@-hydroxyprogesterone
has no such effect. Lester !¢ showed that the growth of
Neocosmospora crassa is inhibited by the addition of de-
oxycorticosterone into the culture medium. Maxwell and
his collaborators 55 found that the addition of steroids (an-
drostenedione, deoxycorticosterone, progesterone, and
androstanedione), in a concentration of 0.13 mgml~!, inhi-
bits the growth of Saccharomyces fragilis. Androstene-
dione is thereby transformed into testosterone acetate. It
could be therefore that certain steroids act as poisons for
a given microbial species, which subsequently adapt them-
selves by producing enzymes capable of catalysing the
transformation of the steroids into a non-toxic form. There
are also indications that the microorganism absorbs the
steroid and discharges its transformation products into
the culture medium 146,51,

The work of Talalay 47, Peterson!®®, and some others
has shown the adaptive character of the formation of en-
zymes capable of transforming steroids.

A great deal of interesting information which would help
in explaining the enzymic mechanism of the biological
steroid transformations could be expected from studies of
the “fine” structure of enzymic reactions, the role of co-
factors, and so on. Unfortunately, consideration of such
work, e.g. Refs.157 and 158, is outside the scope of this
review. For detailed information about this subject, the
reader is referred to the interesting review by Vischer and
Wettstein®®; only a few most recent communications will
be considered here. Hiibener and Lehmann®® established
that the reduction of 20-oxo-steroids by the action of an
enzyme isolated from Streptomyces hydrogenans requires
the presence of diphosphopyridine nucleotide and proceeds
as follows:

M—OH
c=0 HO—C—

H
?...OH + DPNH+HY —= «-on + DPN*.

A stoichiometeric amount of DPN is thereby oxidised.

H,C—OH

304

It is remarkable that 2,4-dinitrophenol, which acts as an
inhibitor of the most diverse processes in a living organ-
ism (processes associated with energy transfer), has no
effect, even in large concentrations, on the hydroxylation
of progesterone induced by Curvularia lunata'®.

In their study of the 7o-, 11@-, and 11B-hydroxylations
of labelled steroids Peterson and his collaborators 161,162
showed that the Walden inversion did not take place in the
process, and that the hydroxyl group assumed the position
of the hydrogen atom, thus leaving the configuration un-
changed:
OH

Fh. nigricans ’j;g\mA'f
———————r 3

Schmidt-Thome and his collaborators % found that the
addition of small amounts of a Rx. nigricans culture to the
culture medium duringthe dehydrogenation of corticosteroids
with Bacillus subtilis increases the yield of A'-dehydro-
-derivatives, although Rh.nigricans itself is incapable of
inducing dehydrogenation. It was alsofound that the addition
of small amounts of certain steroids favours dehydrogenation.
Murray % found that the addition of 0.1 mg of progesterone
per 20 mg of cortisone undergoing dehydrogenation with
Septomuxa affinis had a favourable effect on the reaction.
The additives may possibly play a role of cofactors cata-
lysing the hydrogen transfer in the substrate-enzyme sys-
tem.

Zetsche'® made a thorough investigation of steroid
hydroxylations with 15 strains of Curvularia, and showed
by experiments with filtered mycelial mass that the native
liquid of Curvularia does not contain steroid hydroxylases.
From a study of the effect of the addition of NaCN, NaN,,
2,4-dinitrophenol, and NaF, he concluded that hydroxyla-
tion with Curvularia requires enzymes containing heavy
metals, capable of catalysing the transfer of molecular
oxygen to the steroid molecule. Hydroxylation requires
Fe* ions, while Cu®* ions are hardly needed at all.

From the difference in the effect on hydroxylation of
various vitamins such as nicotinamide, pantothenyl alcohol,
and vitamins B,, B,, and By, Zetsche concludes that hydro-
xylation is catalysed by flavin enzymes. According to
him, the strongly lipophilic steroids block the active cell
centres of the microorganism, and as hydroxylation lowers
the lipophilic nature of the steroid, it consequently serves
as a protective function of the microorganism. Hydroxyl-
ases from Curvularia are not produced by adaptation to
steroids, and Zetsche accounts for their presence by the
fact that under natural conditions the microorganism has
to protect itself from similar, although non-steroid, lipo-
philic material.

A brief mention may be made of the interesting oxidation
in systems modelling the multienzyme systems of micro-
organisms. A system consisting of ascorbic acid, iron
sulphate, and molecular oxygen in pH 7.2 phosphate buffer,
at 37°, acts upon Reichstein's substance S by inducing
stereospecific hydroxylation, similar to the biological one,
followed by the oxidation of the hydroxyl to an oxo-group!6é:

CH,OH
: 0, ~Fe?*

H
*~*OH ascorbic acid +
1h
12.6% 13%
poce

11.4%
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In concluding this section, it must be emphasised that,
although microorganisms are capable of effecting a wide
variety of transformations of various substrates, in certain
cases they also display high specificity. Incubation of
Reichstein's substance S with Bacillus megatherium yields
50% of the 15B-hydroxy-derivative, although such deriva-
tives could not be obtained from prednisone and predniso-
lone®, Absidia regnieri cultures oxidise the 113-hydroxy-
-group and introduce a 14o-hydroxy-group into cortico-
sterone, but are without effect on epicorticosterone and
hydrocortisone®. Synceyphalostrum racemosum induces
hydroxylation of progesterone at the 7Ta~, 14a-, and 1583~
-positions, but has no effect on hydrocortisone and 68-,
11a-dihydroxyprogesterone even on prolonged incubation 2.
These are only a few from a long list of such examples.

1IV. APPLICATION OF MICROBIOLOGICAL REACTIONS

It is evident from this brief survey of the microbio-
logical steroid transformations that there are prospects of
many such reactions being used in the steroid hormone
industry. Many are already being used as intermediate
stages in the production of hormones. In the Soviet Union
11a-hydroxyprogesterone is obtained on a semiindustrial
scale by incubation of progesterone with Rh. nigricans ¢7.
Microbiological 118-hydroxilation is of great industrial
importance, since introduction of an oxygen-containing func-
tional group in the 11-position by chemical means is extre-
mely complicated. Hydroxylation of steroids in positions
16 and 21, and dehydrogenation in the 1,2-position,
makes it possible to obtain highly active hormone prepara-
tions. “Chemical” dehydrogenation by meangsof SeO,
yields hormones contaminated with selenium, which rules
out their clinical application. Microbial dehydrogenation
competes with the chemical reaction not only in this re-
spect, but also as regards yield.

Industrial application of microbiological reactions is
partly limited by the need to use large amounts of solvents
to separate steroids from the fermentation broth, but this
could be overcome by the development of a technological
process for their recovery.

Of great interest to industry are reactions with mixed
microbial cultures, which are able to induce hydroxylations
at different positions of the molecule in one stage.

On incubating progesterone with three microbial species
simultaneously, ¢.e. Wojnowicia graminis, Trichoderma
viridae, and Curvularia lunata, McAleer 1% obtained.
hydrocortisone:

H,OH

-+-OH

() ——

(xv)

The significance of microbiological reactions is not
limited to their industrial application. In the last few
years they have often been used by chemists in synthetic
projects in cases when they increased the yield of a parti-
cular stage, or helped to reduce the number of stages. In
their synthesis of 16a-hydroxy-9c«-fluoro-steroids Bern-
stein and his collaborators!® chose microbiological de-

hydrogenation in preference to dehydrogenation by SeO,,
thus increasing the yield of that stage from 13.5 to 41.2%:

H,0Ac

H,0A

¢ 1. acetylation
2. CH,CONHBr

0s0, ..OH uélo, -OAc
o “+OH
1. CH,CO0K 1. HF HO Se0,(13.5%)
2. acetylation 2, acetylation or
Nocardia .
corallina
(41.2%)

On incubating A -steroids with Corynebactevium sim-
plex, they obtained the 98,118-epoxide:

H0H

-OH C. simplex
————e

“‘OH

This is only one of many examples of this kind.

Microbiological reactions are very important in estab-
lishing the structure of new natural and synthetic steroids.
For instance, Fried!? demonstrated the structure of 16a-
-hydroxyprogesterone by its conversionto 16a-hydroxytesto-
sterone, after the microbiological degradation of the side
chain. To prove the structure of 14a-hydroxyprogesterone,
it was converted by a microbial reaction to 14a-hydroxyan-
drost-4-en-3,17-dione. Neher and Wettstein!™ employed
microbial reactions for establishing the structure of com-
pounds isolated from adrenal steroids, e.g. 6B8-hydroxycor-
ticosterone, 19-hydroxycorticosterone, etc. Talalay and
Hurlock used purified steroid dehydrogenases for analy-
tical assay of steroids in urea™,
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The method of nuclear magnetic resonance (NMR) was
applied to polymers shortly after its discovery’,. Since
reliable and comparatively simple NMR spectrometers have
become available in many countries, the number of experi-
ments in this field is increasing rapidly.

The NMR method is especially valuable in its application
to the investigation of stereospecific polymers and in the
study of microstructure and molecular motion in poly-
mers 3-8,

The purpose of the present review is to discuss the main
trends in the investigation of high polymers by means of
NMR. We assume that the reader is familiar with the
principles of the method which is described in books 7~18
and in review articles published here!4-2° and abroad ? -2,
Reviews discussing the application of the NMR method to
polymers have also been published 38,

In discussing NMR phenomena in polymers we must keep
in mind certain special features of structure and properties
of polymeric substances. There are two structural units
in polymers, namely chain molecules and repeat (mono-
meric) units; “superstructures” can also be formed?37,%8,

In the crystalline polymers there are non-ordered non-
-crystalline regions, non-crystallised packets, so that it is
possible to have a “gaslike” structure withthe chain centres
forming crystalline domains with random orientation®. In
glasslike polymers individual structural units may retain
freedom of reorientation down to very low temperatures. A
polymer in a viscoelastic statesmay be considered glasslike
as far as whole chain molecules are concerned but liquid-
like if only individual units are considered. Obviously the
spectrum of a solid polymer will then be like that of a crys-
tal or a liquid, depending on experimental conditions.

A very important property of polymers, which has to be
taken into account when discussing the NMR data, is the
complex nature of their relaxation processes. Dielectric
and dynamic-mechanical measurements show that polymers
do not have a single correlation frequency of molecular
motion but rather a distribution of frequencies which in
certain cases may be very broad. Therefore, the simple
theory of nuclear magnetic relaxation, whose applicability
to small molecule substances has been confirmed in many
cases, may be applied to polymers only with reservations;
sometimes this simple theory is not even in qualitative
agreement with experiment.

The results obtained for the longitudinal, 7,, and the
transverse, T,, relaxation times in polydimethylsiloxane %



