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Microbial hydroxylation of 2-oxatestosterone
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Abstract

An investigation has been undertaken of the microbial biotransformation of 2-oxatestosterone by microorganisms known
to hydroxylate conventional steroids, using Aspergillus ochraceus, Bacillus megaterium, CurÕularia lunata and Rhizopus
arrhizus. A. ochraceus and B. megaterium gave products of 11a- and 15b-hydroxylation, respectively. Biotransformation
by C. lunata gave C-11b- and C-14a-hydroxylated products, whereas R. arrhizus produced only the 6b-hydroxy derivative.
q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The hydroxylation of steroids by fungal or
bacterial biocatalysts has been known for many

w xyears 1,2 . This procedure remains one of the
most useful preparative methods for the intro-
duction of hydroxyl groups at sites of the steroid
nucleus remote from other functionality, and the
value of microbial steroid hydroxylation in the
preparation of pharmacologically active steroids
is well-established. However, although the in-

Ž .troduction of a heteroatom O, N, or S in place
of a carbon in the steroid skeleton results in

w xnotable modifications of biological activity 3 ,
the potential pharmacological properties of hy-
droxylated derivatives of heterosteroids remains
largely unexplored as microbial transformations
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of ring heteroatom-substituted steroids have not
been systematically studied. Although the hy-
droxylation of some 17-aza-D-homosteroids in

w xlow yields by Cunninghamella elegans 4 and
the 11a-hydroxylation of 4-aza-5a-pregnane-

w x3,20-dione by Aspergillus ochraceus 5 have
been reported, no microbial hydroxylations or
other biotransformations of oxasteroids appear
in the literature, and the effect on the outcome
of microbial hydroxylation reactions of the pres-
ence of an oxygen heteroatom in the substrate
has not been systematically examined.

In view of this, the valuable pharmacological
w xproperties of 2-oxasteroids 6,7 , and the fact

that such compounds can be readily converted
Žto 2-azasteroids themselves possessing unique

w x.physiological properties 8 by simple treatment
w xwith aqueous ammonia 6,9 , we have under-

taken a study of the biotransformations of 2-
Ž .oxatestosterone 1 by the fungi Aspergillus
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ochraceus, Bacillus megaterium, CurÕularia lu-
nata and Rhizopus arrhizus, microorganisms
known to be efficient hydroxylators of conven-
tional steroids at the pharmacologically signifi-
cant C-11a , C-15b, C-11b, and C-6b positions,

w xrespectively 10,11 .

2. Results and discussion

Ž .2-Oxatestosterone 1 was prepared by the
w x 13method of Frimer et al. 7 . The C NMR data

for this compound and for its biotransformation
products are summarised in Table 1. Biotrans-
formation of 1 by A. ochraceus, summarised in
Table 2, afforded a single product in 82% iso-
lated yield, identified as the 11a-hydroxy
derivative 1a by spectral analysis. This and
other products described below were identified
by spectral analysis, in particular by the charac-
teristic 1H NMR shifts of their C-18 and C-19
methyl groups produced by hydroxylations at

w xC-6b, C-11a , C-11b, C-15b 12 , or C-14a

w x13 , and by characteristic shifts of a , b, g, and

d carbons in their 13C NMR spectra, reported in
w xTable 1 13,14 . A. ochraceus is known to

convert a variety of androstanes and pregnanes
w xto their 11a-hydroxylated derivatives 15–17 ,

and the formation of 1a therefore serves to
extend the range of substrates usefully hydrox-
ylated by this microorganism.

Biotransformation of 1 by B. megaterium
Ž .Table 2 gave a mixture of products, including
some in which the C-17b alcohol group had
been oxidised to carbonyl. Two products of 15b

hydroxylation, diol 1b and ketoalcohol 2a, were

Table 1
13C NMR shifts of substrate 1 and products 1a–2b

C Compound

w x1 7 1a 1b 1c 1d 1e 2 2a 2b

1 77.4 78.4 76.9 77.6 77.4 77.4 77.2 77.2 78.2
3 165.2 165.7 164.6 164.9 164.5 164.8 164.9 164.9 164.6
4 113.9 114.5 113.0 112.4 114.0 115.8 114.3 114.3 115.2
5 168.3 168.8 168.4 169.8 167.5 166.5 167.3 167.2 166.0

a a a a6 30.9 30.8 30.3 31.3 30.7 69.1 31.0 31.2 70.2
a a a a7 30.6 30.4 30.2 30.5 25.6 37.2 30.9 30.6 36.9

8 35.3 34.9 29.9 30.3 38.7 29.9 35.3 30.0 31.0
9 49.7 55.9 49.5 52.0 42.8 49.0 49.6 50.0 49.4

10 38.3 39.6 37.9 39.1 38.4 37.7 38.3 38.5 38.4
11 21.6 68.3 21.0 68.4 20.7 21.2 21.3 21.2 21.2

a12 36.5 47.8 37.5 46.6 33.4 36.1 30.7 32.8 30.6
13 43.0 44.0 42.9 42.2 47.3 42.6 47.7 47.4 47.4
14 50.6 50.1 54.8 53.0 83.4 50.1 51.0 55.1 51.2
15 23.8 23.6 67.9 23.9 29.8 23.2 22.1 67.4 21.8

a16 31.0 31.8 41.9 32.3 28.7 28.9 35.9 46.9 35.8
17 81.8 81.1 80.4 82.4 78.9 80.8 220.2 219.0 220.1
18 11.4 12.6 13.3 13.8 15.1 11.0 14.0 17.9 13.8
19 16.9 17.2 16.2 19.8 16.7 18.5 16.8 16.7 18.8

aSimilar shifts may be interchanged in vertical columns.
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Table 2
Ž .Summary of biotransformations of 2-oxatestosterone 1

Ž .Microorganism Product hydroxylation site
Ž .percentage yield

Ž .Ž .A. ochraceus 1a 11a 82

Ž .Ž .B. megaterium 1b 15b 30
Ž .Ž .2 y 15
Ž .Ž .2a 15b 35
Ž .Ž .2b 6b 2

Ž .Ž .C. lunata 1c 11b 35
Ž .Ž .1d 14a 40

Ž .Ž .R. arrhizus 1e 6b 59

thus isolated, together with a small amount of
the 6b alcohol 2b. Although 15b hydroxylation
is the predominant reaction reported for B.
megaterium with steroidal substrates, hydroxyl-
ation at C-6b of D

4-3-ketosteroid substrates has
w xalso been previously observed 18 .

C. lunata is an efficient 11b-hydroxylator of
w xsteroidal substrates 19 , and is also known to

w xcarry out the 14a-hydroxylation reaction 20 .
Both activities were observed in the present
study, with the 11b-alcohol 1c and the 14a-al-
cohol 1d being formed in approximately equal
amounts, as summarised in Table 2.

The regio-and stereoselectivities of steroid
hydroxylations by R. arrhizus are known to
depend on the structure of the substrate; satu-
rated 5a-androgens are hydroxylated at C-6a ,

Ž . w xC-7a , C-7b, and C-11a inter alia 21 ,
w x 4whereas, for mechanistic reasons 22 , D -3-keto

substrates are hydroxylated predominantly at
w xC-6b 23 . The latter mode of reaction was

exclusively observed in the present case, where
the 6b-hydroxylated derivative 1e was obtained
as the sole product in 59% isolated yield.

None of the biotransformations discussed
above has been optimised, but the processes are
readily amenable to the routine scale-up and
optimisation procedures already developed for

w xmicrobial steroid hydroxylations 24,25 , and
the organisms used are well-characterised com-
mercial strains that have previously been exten-

sively examined for use in the hydroxylation of
conventional steroids by the investigation of

wsuch techniques as cell immobilisation 24,26–
x28 and the application of organic solvent

w xmethodology 28 . The hydroxylations of 2-
oxatestosterone reported herein are therefore of
potential preparative utility. They are also of
value in that they extend the range of substrates
known to be efficiently hydroxylated by the
biocatalysts used, in addition to providing a
possible entry into the preparation of analogous
hydroxyazasteroids by substitution of the het-

w xeroatom 6,9 .
The observation that microbial hydroxyl-

ations of 2-oxatestoterone proceed at sites iden-
tical to those observed for hydroxylations of
analogous carbocyclic steroids by the same mi-
croorganisms is also significant as it implies
that, in contrast to some other microbial hydrox-

Žylations notably those of aromatic hydrocar-
. w xbons by Mortierella isabellina 29 , the pres-

ence of an oxygen heteroatom in the substrate
has no directing influence on the outcome of the
hydroxylation of a steroidal substrate. The gen-
erality of this statement remains to be estab-
lished by investigation of the microbial hydrox-
ylation of other heterosteroids by a wider range
of microbial biocatalysts.

3. Experimental

3.1. Apparatus, materials, and methods

Melting points were determined on a Kofler
heating stage. Infrared spectra were recorded
with an ATI Matson Research Series FT spec-
trometer. The NMR spectra were recorded at

Ž1 . Ž13 .300 MHz H or 75 MHz C with a Bruker
Avance series 300 spectrometer using CDCl as3

solvent and CHCl as internal standard. EI mass3

spectra were obtained with a Kratos 1S instru-
ment. Thin layer chromatography was per-
formed on Merck silica gel 60F-254 and column
chromatography used silica gel, 230–400 mesh.
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3.2. Maintenance and growth of microorgan-
isms

Ž .A. ochraceus ATCC 18500 NRRL 405 was
maintained on Czapek agar slopes, grown at
248C, stored at 48C and grown in submerged
culture at 248C in a medium composed of glu-

Ž . Ž . Ž .cose 5 g , malt extract 1 g , beef extract 1 g ,
Ž . Ž .yeast 1 g and cornsteep liquor 1 ml per liter

of distilled water, adjusted to pH 5.5 prior to the
Ž .addition of sucrose 2 grl . B. megaterium

ATCC 13368 was maintained on nutrient agar
slopes at 308C and grown in submerged culture

Žat 308C in a medium composed of soytone 15.5
. Ž .g and yeast extract 40 g per liter of distilled

water, adjusted to pH 6.2. C. lunata ATCC
12017 was maintained on rabbit food agar slopes
Ž .ATCC medium no. 340 , grown at 278C and
stored at 48C; this fungus was grown in sub-
merged culture at 278C in a medium composed

Ž . Ž .of sucrose 10 g , tryptone 10 g , sodium ni-
Ž . Ž .trate 2 g , magnesium sulfate 0.5 g , potas-

Ž . Ž .sium chloride 0.5 g , ferrous sulfate 0.1 g ,
Ž .dibasic potassium phosphate 1 g and calcium

Ž .carbonate 0.25 g per liter of distilled water. R.
arrhizus ATCC 11145 was maintained on malt
agar slopes, grown at 278C, stored at 48C, and
grown in submerged culture at 278C in a medium

Ž . Ž .composed of glucose 40 g , peptone 20 g and
Ž .corn steep liquor 5 ml per liter of distilled

water.

3.3. Biotransformation procedures

3.3.1. A. ochraceus, R. arrhizus
Fungi were grown in the media specified

Žabove 200 ml in each of the five 1-l Erlen-
.meyer flasks , placed on a rotary shaker at 180

rpm for 72 h. The fungal mass was then col-
lected by filtration, washed with water and re-
suspended in five 1-l Erlenmeyer flasks, each
containing 200 ml of distilled water. A solution

Ž . Ž .of substrate 0.3 g in 95% ethanol 10 ml was
added to the flasks, which were then replaced
on the rotary shaker at 180 rpm, 278C, for 48 h.
After this time, the biotransformation medium
was collected by filtration and extracted with

dichloromethane by continuous extraction for
72 h. The extract was evaporated, and subjected
to chromatography using dichloromethaner
methanol gradient elution.

3.3.2. B. megaterium
B. megaterium was grown in the medium

Žspecified above 200 ml in each of the five 1-l
.Erlenmeyer flasks , placed on a rotary shaker at

180 rpm for 72 h. The cells were then collected
by centrifugation and then resuspended in five
1-l Erlenmeyer flasks, each containing 200 ml
of 0.1 M phosphate buffer, pH 7.24. A solution

Ž . Ž .of substrate 0.3 g in 95% ethanol 10 ml was
added to the flasks, which were then replaced
on the rotary shaker at 180 rpm, 278C, for 48 h.
After this time, the cells were again removed by
centrifugation, and the medium was extracted
with dichloromethane by continuous extraction
for 72 h. The extract was evaporated, and sub-
jected to chromatography as outlined above.

3.3.3. C. lunata
Biotransformations with C. lunata were per-

formed as described above for A. ochraceus
and R. arrhizus, with the biotransformation pe-
riod reduced to 12 h.

3.4. Biotransformation products

Spectral data for isolated products are listed
below. All products gave infrared spectra con-

Žsistent with the proposed structures C-3 C5O
at 1700–1715 cmy1, C-17 C5O at 1740–1745

y1 y1 w xcm , OH at 3400–3500 cm 7 . Yields are
reported in Table 2.

11a ,17b-Dihydroxy-2-oxa-androst-4-en-3-
( ) 1one 1a ; m.p. 200–2028C; H NMR included

Ž . Žsignals at d 0.84 3H, s, C-18H , 1.34 3H, s,
. Ž . ŽC-19H , 3.75 1H, t, C-17aH , 4.04 1H, m,
. Ž .C-11bH , 4.08 and 4.97 2H, ABq, C-1H and

Ž . 13 Ž .5.71 1H, s, C-4H ppm; C NMR Table 1 ;
Ž . Ž . Ž . Ž . Ž .MS mrz % 306 14 , 288 6 , 276 8 , 164 30

Ž .relative to 84 100 .
15b ,17b-Dihydroxy-2-oxa-androst-4-en-3-

( ) 1one 1b ; m.p. 238–2408C; H NMR included
Ž . Žsignals at d 1.07 3H, s, C-18H , 1.34 3H, s,
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. Ž .C-19H , 3.60 1H, t, C-17aH , 4.03 and 4.26
Ž . Ž .2H, ABq, C-1H , 4.28 1H, t, C-15aH , and

Ž . 13 Ž .5.71 1H, s, C-4H ppm; C NMR Table 1 ;
Ž . Ž . Ž . Ž . Ž .MS mrz % 306 8 , 288 6 , 262 4 , 234 11

Ž .relative to 66 100 .
11b ,17b-Dihydroxy-2-oxa-androst-4-en-3-

( ) 1one 1c ; m.p. 213–2158C; H NMR included
Ž . Žsignals at d 1.04 3H, s, C-18H , 1.48 3H, s,

. Ž .C-19H , 3.63 1H, t, C-17aH , 4.18 and 4.40
Ž . Ž .2H, ABq, C-1H , 4.22 1H, m, C-11aH , and

Ž . 13 Ž .5.65 1H, s, C-4H ppm; C NMR Table 1 ;
Ž . Ž . Ž . Ž .MS mrz % 306 38 , 288 69 , 273 22 ,

Ž . Ž . Ž . Ž .259 42 , 243 54 , 214 60 relative to 55 100 .
14a ,17b-Dihydroxy-2-oxa-androst-4-en-3-

( ) 1one 1d ; m.p. 196–1988C; H NMR included
Ž . Žsignals at d 0.92 3H, s, C-18H , 1.26 3H, s,

. Ž .C-19H , 4.07 and 4.25 2H, ABq, C-1H , 4.33
Ž . Ž .1H, t, C-17aH , and 5.70 1H, s, C-4H ppm;
13 Ž . Ž . Ž .C NMR Table 1 ; MS mrz % 306 5 ,

Ž . Ž . Ž .288 30 , 273 100 , 243 23 .
6b ,17b-Dihydroxy-2-oxa-androst-4-en-3-one

( ) 11e ; m.p. 255–2598C; H NMR included sig-
Ž . Žnals at d 0.82 3H, s, C-18H , 1.42 3H, s,

. Ž .C-19H , 3.67 1H, t, C-17aH , 4.02 and 4.24
Ž . Ž .2H, ABq, C-1H , 4.40 1H, t, C-6aH , and

Ž . 13 Ž .5.84 1H, s, C-4H ppm; C NMR Table 1 ;
Ž . Ž . Ž . Ž .MS mrz % 306 100 , 288 14 , 277 8 ,

Ž .229 15 .
( )2-Oxa-androst-4-ene-3,17-dione 2 ; m.p.

Ž w x .177–1808C Ref. 30 , m.p. 178–1838C ;
1 ŽH NMR included signals at d 0.92 3H, s,

. Ž .C-18H , 1.25 3H, s, C-19H , 4.02 and 4.25
Ž . Ž .2H, ABq, C-1H , and 5.71 1H, s, C-4H ppm;
13 Ž . Ž . Ž .C NMR Table 1 ; MS mrz % 288 13 ,

Ž . Ž . Ž . Ž .273 3 , 258 10 , 243 8 relative to 66 100 .
15b-Hydroxy-2-oxa-androst-4-ene-3,17-di-

( ) 1one 2a ; m.p. 209–2128C; H NMR included
Ž . Žsignals at d 1.24 3H, s, C-18H , 1.30 3H, s,

. Ž .C-19H , 4.03 and 4.26 2H, ABq, C-1H , 4.62
Ž . Ž .1H, t, C-15aH , and 5.73 1H, s, C-4H ppm;
13 Ž . Ž . Ž .C NMR Table 1 ; MS mrz % 304 100 ,

Ž . Ž . Ž . Ž .286 16 , 271 14 , 260 23 , 191 85 .
6b-Hydroxy-2-oxa-androst-4-ene-3,17-dione

( ) 12b ; m.p. 215–2178C; H NMR included sig-
Ž . Žnals at d 0.96 3H, s, C-18H , 1.45 3H, s,

. Ž .C-19H , 4.02 and 4.26 2H, ABq, C-1H , 4.48

Ž . Ž .1H, t, C-6aH , and 5.88 1H, s, C-4H ppm;
13 Ž . Ž . Ž .C NMR Table 1 ; MS mrz % 304 100 ,

Ž . Ž . Ž .286 8 , 259 5 , 230 9 .
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