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a b s t r a c t

Biotransformation of androst-4-ene-3,17-dione (1), 3�-hydroxypregnan-5-en-20-one (pregnenolone, 2),
3�-hydroxyandrost-5-en-17-one (DHEA, 3) and estradiol (4) was investigated with fungus of Gelasi-
nospora retispora. Biotransformation of 1 gave 11�-hydroxyandrost-4-ene-3,17-dione (5) in good yield.
In the case of compound 2, three compounds, DHEA (3), 3�,17�-dihydroxyandrost-5-ene (6) and
3�,15�-dihydroxyandrost-5-en-17-one (7) were obtained. Moreover, DHEA (3) was converted to 3�,7�-
dihydroxyandrost-5-en-17-one (8) and 3�,11�-dihydroxyandrost-5-ene-7,17-dione (9). And it was
eywords:
ndrost-4-ene-3,17-dione
regnenolone
HEA
stradiol
ydroxylation

found that biotransformation of 4 affords 6�-hydroxyestradiol (10).
© 2010 Elsevier B.V. All rights reserved.
iotransformation
elasinospora retispora

. Introduction

From the viewpoint of green chemistry, biotransformations
onstitute an important method in organic chemistry. This tech-
ique has been widely used for the transformation and synthesis
f steroids [1]. Since 1950s the biosynthesis and conversion of
teroids by microorganisms have been studied [2,3]. These studies
howed that they can perform the oxidation–reduction reaction
nd decomposition reaction of steroids. In particular, hydroxy-
ations are one of the key reactions of steroid compounds in

icroorganisms. They have been reported as more important reac-
ions since discovery of the therapeutic value of cortisone [4],
nd 11�-hydroxylation of progesterone by Rhizopus arrhizus. Many
xamples of 11�-hydroxylation for biotransformation have been
escribed in the literature [3]. One of the principal biotransforma-
ions is 11�-hydroxyprogesterone by R. nigricans [5]. Moreover, the
ossibility for the introduction of one or more hydroxyl group at
ifferent positions of steroid nucleus was studied [6–14]. On the

ther hand, hydroxylation at C-15 position by various microor-
anisms has been reported [13–15]: for example, Gubler et al. and
l-Aboudi et al. reported that C-15� position was hydroxylated by

he genus Fusarium and C-15� position by the genus Aspergillus.

∗ Corresponding author. Tel.: +81 98 895 8892; fax: +81 98 895 8892.
E-mail address: rohisa55@yahoo.co.jp (M. Koshimura).

381-1177/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcatb.2010.07.008
These developments were widely applicable for steroidal industrial
fields [16].

About 1500 species, containing Streptomyces, Aspergillus and
Penicillium, of fungi have been studied about conversion of steroid.
Moreover, it is necessary to inquire about much more microorgan-
isms to develop the inexpensive industrial production of steroidal
drugs. However, there is only very little information on the bio-
transformation of steroid using the genus Gelasinospora [17]. Here,
we report on the transformation of androst-4-ene-3,17-dione (1),
pregnenolone (2), DHEA (3) and estradiol (4) by Gelasinospora
retispora.

2. Experimental

2.1. Materials and methods

NMR spectra were recorded on a JEOL �-500 FT NMR spec-
trometer (1H; 500 MHz, 13C; 125 MHz) with TMS as an internal
standard. The mass spectra were performed on a HITACHI M2500.
Gas chromatographic analyses were performed on a Shimadzu GC-
2010 using DB1 (0.25 mm × 30 m, 0.25 �m) capillary column. The IR

spectra were measured on a BIO-RAD FTS3000. Melting points were
measured using a Yanaco micro melting point apparatus. HPLC was
performed on a JASCO 880 PU (pump) and 830 RI (refractometer)
using the normal phase LiChrosorb Si-60 (7 �m) column and the
reversed phase YMC Hydrosphere C-18 (5 �m) column. Androst-4-

dx.doi.org/10.1016/j.molcatb.2010.07.008
http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:rohisa55@yahoo.co.jp
dx.doi.org/10.1016/j.molcatb.2010.07.008
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Table 1
13C NMR data for transformation products determined in CDCl3 or CD3ODa.

Carbon atom Compounds

3 5 6a 7 8 9 10a

1 37.2 37.4 38.6 37.2 35.8 38.2 127.1
2 31.6 33.3 32.3 31.6 31.0 31.3 116.0
3 71.6 199.9 72.4 71.6 71.2 70.6 156.3
4 42.2 124.8 43.0 42.2 41.9 42.4 117.5
5 141.0 170.0 142.3 141.4 146.6 165.7 140.1
6 120.9 34.1 122.3 120.5 123.6 125.3 68.3
7 30.8 30.2 32.6 30.4 64.3 200.2 27.2
8 31.5 34.5 33.3 27.6 37.2 43.6 34.3
9 50.2 59.2 51.9 50.6 42.6 55.7 45.4

10 36.6 40.0 37.8 36.8 37.5 35.7 132.7
11 20.4 68.7 21.8 20.3 20.1 68.3 37.6
12 31.4 42.9 37.9 32.7 31.3 41.9 38.0
13 47.5 47.9 43.8 46.7 47.1 48.0 44.6
14 51.8 50.0 52.7 55.9 44.9 44.5 50.9
15 21.9 21.7 24.4 67.3 21.9 23.8 23.9
16 35.9 35.7 30.6 46.7 36.9 35.7 30.7
M. Koshimura et al. / Journal of Molecu

ne-3,17-dione, pregnenolone, DHEA and estradiol were purchased
rom Tokyo Chemical Industry Co., Ltd.

.2. Microorganism and medium

Gelasinospora retispora GRK002 was provided by Professor
meritus Naoshi Nakamura, University of the Ryukyus. Yeast and
old medium (YM medium) [0.3% yeast extract, 0.3% malt extract

nd 0.5% peptone in distilled water] was used for the biotransfor-
ation experiment.

.3. Growth and biotransformation conditions

1. An Erlenmeyer flask (1000 ml) containing 300 ml of YM
edium was inoculated with a suspension of G. retispora, and incu-

ated at 26 ◦C for 4 days under shaking (90 rpm). After full growth
f the microorganisms, 100 mg of substrate dissolved in 2 ml of
ethanol was added to the grown cultures. The incubation was

hen continued for 14 days at 26 ◦C. The culture was filtered and
he broth was extracted twice with ethyl acetate (EtOAc) and con-
entrated in vacuo, and the crude extract was fractionated by HPLC.

2. The fungi were incubated at 26 ◦C in 300 ml Erlenmeyer flasks
ith 150 ml of YM medium. After 4 days incubation, 20 mg of DHEA

3) and estradiol (4) was added. The metabolites were extracted
ith EtOAc after 6 days.

Medium without G. retispora was also prepared to act as a con-
rol. Metabolites were not detected in the control.

.3.1. Biotransformation of androst-4-ene-3,17-dione (1) at
ifferent pH values

For these experiments 200 ml Erlenmeyer flasks were used,
lled with 100 ml of YM medium (pH 5–9) and inoculated with G.
etispora at 26 ◦C. After 4 days incubation, substrate (1, 10 mg) was
dded to the medium and further cultivated for 6 days. After incu-
ation, the mycelia were removed by filtration, and filtered culture
as extracted with EtOAc. The extracts were concentrated in vacuo

nd analyzed on GC and 1H NMR.

.3.2. Transformation of androst-4-ene-3,17-dione (1) at the
ncreased temperature

Each 200 ml Erlenmeyer flasks containing 100 ml of YM medium
pH 5–7) were inoculated with suspension of G. retispora and then
ncubated for 4 days at 34 ◦C on a rotary shaker (90 rpm). Androst-
-ene-3,17-dione (1, 10 mg) was added to medium. After 6 days

ncubation, the culture and mycelia were separated by filtration,
nd the filtered culture medium was extracted with EtOAc. The
tOAc extracts were analyzed on GC and 1H NMR.

.3.3. Transformation of androst-4-ene-3,17-dione (1) at the
igher substrate loadings

To produce 5, cultures were transferred into 1000 ml flask
ontaining 300 ml of YM medium at 26 ◦C for 4 days. Androst-4-
ne-3,17-dione (1, 500 mg or 1000 mg) was added as substrate, and
he mixture was incubated for 6 days. After the incubation period,
he grown culture was removed by filtration and the filtrate was
xtracted with EtOAc. The crude oil was analyzed by GC and 1H
MR.

.4. Biotransformation of androst-4-ene-3,17-dione (1)
The crude extract obtained from the biotransformation of 1 was
eparated by normal phase HPLC (n-hexane–EtOAc, 1:3) to give two
ractions. The first fraction was purified by HPLC (n-hexane–EtOAc,
:15) to afford 5.
17 221.2 218.4 82.5 223.5 221.1 200.2 82.5
18 13.5 14.6 11.5 17.5 13.3 14.5 11.7
19 19.4 18.3 19.9 19.3 18.3 17.1 –

2.4.1. 11˛-Hydroxyandrost-4-ene-3,17-dione (5) [18]
White plates; m.p. 196–197 ◦C; IR (KBr): �max cm−1 3445, 1738,

1667; 1H NMR (CDCl3) ı 5.76 (1H, s, H-4), 4.08 (1H, ddd, J = 15.0,
10.5, 5.0 Hz, H-11), 1.35 (3H, s, H-19), 0.95 (3H, s, H-18); 13C NMR
(CDCl3) see Table 1; MS (EI) m/z 302 [M]+.

2.5. Biotransformation of pregnenolone (2)

The EtOAc extract was separated by normal phase HPLC (n-
hexane–EtOAc, 3:2) to afford 3, 6, and 7.

2.5.1. 3ˇ-Hydroxyandrost-5-en-17-one (3) [19]
White needles; m.p. 148–149 ◦C; IR (KBr): �max cm−1 3445,

1739, 1650; 1H NMR (CDCl3) ı 5.42 (1H, d, J = 5.0, H-6), 3.55 (1H,
m, H-3), 1.05 (3H, s, H-19), 0.90 (3H, s, H-18); 13C NMR (CDCl3) see
Table 1; MS (EI) m/z 288 [M]+.

2.5.2. 3ˇ,17ˇ-Dihydroxyandrost-5-ene (6)
White plates; m.p. 174–176 ◦C; IR (KBr): �max cm−1 3448, 1653;

1H NMR (CD3OD) ı 5.25 (1H, d, J = 5.0, H-6), 3.47 (1H, t, J = 9.0, H-17),
3.30 (1H, m, H-3), 0.94 (3H, s, H-19), 0.65 (3H, s, H-18); 13C NMR
(CD3OD) see Table 1; MS (EI) m/z 290 [M]+.

2.5.3. 3ˇ,15ˇ-Dihydroxyandrost-5-en-17-one (7)
White plates; m.p. 172–173 ◦C; IR (KBr): �max cm−1 3446, 1736,

1653; 1H NMR (CDCl3) ı 5.46 (1H, d, J = 5.5, H-6), 4.62 (1H, t, J = 5.0,
H-15), 3.61 (1H, m, H-3), 1.25 (3H, s, H-18), 1.14 (3H, s, H-19); 13C
NMR (CDCl3) see Table 1; MS (EI) m/z 304 [M]+.

2.6. Conversion of DHEA (3)

The transformation products were separated by HPLC (n-
hexane–EtOAc, 1:5) to give 8 and 9.

2.6.1. 3ˇ,7˛-Dihydroxyandrost-5-en-17-one (8) [20,21]
White plates; m.p. 180–181 ◦C; IR (KBr): �max cm−1 3390, 1734,

1643; 1H NMR (CDCl3) ı 5.65 (1H, dd, J = 5.4, 1.95, H-6), 3.96 (1H, br
s, H-7), 3.59 (1H, m, H-3), 1.02 (3H, s, H-19), 0.89 (3H, s, H-18); 13C

+
NMR (CDCl3) see Table 1; MS (EI) m/z 304 [M] .

2.6.2. 3ˇ,11˛-Dihydroxyandrost-5-ene-7,17-dione (9)
White plates; m.p. 129–131 ◦C; IR (KBr): �max cm−1 3440, 1735,

1656; 1H NMR CDCl3) ı 5.80 (1H, s, H-6), 4.18 (1H, ddd, J = 15.0,
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ditions were performed. For 0.5 g (1.7 mg/ml) of 1, the yield of 5
was 75%, on the other hand the yield was 46% at the higher sub-
Scheme 1. Biotransfo

0.0, 5.0 Hz, H-11), 3.70 (1H, m, H-3), 1.37 (3H, s, H-19), 0.91 (3H, s,
-18); 13C NMR (CDCl3) see Table 1; MS (EI) m/z 318 [M]+.

.7. Transformation of estradiol (4)

The crude extract was separated using normal phase HPLC (n-
exane–EtOAc, 1:5) to give four fractions. The first fraction was
urified by reversed phase HPLC (MeOH–H2O, 20:1) to give 10.

.7.1. 6ˇ-Hydroxyestradiol (10) [22]
White plates; m.p. 137–139 ◦C; IR (KBr): �max cm−1 3430, 3210;

H NMR (CD3OD) ı 7.14 (1H, d, J = 8.6, H-1), 6.78 (1H, d, J = 2.7, H-4),
.67 (1H, dd, J = 8.6, 2.7, H-2), 4.63 (1H, dd, J = 3.9, 2.2, H-6), 3.66 (1H,
, J = 8.5, H-17), 0.80 (3H, s, H-18); 13C NMR (CD3OD) see Table 1;

S (EI) m/z 288 [M]+.

. Results and discussion

The biotransformation result of 1 was summarized in Scheme 1.
he mixtures of compounds were obtained, but only the major
roducts were isolated and identified. The transformation of 1
sing G. retispora for 14 days gave 11�-hydroxyandrost-4-ene-
,17-dione (5) in a 81% yield. The structure of 5 was determined
y its IR, EIMS, 1H NMR and 13C NMR spectra.

The mass of molecular ion ([M]+ m/z 302) of 5 is 16 large from
hat of 1, which indicates hydroxylation of the substrate. The 1H
MR spectrum showed a methine proton due to the secondary
lcohol at ıH 4.08 (ddd, J = 15.0, 10.5, 5.0 Hz), which correlated
ith H-9 and H-12 in the COSY spectrum. The stereochemistry

f the hydroxyl group was established using NOE correlations.
OE enhancement between Me-18 and H-11� indicated that the
ydroxyl group is � configuration (Fig. 1). Moreover, the multiplet
f the signal at ıH 4.08 (ddd, J = 15.0, 10.5, 5.0 Hz, H-11) in the 1H
MR spectrum confirmed equatorial configuration which is consist
ith a 11�-hydroxyl group. The spectral data were in agreement
ith literature data [18].

From these results, it seems that 1 was easily hydroxylated at

-11� position by G. retispora. After 1 day transformation of 1, the
ield of 5 was 3%, and after additional 5 days reached 81% (Fig. 2).
t is known that some fungi converted 1 to C-14� [21,23,24], C-11�
25,26] and C-15� [27,28] hydroxyl derivatives, and most of these
ungi gave some hydroxyl products in conversion of 1. In this study,

Fig. 1. NOE observed in the NOE difference experiments of 5.
Fig. 2. Time course of biotransformation of 1 by G. retispora.

G. retispora afforded 5 which hydroxylated at C-11� position of 1
preferentially.

The effect of pH on the transformation of 1 to 5 was studied
(Fig. 3). The results suggested that: (i) in each pH, 5 was obtained in
about 80% yields; (ii) the pH with the best yield was 6, about 89%.
In addition, to examine the effect of temperature, conversion of 1
was performed at pH 5–7 and 34 ◦C. As a result, yield of 5 was the
highest at pH 5 in 98%. At pH 6–7, 5 was obtained in high yield of
90% or more. Based on these results, the best condition to produce
5 is at pH 5 and temperature of 34 ◦C.

G. retispora used for this experiment was isolated from the soil
of sugarcane field. It is known that the optimal pH and temperature
for sugarcane growing up are pH 6–7 and about 32 ◦C [29,30], these
conditions are almost the same as the results of this experiment.
From these results, it was found that the cultivation conditions of
sugarcane (pH and temperature) are related to transformation by
G. retispora.

11�-Hydroxy steroids are very useful compounds for the
synthesis of pharmacologically active compounds. Therefore, to
investigate whether C-11� hydroxylation by G. retispora can be
industrially used, the experiments at the increased substrate con-
strate loading of 1.0 g (3.3 mg/ml). From these results, it was found
that 5 is obtained in high yield even if amount of substrate was
increased. However, 1.7 mg/ml or less of the concentration of sub-

Fig. 3. Biotransformation of 1 at different pH values.
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Scheme 2. Biotransfo

trate is preferable. In this study, it seems that conversion of 1 by
. retispora is possible using substrate at the loading ranging from
.33 to 3.3 mg/ml.

Transformation of 2 afforded three products: DHEA (3), 3�,17�-
ihydroxyandrost-5-ene (6) and 3�,15�-dihydroxyandrost-5-en-
7-one (7) (Scheme 2). Their structures were determined by
nalysis using 1H NMR, 13C NMR, IR and EIMS. The spectral data
f 3 were in agreement with those reported in the literature [19].

The 1H and 13C NMR spectra of 6 were similar to that of 3. In the
H NMR an additional methine proton due to the secondary alco-
ol at ıH 3.47 (t, J = 9.0 Hz) was observed, which correlated with
-16 in the COSY spectrum. 13C NMR spectrum lacked carbonyl
arbon, which was replaced by a methine (ıC 82.5), suggesting a
imple reduction of carbonyl group as structure 6. A triplet at ıH
.47 showed in the spectrum, which is typical for 17�-hydroxy
teroids. A NOE correlation from H-16� to H-17� confirmed the
configuration of the 17-OH.
The mass spectrum ([M]+ m/z 304) of 7 indicates hydroxylated

roduct of 3. The 1H NMR spectrum showed a secondary alcohol
ethine proton at ıH 4.62 (t, J = 5.0 Hz), which correlated with H-

4 and H-16 in COSY spectrum. NOE enhancement between H-14
nd H-15 indicated that the new hydroxyl group is �.

The time course of 2 to the metabolites 3, 6 and 7 was summa-
ized in Fig. 4. The results showed that: (i) after 4 days incubation,
mount of the substrate decreased slowly; (ii) metabolite 6 was
btained as the major product, about 18%, after which it decreased;
iii) the yield of 3, reached the maximal amount, about 23%,
fter 14 days incubation; (iv) the minor metabolite 7 was not

btained after 6 days, and then 7 increased and the final yield was
bout 11%.

In the reaction pathway of 2, it is considered that side-chain
as cleaved by Baeyer–Villiger oxidation. The Baeyer–Villiger

Fig. 4. Time course of biotransformation of 2 by G. retispora.
n of 2 by G. retispora.

reaction by many fungi (e.g. of genera Fusarium, Aspergillus, Peni-
cillium) has been studied in detail with steroids, and side-chain
cleavage of pregnenolone by Baeyer–Villiger oxidation has been
reported [31]. It seems that oxidation of 2 progresses by following
reactions (Scheme 3): oxidation of 17�-acetyl chain to 17�-
acetoxy-3�-hydroxyandrost-5-ene; ester bond hydrolyzes leading
to 17�-hydroxyl compound 6 and then hydroxylation at C-15�
position to 7 and oxidation to 17-oxo product 3.

There are some reports on side-chain cleavage [32] or hydrox-
ylation using microorganisms. However, most of microorganisms
perform only one of reactions. In this study, G. retispora was carried
out both side-chain cleavage and hydroxylation.

Conversion of 3 gave two hydroxyl compounds;
3�,7�-dihydroxyandrost-5-en-17-one (8, 35%) and 3�,11�-
dihydroxyandrost-5-ene-7,17-dione (9, 61%) (Scheme 4).

The 1H and 13C NMR spectra of 8 were similar to that of 7.
The signal at ıH 3.96 (br s) correlated with the signal of a vinyl
proton at C-6 in COSY spectrum. NOE correlation from H-7 to H-
8 confirmed the � configuration of 7-OH. The spectral data for
3�,7�-dihydroxyandrost-5-en-17-one (8) are in agreement with
the literature [18,19].

The 13C NMR spectrum of 9 showed new carbonyl carbon at ıC
200.2. The singlet of a vinyl proton at C-6 (ıH 5.80) indicates the
presence of a neighboring quarternary carbon. The HMBC correla-
tions of H-8 and H-9 to the carbonyl carbon confirmed the position
of the carbonyl group at C-7. In the 1H NMR spectrum an additional
secondary alcohol signal at ıH 4.11 was observed, which correlated
with H-9 and H-12 in COSY spectrum. These spectral data showed
that the hydroxyl group attached at C-11. The OH stereochemistry
was determined as � configuration by the NOE’s experiment; irra-
diation of the signal at ıH 0.91 (Me-18) enhanced the signal at ıH
4.11 (H-11).

The oxidation of DHEA using fungi (e. g. Mucor pififormis, Fusar-
ium moniliforme, Rhizopus sp.) has been studied about C-7 position
mainly. In this study, it was found that DHEA (3) was hydroxy-
lated by G. retispora at C-7� and C-11� position (Scheme 4). After
2 days of DHEA transformation, the 7�-hydroxy derivative (8) was
obtained, and then 11�-hydroxy derivative (9) was obtained. 7-
Oxygenated derivatives of DHEA can have effects in the immune
system [33] and 11�-hydroxy product is used as an intermediate
in the synthesis of a contraceptive drug [34]. The hydroxylation of
DHEA (3) is important to the synthesis of various therapeutic drugs,
and it seems that this study develops more by using G. retispora
which was not used as biocatalyst until now.
Transformation of estradiol (4) afforded 6�-hydroxy product 10
in about 77% yield (Scheme 4).

The 1H and 13C NMR spectra data of 10 were similar to those of
4. In the 1H NMR spectrum, an additional signal of a methine proton
due to the new secondary alcohol at ıH 4.63 appeared, which was



76 M. Koshimura et al. / Journal of Molecular Catalysis B: Enzymatic 67 (2010) 72–77

Scheme 3. Reaction pathway of 2.
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orrelated with C-5 and C-8 position in HMBC spectrum. Addition-
lly, the signal of vinyl proton at ıH 6.78 (H-4) was correlated with
-6 position in HMBC spectrum. These spectral data suggested the
xistence of a hydroxyl group at C-6. The multiplet of the signal at
H 4.63 (dd, J = 3.9, 2.2 Hz, H-6) in the 1H NMR spectrum was con-
rmed as axial configuration which is consist with a 6�-hydroxyl
roup.

The hydroxylation of 4 has been studied for 2-hydroxyestradiol
nd 4-hydroxyestradiol possessing putative carcinogenic metabo-
ites [35]. It is known that these reactions are catalyzed by
ytochrome P450, and it is considered that cytochrome P450 is
elated about the hydroxylation of estradiol (4) at C-6 position by
. retispora.

. Conclusion
The biotransformation of androst-4-ene-3,17-dione (1) using
elasinospora retispora gave compound 5 that was hydroxylated at
-11� position with good yield. In the case of pregnenolone (2), the
roducts with cleaved the side-chain, namely, DHEA (3), 3�17�-
ihydroxyandrost-5-ene (6) and 3�,15�-dihydroxyandrost-5-en-
3 and 4 by G. retispora.

17-one (7) were obtained. Conversion of DHEA (3) and estradiol
(4) resulted in the formation of products hydroxylated at posi-
tions C-7�, C-11� and C-6� position, respectively. It was found
that 1 was hydroxylated at C-11� position preferentially at pH 5
and 34 ◦C, and in the case of 2, the side-chain was cleaved followed
by hydroxylation at C-15� using G. retispora.
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