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Production of testosterone from cholesterol using a single-step
microbial transformation of  Mycobacterium sp
W-H Liu and C-K Lo

Graduate Institute of Agricultural Chemistry, National Taiwan University, Taipei, Taiwan, Republic of China

A novel single-step microbial transformation process for the production of testosterone (TS) from cholesterol by
Mycobacterium sp was investigated. It was found that the supply of reducing power, NADH, from the metabolism of
glucose was necessary for the reduction of androst-4-en-3,17-dione (AD) to TS. The cultivation time for the maximum
accumulation of TS and the residual glucose increased in parallel with the amount of glucose supplemented in
fermentation cultures. After the glucose in the fermentation culture was completely consumed, most of the TS was
oxidized to AD. Adding a larger amount of glucose could prevent oxidation of TS to AD. Under optimal fermentation
conditions, the maximum molar conversion rate of TS from cholesterol was 51% in a 5-L surface-aerated fermentor
after 120 h cultivation.
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Introduction

Microbial degradation of the side chain of sterols, such as -
cholesterol and sitosterol, has become an important tran: L 30
formation process for the production of 17-ketosteroid
intermediates, such as androsta-1,4-diene-3, 17-dion
(ADD) and androst-4-en-3,17-dione (AD) [5]. The §
reduction of AD to testosterone (TS) is catalyzed by theS , |
microsomal enzyme 17-ketosteroid reductased{thydrox-
ysteroid : NADP 17-oxidoreductase, EC 1.1.1.64) in the 2|
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testes [1]. Enzymatic reduction of AD to TS by A-hyd- 061

roxysteroid dehydrogenase (@-hydroxysteroid : NAD 17- 4 s \
oxidoreductase, EC 1.1.1.63) has also been found i

Pseudomonal 3], Saccharomycefd4,17], Marchantia[3] 00 e 5 A By - . .
and Mycobacteriun{7]. Although the microbial transform- Time (h)

ation pr_ocess has been used on an |ndL_|str|aI Scal.e for trl‘L—‘?gure 1 Effect of 2% glucose on the accumulation of androstenones
production Of_ AD fr(_)m 5ter0|§: commercial pfoductlon Of from cholesterol byMycobacteriumsp in a 500-ml shaking culture. The
TS from AD is carried out via a four-step chemical syn- fermentation conditions were the same as those shown in Table 1. At the
thesis [2]. initial stage, 2% glucose and 0.1% cholesterol were ad@ed-O, TS;

We have previously reported [7,10,11] a novel single-8—®. AD; A—A, cholesterol; A—A, glucose; M—M, cell growth
step microbial transformation process for the production of~ ™"
TS from sterols in a synthetic medium supplemented with
peptone and glucose. The purpose of this study was tﬂ/l .

. ; X : aterials

further elucidate the important parameters involved in theY

. ; : east extract, nutrient broth dehydrate, peptone and agar
gfr,:ﬂs;ggg;‘gfe r;iLcj):‘ngolesterol to TS in fermentation CUItureSwere obtained from Difco (Detroit, MI, USA). Testosterone

(T1500) and androst-4-ene-3,17-dione (A9630) were
obtained from Sigma (St Louis, MO, USA). The cholesterol
Materials and methods used was a product of Tokyo Kasei Inc (Tokyo, Japan).
Inorganic salts and other chemicals were all of reagent

Microorganism
g grade.

A cholesterol-assimilating and AD-producing mutant of
Mycobacteriumsp NRRL B-3805 was used throughout

this study. Cultivation methods

The stock culture was maintained on an enriched nutrient
agar medium which contained (per liter): nutrient broth
dehydrate 8 g, yeast extract 10 g, glucose 10 g, and agar
20 g (pH 6.8). A glucose nutrient broth medium consisting
Correspondence: Dr W-H Liu, Graduate Institute of Agricultural Chemis- of 16 9 of nutrient broth dehydrate and 40 g of glucose per

try, National Taiwan University, Taipei, Taiwan, Republic of China Iiter.of diSti_”ed water (pH 6.8), and an AD-prO(_:Iucing syn-
Received 27 June 1997; accepted 11 August 1997 thetic medium consisting of 1.5 g of ammonium acetate,
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270 Table 1 Effect of glucose on the production of androstenones from cholesterol
Glucosé (%) Maximum accumulation of TS Residual glucose (@)L Androstenones Total molar conversion rate
(h) (mmol L1)e (%)°
TS AD
0 - 0 0 0.64 25
1 48 0 0.80 0.48 50
2 72 0 1.47 0.18 64
3 96 0.9 151 0.16 65
4 120 25 1.34 0.06 54
5 144 34 1.07 0.15 47

aA synthetic medium consisting of 1.5 g ammonium acetate, 0.2 g Mg${0, 0.4 g KHPQ,, 0.8 g KH,PQO,, 5 mg FeSQ 7H,0, 2 mg ZnSQ-7H,0

and 0.5 mg MnS@4H,0 per liter of distilled water (pH 6.8) supplemented with 1% peptone was used as the basal medium. The cultures were incubated
in a 500-ml Hinton flask at 3@ on a rotary shaker (125 rpm) for 144 h. Various concentrations of glucose and 0.1% cholesterol were added at the
initial stage. The working volume was 100 ml.

PAndrostenones: TS, testosterone; AD, androst-4-ene-3,17-dione.

°The molar conversion rate was calculated on the basis of 0.1% cholesterol (2.586 mjnol L

0.2 g of MgSQ-7H,0, 0.4 g KHPQ,, 0.8 g KH,PO,, 5 mg
FeSQ-7HO, 2mg 2ZnSQ7HO and 05mg of
MnSQ;,-4H,0 per liter of distilled water (pH 6.8) [9] were 6
used as seed and basal media for the production of T¢ 21
respectively. Five milliliters of the seed culture were inocu- s{ 5
lated into 100 ml of a medium supplemented with 0.1%
cholesterol and 1% peptone in a 500-ml Hinton flask. The ¢ *-
culture was incubated at 30 on a rotary shaker (120 rpm) ¢
for 5 days. Fermentation experiments were carried out it °|
a 5-L surface-aerated fermentor (Hotech, Taiwan) [8].
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Analytical methods 1
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Steroids: The culture filtrate was extracted with ethyl o) o0 1 : ‘ : i ro
. . 144

acetate. The organic phase was evaporated, and the resic ° 2“ v 1

was dissolved in methanol. AD and TS in the methanol _

solution were then determined by HPLC using a €ol- Figure 2 Effect of 4% glucosg on t_he accumulation _of androstenones
d a mobile phase composed of acetonitrile and wat from cholgsterol b_y_\/lycobacterlurrsp in a 500-ml shaking culture. The _

umn an p p h €L rmentation conditions and the symbols are the same as those shown in

(5_0/50, v/v) [8]. Cholesterol was measured according to thesigure 1 except that 4% glucose was added at the initial stage.

Lieberman—Burchard color reaction [18]. The molar con-

version rate of TS was calculated on the basis of cholesterol

added to the medium. 7o 38 40
3.3 o

Glucose and cell growth: Glucose was determined ¢4 ;| —e—

using the dinitrosalicylic acid method [6]. Cell growth was 27 |

- 30

determined using a turbidimetric method (O.D. 600) as °7
described in a previous paper.
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Relative dissolved oxygen: Dissolved oxygen was 6 , |
measured using a dissolved oxygen probe (Ingold, Mes
stechnik AG, Switzerland). The relative dissolved oxygen -

Androstenone {mmol/L)
>
>

Residual Glucose (g/L)

. e el . 0.9 4 L
was calculated on the basis of the initial dissolved oxyger o °
of the medium before inoculation under the same fermen 14 ]
tation conditions. %37
o 0.0 T T T i 4 A 40
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Results Time )

ff fal h Iati f Figure 3 Effect of 2% glucose on the oxidation of TS to AD in the
Effect of glucose on the accumulation o fermentation culture oMycobacteriumsp. The fermentation conditions

androstenones from cholesterol and the symbols are the same as those shown in Figure 1 except that 0.1%
The effect of glucose on the accumulation of andros-TS and 2% glucose were added at the initial stage.

tenones, AD and TS from cholesterol in a synthetic medium
supplemented with 1% peptone was examined in shaking
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© at 72 h-cultivation. However, most of the TS was oxidized 21

to AD after the glucose was completely consumed during
further cultivation (Figure 1). On the other hand, it was
i found that the main product of androstenone that accumu-
lated in the 4% glucose-supplemented medium was TS. The
maximum accumulation of TS occurred at 120 h of culti-
vation, and the residual glucose was about 2.5% (Figure 2).
From the above results, it was apparent that the cultivation

18 - 20

ODsoonm
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Residual Glucose (g/L)

s €124 time for the maximum accumulation of TS and the residual
.1 %% " glucose increased in parallel with the amount of glucose
06 - supplemented in the fermentation cultures (Table 1).

19 03 -
ol oo . . ‘ P A A Effect of glucose on the oxidation of TS to AD
T The effect of glucose on the oxidation of TS to AD in a

_ , o _ synthetic medium supplemented with 1% peptone was
fermentation culture oMyGobaciorumsp. The femnentaton conditons SXamined in shaking cultures incubated atGOor 168 h.

. : ; 0
and the symbols are the same as those shown in Figure 3 except that 4%a”0us concentrations of glucose and 0.1% TS were added

glucose was added at the initial stage. at the initial stage as carbon sources. Almost no cell growth
could be detected in the glucose-free medium. This indi-
100 o w0 12 cated that TS could not be used as a carbon source for cell
= growth. Within 72 h of cultivation, most of the TS in the
g 30 %’ fermentation cultures was oxidized to AD (data not shown).
G 60 ar 8 £ As shown in Figure 3, the rapid consumption of glucose in
e 4 F20 6 g the 2% glucose-supplemented medium was in parallel with
2 Sl 4 the increase of cell growth. Within 72 h of cultivation, most
2 ' %_2 of the TS was sitill retained in the fermentation culture.
“«0 However, after glucose in the fermentation culture was

completely consumed, most of the TS was oxidized to AD.
The pattern of the oxidation of TS to AD in the 4% glucose-
supplemented medium was similar to that in the 2% glu-
cose-supplemented medium except that TS was retained in
the fermentation culture within 120 h of cultivation
(Figure 4). From the above results, it was apparent that
adding a larger amount of glucose could prevent the oxi-
dation of TS to AD in the fermentation culture.

pH

Androstenone (mmol/L)

Production of TS in fermentor

The fermentation conditions for the production of TS were

investigated in a 5-L surface-aerated fermentor loaded with
2 L of synthetic medium supplemented with 1% peptone.

At the initial stage, 0.1% cholesterol and 2% glucose were
Time (h) added as carbon sources. As shown in Figure 5, cell growth
and the pH of the culture increased in parallel with the

Figure 5 Effect of 2% glucose on the accumulation of androstenonesrapid consumption of cholesterol. After most of the choles-
from cholesterol in a 5-L surface-aerated fermentor. The basal mediunE

e . o erol was consumed, rapid consumption of glucose as well
was the same as that shown in Figure 1. The operation conditions were . .
as follows: working volume, 2.5 L per 5-L fermentor; inoculum size, 5%, a5 @ decrease of the pH in the fermentation culture
surface aeration rate, 1 vvm; agitation speed, 300 rpm; temperatd@;, 30 occurred. The accumulation of AD first appeared at 24 h,
0.1% cholesterol and 2% glucose were added at the initial stageO, and then most of the AD was reduced to TS after 72 h of
TS; @—@, AD; A—A, cholesteroliA—A, glucoseM—M, cell growth  ¢ltivation. It was apparent that the consumption of glucose
(Ogo0 o I—L, relative DO;V—Y, pH. and the decrease F())Ff) pH to below 7.0 wer% favorgble for

the accumulation of TS in the fermentation culture. The

cultures incubated at 3@ for 144 h. Various concen- maximum molar conversion rate of TS from cholesterol
trations of glucose and 0.1% cholesterol were added at the ~ was about 51% after 120 h of cultivation.
initial stage as carbon sources. As shown in Table 1, it was
found that accumulation of TS occurred only in the glu- .. .
cose-supplemented cultures. The increase of the glucoéé'scuss'on
concentration was in parallel with the decrease of AD  The microbial transformation of cholesterol to 17-keto-
accumulation. When the concentration of glucose wasteroid intermediate, AD, is now utilized on an industrial
higher than 3%, the residual glucose in the fermentation scale [5]. AD is a very useful starting compound for the
cultures gradually increased. The maximum accumulatiorsynthesis of a pharmacologically active steroid, TS. How-
of TS in the 2% glucose-supplemented medium occurred ever, the amount of available information concerning the
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production of TS from sterols via a single-step microbial 2 Ercoli A and PD Ruggierii. 1953. An improved method of preparing

transformation process is still very limited [4 12.15 16] testosterone, dihydrotestosterone and some of their esters. J Am Chem
. - e Soc 75: 650-653.

AS_Shown in Table 1, the accumulation of TS appeared3 Hamada H and S Kawabe. 1991. Biotransformation of 4-androstene-
only in the glucose-supplemented cultures. After the glu- 3 17-dione by green cell suspensionMérchantia polymorphaster-
cose in the fermentation cultures was completely con- eoselective reduction at carbon 17. Life Sci 48: 613-615.
sumed, most of the TS was oxidized to AD during further 4 Hung B, A Falero, N Llanes, C Perez and MA Ramirez. 1994. Testos-

P - - terone as biotransformation product in steroid conversioligobac-
cultivation (Figure 1). Adding a larger amount of glucose ..\~ sp. Biotechnol Lett 16: 497500,

prevented the oxidation of .TS_tO AD in the fermen_tation 5 Imada Y, H Ishikawa and D Nishikawa. 1981. The new development
cultures. However, the cultivation time for the maximum  of steroid fermentation. Nippon Nogeikagaku Kaishi 55: 713-721.
accumulation of TS and the residual g|ucose increased in6 Lee CY and WH Liu. 1992. Production of androsta-1,4-diene-3,17-

; ; dione from cholesterol using immobilized growing cellsM§cobac-
Fara"el W.Ith th(la amou'?.t of gzlucoggr Sglpp::-emv?/ntﬁd in the terium sp NRRL B-3683 adsorbed on solid carriers. Appl Microbiol
ermentation cultures (Figure 2 an rable ). We have pre-  giotechnol 36: 598-603.
viously reported [7] thatMycobacteriumsp used in the 7 Liu WH, CW Kuo, KL Wu, CY Lee and WY Hsu. 1994. Transform-
present study could consume cholesterol in preference to ation of cholesterol to testosterone Byycobacteriumsp. J Ind
glucose in the presence of these two substrates. As shown Microbiol 13: 167-171.

: . . . . . Liu WH and CY Lee. 1990. Microbial transformation of cholesterol
in Figure 5, cell growth increased in parallel with the rapid o androsta-1,4-diene-3,17-dione bycobacteriumsp NRRL B-3683
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time, the relative amount of dissolved oxygen In the fer'lo Liu WH, TF Wu and CK Lo. 1997. Transformation of sitosterol to
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