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Abstract. A versatile fungus isolated in our laboratory and identified as Mucor piriforrais 
has been shown to effect novel and preparatively useful transformations in steroids and 
morphine alkaloids. The organism very effectively carries out hydroxylation of various C19 
and C~1 steroids at 7 and 14-positions. Although the organism is capable of catalysing hydro- 
xylation at 6fl and liar-positions, these are not the major activities. The 14~-hydroxylase 
appears to have a broad substrate specificity. However, steroids with a bulky substitution at 
C-17 a-position or without the 4-en-3-one group are not accepted as substrates by the 
14~t-hydroxylase system. Studies have demonstrated how various C19 and C2~ steroids 
can be modified to yield new structures which are either difficult to prepare by traditional 
methods or hitherto unknown. The organism also very efficiently and selectively carries out 
the N-dealkylation of tbebaine and its N-variants. Interestingly, the nor-compound formed 
does not get further metabolized. Since thebaine is very often used as a starting material to 
synthesize various morphine agonists as well as antagonists, and one of the steps involved 
in their preparation is the N-deaikylation reaction, the microbial process could certainly 
offer an alternative approach. 

Keywor~ Steroids; morphine alkaloids; Mucor piriformis; hydroxylation; N-dcalkylation; 
transformation. 

1. Introduction 

In  recent years, the most  significant development  that  has taken place in the field of  
synthetic chemistry has been the application of  biological systems to chemical 
reactions. One  of  the biological systems which appears to have the greatest potential 
in synthetic organic chemistry is microorganisms or  enzymes isolated from them. 
Modification of  natural products  using microorganisms has been a very useful method 
in synthetic organic chemistry. Reactions catalyzed by microbes often offer significant 
advantages including those of  efficiency, regiospecificity, stereoselectivity, etc. The 
condit ions under  which microbial  reactions take place are mild and hence compounds  
sensitive to heat, acids and bases can be easily subjected to such transformations.  
Microbes and microbial  enzymes are being used as reagents in various organic 
synthesis (Rosazza 1982; Yamada  and Shimizu 1988; Crou t  and Christen 1989; Davies 
et al 1989). The scope of  microbial  reactions is widened considerably due to the 
finding that  these reactions can also be carried out  in organic solvents or  in emulsions 
of  water and immiscible organic solvents. Today,  chemists are exploring the possibility 
of  using microbes or  enzymes isolated from them in the synthesis of  different chiral 
synthons and physiologically as well as commercial ly impor tant  compounds .  

The field of  microbial  t ransformat ion of  steroids got  a t remendous  boost  after the 
successful l l~-hydroxylat ion of  progesterone by the fungus, Rhizopus arrhizus 
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(Peterson and Murray 1952). Transformation of steroids by various fungi have gained 
industrial importance since these methods can be used in the synthesis of steroidal 
hormones and their analogs. Hydroxylation at specific positions of a steroid molecule 
can be efficiently carried out using microorganisms. In fact, significant amount of 
work has already been carried out on the microbial steroid transformations and 
excellent reviews have appeared in the literature on this topic (Charney and Herzog 
1967; Iizuka and Naito 1981; Mahato et al 1989). 

In our efforts to find suitable microorganisms which can effect novel and useful 
transformations in some of the representative steroids, we isolated a fungal strain 
identified as Mucor piriformis which has been shown to effect novel arid preparatively 
useful transformations of some of the steroids and morphine alkaloids. The present 
paper is confined to various transformations mediated by this versatile microorganism 
and the scope of its synthetic applicability. However, complete potential of Mucor 
piriformis as a tool in organic synthesis is yet to be established. 

2. Transformations of C21 and Ci9 steroids by Mucor piriformis 

Fungi belonging to the genus Mucor have been reported to mainly effect hydroxylation 
at 14~t, ll0t, 7ct and 6fl-positions of various steroids (Tamm et al 1963; Vezina and 
Singh 1975; Holland and Riemland 1985; Madyastha and Srivatsan 1987; Krishnan 
et al 1991). However, much information has been covered by patents (Murray and 
Peterson 1957; Dodson and Tweitt 1960; Charney and Herzog 1967). Mucor piriformis 
isolated in our laboratory has been shown to be versatile in effecting transformations 
in both C21 and C19 steroids. As far as we know only two reports have appeared in 
the literature on the transformations of steroids; viz. 21-hydroxy-4-pregnene-3,20- 
dione (Murray and Peterson 1957) and 17ct-21-dihydroxy-4-pregnene-3,20-dione 
(Eroshin 1962) by Mucor piriformis. These reports indicate the ability of this organism 
to introduce hydroxyl function at C-9, C-11 and C-6 positions. However, Mucor 
piriformis isolated in our laboratory is known to hydroxylate mostly at 7 and 14 
positions in various C19 and C21 steroids. 

2.1 Transformations of progesterone (1) 

Mucor piriformis has been shown to transform progesterone (1) predominantly into 
140t-hydroxyprogesterone (2) which further gets hydroxylated at 6fl, 7~t or 7fl positions, 
thereby yielding the corresponding dihydroxyprogesterones (figure 1) (Madyastha 
and Srivatsan 1987). The organism also produces 5fl, 140t-dihydroxypregnane-3,20- 
dione (_6) as a minor metabolite. Time course experiments have clearly demonstrated 
that 14~-hydroxylation is the first step involved in the transformation sequence 
(figure 1). In fact in 12 h, nearly 75% of progesterone (1) gets metabolised mostly to 
14~t-hydroxyprogesterone (2) whereas prolonging the incubation to 48 h results in the 
formation of dihydroxyprogesterones (figure 1, compounds 3,4 and_5). Transformation 
of progesterone (_1) into compounds _5 and _6 (figure 1) by Mucorals has not been 
reported earlier. Earlier studies have indicated that Mucor species have rigid stereo- 
selectivity in their ability to hydroxylate various C19 and C21 steroids (Vezina and 
Singh 1975). However, it is interesting to note that M. piriformis isolated in our 
laboratory readily hydroxylates 14~t-hydroxyprogesterone (_2) at both 7~t and 
7fl-positions. 
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Figure 1. Transformations of progesterone (_1) by M. piriformis. 

2.2 Transformations of 17ct-hydroxypro#esterone (Z) 

Mucor piriformis has not been used to study the transformations in 17~t-hydroxypro- 
gesterone (7), 16-dehydroprogesterone (12) and pregnenolone (17). Hence these 
studies have been carried out to establish whether or not a hydroxyl group at the 
17~t-position or a C-16(17) double bond in a progesterone skeleton would effect the 
mode of transformation by this organism. It is also of interest to find out the functional 
significance of 4-en-3-one group in a C21 steroid molecule and for this reason 
pregnenolone (17) which is devoid of this group has been chosen as the substrate. 

The organism transforms (Madyastha and Joseph 1994) 17~-hydroxyprogesterone 
(7) into 170t-200t-dihydroxypregn-4-en-3-one (8), 7~,17~t-dihydroxypregn-4-ene-3,20- 
dione (9_),6fl, 17~t,20~-trihydroxypregn-4-en-3-one(l_Q) and 11~ 17~20~t-trihydroxypregn- 
4-en-3-one (11) (figure 2). It is interesting to note that the presence of a hydroxyl at 
17~t-position sterically hinders hydroxylation at 14~t-position. This is actually in 
accordance with the earlier report that an alkyl substitution at the 17~-position in 
a steroid molecule prevents hydroxylation at the 14~-position by Mucor grisco-cyanus 
(Singh et al 1967). The proximity of the bulky 17ct-substituent probably hinders 
hydroxylation at 14or-position and directs it to 7~t-position. However, steroids with 
hydroxyl group at 17fl-position as in testosterone (21) is readily transformed to its 
14~t-hydroxy derivative (Krishnan et al 1991). Earlier, it has been demonstrated that 
incubation of 170t-hydroxyprogesterone (7) with a Bacillus species results in the 
formation of a side-chain cleaved product (Mahato and Banerjee 1986). It appears 
that M. piriformis is not capable of cleaving the C17 side-chain in a C2x steroid. 
Surprisingly, the organism showed its unique ability to reduce the C-20 keto group, 
a reaction never been reported earlier in organisms of the order Mucorales. However, 
the reduction of C-20 keto group has not been observed in the case of progesterone 
(1), 16-dehydroxyprogesterone (12) and pregnenolone (17) (figures 1, 3 and 4). Time 
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Figure 2. Transformations of 17at-hydro 
xyprogesterone (7) by M. piriformis. 
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Figure 3. Transformations of 16-dehydropro 
gesterone (12) by M. piriformis. 
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Figure 4. Transformations of pregnenolone (17) by M. piriformis. 

course studies have indicated (Madyastha and Joseph 1994) that 17~, 20~-dihydro- 
xypregn-4-en-3-one (8, figure 2) is the initial hiotransformation product formed which 
then gets hydroxylated either at the 6/3- or 11 ~-position (Madyastha and Joseph 1994). 

2.3 Transformations of 16-dehydroprogesterone (12) 

Various fungal species have been reported to transform 16-dehydroprogesterone 
(12) into different metabolites involving hydroxylation at l l0t- and 21-positions, 
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dehydrogenation at C-1 position and reduction of the C-16 (17) double bond (Kita 
and Shull 1959; Laskin 1963; Vezina et al 1963). In contrast to these observations, 
M. piriformis very efficiently carries out (Madyastha and Joseph 1994) 14a-hydroxylation 
of 16-dehydroprogesterone (12, figure 3). Time-course studies have indicated that 
the organism initiates the hydroxylation at the 140t-position to yield 14~-hydroxypregna- 
4,16-diene-3,20-dione (13) which further gets hydroxylated at the 7or-position (14, 
figure 3). In fact, at the end of 48 h, nearly 80~ of the substrate (12) gets transformed 
to 7~t,14~-dihydroxypregna-4-16:diene-3,20-dione (14, figure 3) and this metabolite 
gets accumulated in the fermentation medium in significant levels. The reduction of 
the 4-en-3-one group resulting in the formation of metabolites 15 and 16 (figure 3) 
is not a major activity of this organism since both these metabolites are formed in 
very low levels even at the end of 48 h (Madyastha and Joseph 1994). However, it is 
interesting to note that the reduction of the 3-keto group is not stereoselective since 
metabolites with both 3~t- and 3fl-hydroxyl functions have been isolated (figure 3). It 
is gratifying to, note that the metabolites 13, 14, 15 and 16, (figure 3), all derived 
from 16-dehydroprogesterone (12), appear to be hitherto unknown. 

2.4 Transformations of pregnenolone (17) 

To find out whether the organism has the ability to isomerize 5-en-3-ol to 4-en-3-one 
system in C x 9 and C 21 steroids, representative steroids belonging to this category viz. 
pregnenolone (17) and dehydroepiandrosterone (26) have been used as substrates. 
These substrates have also provided an opportunity to find out the effect of a 5-en-3fl-ol 
system on the mode of transformation by M. piriformis. Several reports have appeared 
in literature regarding the microbial conversion of pregnenolone (17) into progesterone 
(!) as a result of the isomerization of the 3fl-hydroxy-5-ene to the 4-en-3-one system 
(Perlman 1952; Capek et al 1957). In addition to conversion of pregnenolone (17) to 
progesterone (1), there are reports on the further conversion of progesterone (1) to 
hydroxylated progesterones with hydroxyl function at 7fl, 1let, 12fl, or 15or-positions 
(Tan and Smith 1968; Namboori et al 1980). 

The organism transforms pregnenolone (17) to 3fl, 7ct-dihydroxypregn-5-en-20-one 
(18) and 3fl,7ct, 1 l~-trihydroxypregn-5-en-20-one (19, figure 4) (Madyastha and Joseph, 
unpublished observation). 7~t-Hydroxylation seems to be one of the characteristic 
features of M. piriformis. Hydroxylation at the 7or-position may not be due to the 
reactivity of the allylic position. The organism does not have the ability to cleave 
the C1T side-chain in pregnenolone (17, figure 4). Most of the earlier reports where 
pregnenolone (17) has been used as the substrate, progesterone (1_) has been shown 
to be formed as a result of the isomerization of the 5-en-3fl-ol system to the 4-en-3-one 
system (Perlman 1952; Tan and Smith 1968; Holland and Taylor 1979). M. piriformis 
appears to lack the isomerase and in this respect differs from the other organisms 
tested on various C2x steroids. 

Cursory examination of the metabolites formed from different C2: steroids tested 
reveals that M. piriformis very efficiently carries out the 14~t-hydroxylation of C2x 
steroids. However, there appears to be a rigid structural requirement for the organism 
to accept substrates for 14ct-hydroxylation reaction. The organism readily converts 
steroids with a 4-en-3-one group and without bulky substitution at the 170t-position 
to their respective 14~t-hydroxy derivatives. The organism is also known for its ability 
to carry out 7ct-hydroxylation. 
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2.5 Transformations of androstenedione (20) 

Androstencdione (20) appears to be a good substrate for M. piriformis. At a substrate 
concentration of 0-5 g per litre, virtually all the substrate added gets transformed into 
metabolites by the end of 24 h. The organism transforms androstenedione (20) into 
testosterone (21), 14~t-hydroxyandrostenedione (22), 7ct-hydroxyandrostenedionc (23), 
14ct-hydroxytestosterone (24) and 70t, 14~, 17fl-trihydroxyandrost-4-en-3-one (25) 
(figure 5) (Krishnan et al 1991; Madyastha and Joseph, unpublished observation). 
Time-course experiments carried out with androstenedione (20) have clearly indicated 
that during the early stages of incubation (24 h), hydroxylation takes place both at 
the 7~t- and 14~t-positions. However, the major metabolite formed at the end of 24 h 
has been shown to be 14ct-hydroxytestosterone (24, figure 5, 45~). This metabolite 
(24) could have been formed from 22 (figure 5) in the presence of a 17-keto oxido- 
reductase or from testosterone (21) by 14~t-hydroxylation. The major metabolite 
formed at the end of 24h viz. 14ct-hydroxytcstosterone (24) gets further hydroxylated 
at the 7~t-position resulting in the formation of a trihydroxy compound (25, figure 5, 
Madyastha and Joseph, unpublished observation). The level of this trihydroxy 
compound increases at the end of 48 h with concomitant decrease in the level of 24 
(figure 5), suggesting a product precursor relationship. 

The formation of testosterone (21) and 14~-hydroxytestosterone (24) from andro- 
stenedione (20) has been reported earlier using Phycomyces blakesleeanus (Smith et al 
1989). Although the reduction of the 17-keto group has been reported in several 
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Figure 5. Transformations of androstenedione (2_.0) by M. piriformis. 
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microbial systems, it has never been shown to be present in M. piriformis. Similarly, 
the ability of microbes to carry out 140t-hydroxylation of androstenedione (20) has 
been demonstrated earlier (Singh et al 1967; Crabb et al 1980). However, such an 
activity has never been shown in Mucor piriformis. The organism also accepts test- 
osterone (21) readily as substrate and the mode of transformation is very similar to 
that observed with androstenedione (20). The organism readily carries out hydro- 
xylation at both 7~t- and 14~t-positions. It is interesting to note that testosterone 
propionate is very poorly accepted as substrate (Madyastha and Joseph, unpublished 
observation). 

2.6 Transformations of dehydroepiandrosterone (26) 

Incubation of dehydroepiandrosterone (26) with M. piriformis yields mostly metabolites 
formed as a result of hydroxylation at the 7~t-position as well as reduction of the 
17-keto group (figure 6) (Madyastha and Joseph, unpublished results). The organism 
transforms dehydroepiandrosterone (26) into 3fl,17fl-dihydroxyandrost-5-ene (27), 
3fl-hydroxyandrost-5-ene-7,17-dione(28), 3fl, 17fl-dihydroxyandrost-5-en-7-one (29), 
3fl,70t-dihydroxy-androst-5-en-17-one (20) and 3fl,7~t,17fl-trihydroxyandrost-5-ene 
(31). It is interesting to note that the organism fails to carry out 14ct-hydroxylation 
of dehydroepiandrosterone (26). Similar observation has also been made in the case 
of pregnenolone (17). Both these compounds (17, 26) contain 5-en-3fl-ol system in 
their structure and it appears that one of the structural requirements needed for the 
14~-hydroxylase to accept a steroid molecule as a substrate is the presence of a 

OH 

27 

. o ~  
29 

f \ o 

OH 0 

3~ 

OH 

Figure 6. Transformations of dehydroepiandrosterone (2_6) by M. piriformis. 
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4-en-3-one group in its molecule. This is supported by the fact that M. piriformis has 
the ability to carry out hydroxylation of progesterone (1), 16-dehydroprogesterone 
(12), androstenedione (20) and testosterone (21) at 14or-position. The other interesting 
aspect is that the organism is not capable of isomerizing 5-en-3fl-ol to 4-en-3-one, a 
reaction many organisms are capable of performing. In the case of dehydroepiandro- 
sterone (26) which is devoid of 4-en-3-one group, the organism prefers to carry out 
hydroxylation at 7~t-position. This 7g-hydroxylation may not be due to the reactivity 
of the allylic position, but rather due to the geometrical nature of the active site. 
Earlier it has been shown that a Rhizopus species transforms dehydroepiandrosterone 
(26) to 3fl, 7g-dihydroxyandrost-5-en-17-one (30), 3fl-7fl-dihydroxyandrost-5-en-17- 
one and 3fl-hydroxyandrost-5-ene-7,17-dione (28) (Dodson et al 1959). Thus 7- 
hydroxylation of dehydroepiandrosterone (26) appears to be stereospecific. Absidia 
regnieri, belonging to the order Mucorales has been shown to transform dehydro- 
epiandrosterone (26) into its 7g-hydroxylated derivative (Bell et a11975). The reduction 
of the 17-keto group of dehydroepiandrosterone (26) to 17fl-hydroxyl has not been 
reported by fungi of the order Mucorales. 

Studies carried out with M. piriformis demonstrated the versatility of this organism 
in introducing hydroxyl groups at the 7~t- and 14~t-positions in various C19 and C21 
steroids. Transformation of 17~-hydroxyprogesterone (7) and 16-dehydroprogesterone 
(12) by this organism has resulted in the formation of metabolites (11, 13, 14, 15 
and 16) which are hitherto unknown. In fact, M. piriformis can be used as an efficient 
reagent to prepare some of these novel compounds. 

3. 14at-Hydroxylation by cell-free extract of Mueor piriformis 

Mucor piriformis isolated in our laboratory has the unique ability to hydroxylate 
various C19 and C21 steroids (Madyastha and Srivatsan 1987; Krishnan et al 1991; 
Madyastha and Joseph 1994). Cell-free extract prepared from induced vegetative cell 
cultures-of M. piriformis following the procedure developed earlier (Jayanthi et al 
1982; Madyastha et al 1984; Madyastha and Joseph 1993) has been shown to contain 

Table 1. Substrate specificity of the microsomal 14~z-hydroxylasr from Mucor 
piriformis. 

14a-hydroxylated product formed 
Substrate (% conversion) 

Progesterone 69 
Testosterone 65 
Androstenedione 30 
16-Dvhydroprogesterone 81 
1,2-Dehydrotestosterone 45 
17a-Hydroxyprogesterone 
Epitestosterone 
17~t-Ethynyl-19-nortestosterone 
3fl-Hydroxyandrost-5-ene-7,17-dione 

The above experiments were carried out using acetone-washed microsomes as 
described earlier (Madyastha and Joseph 1993). 
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high 14ct-hydroxylase activity. Most of the 140t,hydroxylase activity is associated with 
the microsomes (105,000 g sediment) prepared from the active cell-free extract. Both 
NADPH and 02 are necessary for the hydroxylase activity (Madyastha and Joseph 
1993). Microsomes readily convert various C19 and C21 steroids to their respective 
14~t-hydroxy compounds (table 1) (Madyastha and Joseph 1993). Microsomes 
prepared from the uninduced cells are devoid of 14~-hydroxylase activity. 

4. Transformation of thebaine and its N-variants 

The work presented so far clearly demonstrates the unique ability of M. piriformis 
to carry out preparatively useful steroid transformations. To our great surprise we 
have now demonstrated that this organism can be used as an efficient reagent for 
effecting N-dealkylation of thebaine (32), an isoquinoline alkaloid, and its N-variants 
where the alkyl group on nitrogen is varied from methyl to ethyl, n-propyl, isopropyl, 
n-butyl and cyclopropylmethyl (figure 7a). The organism essentially carries out N- 
dealkylation resulting in the formation of norcompound (33) with high yields (,,, 80) 
(Madyastha and Reddy 1994). It is interesting to note that the size of the alkyl group 
on nitrogen does not have any significant effect on the N-dealkylation reaction. The 
most significant part of this microbial system is that the northebaine (33) formed 
does not get further metabolized. The organism also carries out N-demethylation of 
the Diels-Alder adduct of thebaine (32) in high yields (figure 7b) (Madyastha and 
Reddy 1994). 

Thebaine (32) is extensively used as a starting material to synthesize various 
morphine agonists and antagonists. One of the steps involved in their preparation 

(a) 
R Yield ('/,) 

H 3 C O ~ , ~  H 3 C O ' ~  CH 3 81 

NR H CHzCH 2CH3 86 

H3CO" "32 H3C 33 CH(CH3) 2 88 
-- -- CHzCH .,CH*H 3 - - - -  89 

R :  CH 3 
CH2---< ~ 92 

(b) 

It3CO', ~ H 3 C O " ~  

O~'~.R 0.~'" R 

R Y ield (%) 

CH 3 83 
OCH 3 62 

Figure 7. (a) N-dealkylation of thcbaine (32) and its N-variants by M. piriformis. (b) 
N-demethylation of the Diels-Alder adduct by M. piriformis. 
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is the N-dealkylation reaction which is normally carried out chemically. Since the 
chemical method involves harsh reaction conditions as well as hazardous and toxic 
reagents, microbial method could offer alternative approach. Our studies have 
demonstrated the suitability of M. piriformis as an efficient reagent to carry out 
N-dealkylation of thebaine (32) and its N-variants. 
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