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ABSTRACT

Aims: This study describes the transformation of cholic acid to hydroxylated cholic acid
metabolites that could not be easily synthesized.

Study Design: The transformation was catalyzed by thermophilic Geobacillus
stearothermophilus comb. nov., isolated from oil contaminated soil in Kuwait. Cholic acid,
as the sole source of carbon, was added to G. stearothermophilus cells in phosphate
buffer pH 7 and shaken at 65°C for 5 days.

Methodology: The cholic acid transformation products were extracted with ethyl acetate,
purified on preparative TLC plates and their molecular structures were established from
their spectral data.

Results: The bacterium could selectively oxidize hydroxyl-groups at C3 and C7 while
leaving the C12-hydroxyl-group unoxidized, in cholic acid. Five commonly found
metabolites of cholic acid and a novel transformation product, 16a-hydroxycholic acid,
were identified.

Conclusion: Our results indicate that G. stearothermophilus can hydroxylate/oxidize a
steroid nucleus at various ring positions, and has a unique ability for hydroxylation at
C16a in cholic acid.
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1. INTRODUCTION

Bile acids and their derivatives are important molecules for the development of pro-drugs,
drug absorption and lipid metabolism [1-3]. Stereochemistry of these molecules is critical for
differential binding affinities with protein targets. These bindings require a delicate balance
between cholesterol and bile acids initiating a range of biological responses [4]. Modified
steroids (oxysterols) work as signaling molecules due to their ability to interact and trigger
nuclear receptors [5]. However, a steroid molecule may have many isomeric structures and
only one of the isomer can bind to its receptor and demonstrate physiological activity.
Conversely, chemical synthesis of the isomeric steroids can be hard to accomplish. It is,
therefore, important to consider alternate methods that can generate stereoisomeric
structures with a capacity to bind specific receptors for potential therapeutic applications.
This structural specificity can be easily sustained by enzyme-catalyzed transformation of
steroids and the target has been accomplished by using both bacterial and fungal enzymes.
While fungal and mesophilic bacterial enzymes catalyze transformations at ambient
temperature, use of thermophilic bacterial enzymes makes it simpler to handle at elevated
temperatures for their industrial use. Many reviews have outlined an extensive list of
advantages in the use of thermophilic organisms in biotechnology because the enzymes of
thermophiles are thermostable with many advantages for their use in biotechnology [6-9].

Stereospecific modification of steroid hormones and phytosterols has been achieved using
numerous mesophilic and thermophilic bacterial strains [10-14]. Bacterial flora, naturally
present within the biosystems, and also fungal strains are known to modify steroid molecules
[15-25]. In vivo transformation of steroids into valuable drugs is of great industrial interest
and in this endeavor; genes encoding these enzymes have been identified [26-29]. The
steroid transformations through oxidative chain and ring fission are catalyzed by
dehydrogenases and isomerase, reactions that are challenging in the synthesis of steroids
[30-34]. Modified bile acids including lithocholic acid (LCA) and deoxycholic acid (DCA) are
important biomarkers in the stimulation of colorectal cancer [35] while ursodeoxycholic acid
(UDCA), with a B-hydroxl group at C-7, has been used to dissolve cholesterol gall-stones
and in liver dysfunction such as hepatitis C and biliary cirrhosis [36,37].

Bile and its component bile acids are abundantly available from slaughter houses and
association of bile acids in certain pathologies and microbial transformations has been
demonstrated [38-40]. Many of the bile acid derivatives are important intermediates in the
synthesis of steroid drugs. Thus, 12-hydroxy-3-oxo-1,4-pregnadiene-20-carboxylic acid, is a
useful intermediate for the formation of steroid hormones and other therapeutically useful
steroids [34].

We have studied Geobacillus stearothermophilus, a thermophile, isolated from oil
contaminated soil in Kuwait for the past several years and have shown its inordinate
potential for the transformation of steroid hormones, bile acids (chenodeoxycholic acid) and
aromatic amino acids [41-46]. Here, we extend our studies to report transformation of cholic
acid catalyzed by G. stearothermophilus. In our previous studies, we observed that G.
stearothermophilus could hydroxylate steroid molecules at C3, 7 or 12 and also could
produce B-seco compounds by a ring fission at C9, 10. It is known that Cholic acid is derived
from cholesterol through hydroxylation by cytochrome P450 gene CYP7A1. Important steroid
modifications such as, hydroxylation of 11-dehydrocortisol to give cortisol by 11pB-
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hydroxylase, gene CYP11B1 and the biosynthesis of aldosterone catalyzed by steroid 21-
hydroxylase, gene CYP21A2, are well established examples of steroid hydroxylations to give
therapeutically important molecules. In the present study we have studied the potential of G.
stearothermophilus, for its use in the transformation of cholic acid. The rationale for using
cholic acid was to investigate hydroxylation in a steroid molecule like cholic acid where
C3,7,12 positions were already blocked by hydroxyl groups making this molecule different
from other steroids.

2. MATERIALS AND METHODS

All organic solvents used for extraction were of analytical grade. Solvents and TLC plates
were purchased from E. Merck (Darmstadt, Germany). Cholic acid and metabolite standards
were of 99% purity and were purchased from Sigma-Aldrich (USA). Media components and
salts were of high purity and were purchased from Fluka (Switzerland). FT-IR spectra were
obtained on a Jasco-6300 spectrophotometer. 'H- and "C-nuclear magnetic resonance
(NMR) spectra were obtained using Bruker 400 and 600 MHz (Bruker AC 400 and Bruker
Advance |l 600) spectrometers respectively, as Ds-methanol solutions. Mass spectra were
obtained in El mode at 70 eV ionization potential using a GC/MS DFS-Thermo Finnigan and
V.G. Analytical Ltd. (Manchester, England) model #305 mass spectrometer-2025 interfaced
with NIST library database. The study followed principles in the declaration of Helsinki.

2.1 Organism

The organism used for these studies was parental strain of G. stearothermophilus and its
mutant strain obtained by treatment of the parental strain with 1-methylnitrosoguanidine
followed by 3 min. UV exposure at A 254 nm. G. stearothermophilus has the capacity to use
different types of organic compounds as carbon source for its growth. The bacterium identity
and its charateristics have been decribed previously [44].

The parental strain was maintained at 4°C on tryptone and yeast extract agar plates as
described previously [47]. Seed cultures, (50mL/L) of G. stearothermophilus parental and
mutant strains were grown separately on tryptone yeast extract (TYE) medium at 65°C for 14
h in a shaker incubator under aerobic conditions. The cultures were immediately transferred
to fresh 500mL TYE medium in 2 L baffled flasks and were shaken at 200 rpm and
incubated at 65°C until the mid-log phase of growth (3.5-4h). The cells were collected by
centrifugation at 8000 rpm for 20 min, followed by their suspension in 5-10mL of 50mM
phosphate buffer (pH 7). The suspension was transferred to a flask containing 200mL of the
50 mM phosphate buffer, pH 7, containing 10% of Castenholz mineral salt solution as
described previously [44].

2.3 Transformation Experiments

Transformation studies were carried out in three cotton plugged Erlenmeyer flasks (250mL)
containing sterile 100mL of 50 mM phosphate buffer pH 7. Cholic acid was added
(20mg/100mL) into two flasks and sterilized by autoclaving at 121°C for 30 minutes.
Bacterial cells, suspended in phosphate buffer (10mL), were added to one of these flasks,
and the other flask with cholic acid but without bacterial cells, was taken as control. The third
sterilized flask contained only bacterial cells suspended in buffer and was taken as a
negative control. The flasks were incubated at 65°C for 5 days. Large-scale transformation
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of cholic acid was carried out in 3.5L buffer under similar conditions. The effect of variable
incubation time, temperature and pH on the transformation was studied.

2.4 Purification and Identification of Cholic Acid Metabolites

The 5-day old culture was harvested and the broth, after acidification, was exhaustively
extracted with ethyl acetate. The pooled organic extracts were dried over anhydrous sodium
sulfate, filtered and the solvent was evaporated under reduced pressure on a rotary
evaporator. The semisolid residue, thus obtained, was re-dissolved in methanol and
chromatographed on 20x20cm Kieselgel-60 TLC plates. The crude mixture was resolved on
TLC plates, Fig.1, using ethylacetate:iso-octane:acetic acid (20:5:1 v/v/v). Cholic acid
metabolites which did not resolve in the first solvent mixture, were resolved in
benzene:dioxane:methanol (30:20:1 v/v/v). The transformation products on TLC plates were
visualized by staining with 10% ethanolic solution of phosphomolybdic acid, followed by
heating at 120°C for 10 minutes.

12 3 4 5 6 7 8 9 10 11

Fig. 1. TLC analysis of 5 day transformation products of cholic acid by G.
stearothermophilus and mutant strain
From left to right: lane 1: Control (cells without cholic acid); lane 2: Control (cholic acid without cells);
lane 3: Compound 1; lane 4: Compound 2 ; lane 5: Compound 3; lane 6: compound 4; lane 7:
Compound 5; lane 8: compound 6; lane 9: Cholic acid transformation by parent strain; lane 10: Cholic
acid transformation by mutant strain; lane 11: compound 7.

Separation of the large-scale experimental products was achieved on preparative TLC plates
and the chromatograms were stained at one edge of the plate, while the remaining plate was
masked with a glass sheet. Well-resolved bands, on the corresponding unstained plate,
were marked and cut from the plates. Cholic acid metabolites were eluted from the
adsorbent by extraction with a mixture of chloroform:methanol (4:1 v/v). Fractions containing
identical products were pooled and the solvent was carefully evaporated to dryness at 25°C
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under a gentle stream of nitrogen gas. TLC analyses confirmed the purity of individual
metabolites and samples were submitted for spectral data.

Scale-up transformations were also carried out with the mutant strain. It showed intense
spots of the metabolites on TLC plates (Fig. 1). Extraction, isolation and purification of the
products of mutant strain were carried out as described for the parent strain. In addition, the
separation and studies of cholic acid metabolites were also achieved using GC/MS. An ethyl
acetate solution of the crude mixture was injected onto an OV1 GC fused silica capillary
column (30 m x 0.25 mm i.d.x0.11 um film thickness) for GC-MS analysis using an Agilent
model #6890 gas chromatograph with auto-sampler, mass selective detector model #5973
and Chemstation data system model #6890. Helium gas pressure was maintained at 19.0
psi with a flow rate of 2 mL min™". The initial oven temperature was maintained at 80°C for 4
min, followed by a gradual increase of 3°C min " to 250°C, and then the temperature was
maintained at 250°C for 5 min. The total run time was 45.67 min. A typical GC
chromatogram is shown in Fig. 2. The MSD Chemstation data analysis with the Agilent
library was used for identification of each metabolite.
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Fig. 2. GC

(1): Methyl! 3a,7a,12a-trihydroxy-5B-cholan-24-oate; (2): 3a-12a-dihydroxy-7-oxo-5B8-cholan-24-oic
acid; (3): 7a,12a-dihydroxy-3-oxo-5B-cholan-24-oic acid; (4): 3a,7a,12a-16a-tetrahydroxy-5B-cholan-
24-oic acid; (5): 3a,7a,12a-trihydroxy-5B-pregnane-20-oic acid; (6): Methyl 3a-methoxy-7a-hydroxy-12-
cholen-24-oate.

Purified metabolites were identified from their spectral data including 'H-NMR, *C-NMR and
other spectral data and confirmed by comparing the spectral data with the standards run
under identical conditions.

3. RESULTS AND DISCUSSION

Overall yield of the purified products ranged 2-6%. Although yields were not encouraging but
we achieved our objective to prove that if C3,7,12 positions were blocked, the hydroxyl
group would enter at C16 in a steroid molecule. Optimization of the metabolites was studied
by variation in inoculation time, temperature and pH. Six transformation products of cholic
acid were identified from their spectral data. These products were: Methyl 3a,7a,12a-
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trihydroxy-5B-cholan-24-oate (1); 3a-12a-dihydroxy-7-oxo-5p-cholan-24-oic acid (2); 7a,12a-
dihydroxy-3-oxo-5@-cholan-24-oic acid (3); 3a,7a,12a,16a-tetrahydroxy-5p-cholan-24-oic
acid (4); 3a,7a,12a-trihydroxy-5B-pregnane-20-oic acid (5); Methyl 3a-methoxy-7a-hydroxy-
12-cholen-24-oate (6). Their TLC and GC resolutions are shown in Fig.1 and 2 respectively,
and their molecular structures are given in Fig. 3.

-ull] OH

T

.'ll,//OH
(6)

Fig. 3. Molecular structures of the metabolites
(1): Methyl 3a,7a,12a-trihydroxy-5B-cholan-24-oate; (2): 3a-12a-dihydroxy-7-oxo-58-cholan-24-oic
acid; (3): 7a,12a-dihydroxy-3-oxo-5B-cholan-24-oic acid; (4): 3a,7a,12a-16a-tetrahydroxy-5B-cholan-
24-oic acid; (5): 3a,7a,12a-trihydroxy-5B-pregnane-20-oic acid; (6): Methyl 3a-methoxy-7a-hydroxy-12-
cholen-24-oate.
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3.1 Methyl 3a,7a,12a-trihydroxy-5g-cholan-24-oate (1)

This compound after its purlflcatlon on TLC plates, was identified from its typical spectral
data. An absorption at 1739 cm™ in its infrared spectrum was attributed to methyl ester
group in the molecule. A signal (>C=0) at 50.64 ppm in the proton decoupled *C-NMR, a
singlet for 3H at 3.66 ppm and an absence of carboxyl hydrogen in the "H-NMR  all
supported esterification of the carboxyl group at C24 of cholic acid. The most prominent
signals (ppm; D4-methanol) in the "H-NMR appeared at 0.72, C18-CHj;; 0.931, C19-CHj;
1.024, C21-CHg3; 3.96, 12-CH<; 3.84, 7-CH<; 3.36, 3-CH<.

Its MS showed a molecular ion at m/z 422.3023 consistent with Co5H4,05, methyl 3a,7a,12a-
trihydroxy-5p-cholan-24-oate. The mass spectrum showed a conS|stent loss of three water
molecules conforming three hydroxyl groups in the molecule. lts *C-NMR data is given in
Table 1 and its MS fragmentation appeared at m/z 422(1%); 404(22%); 386(73%);
368(38%); 271(100%) 253(75%). Methyl cholate has been earlier reported as a bacterial
transformation product of cholic acid [48,49]. The possibility of formation of this compound
(2.3% yield) during the extraction process using chloroform:methanol mixtures was checked.
The standard cholic acid acid under these extraction conditions did not yield methylcholate.
Therefore we assume that this compound was a transformation product of cholic acid. The
ester-methyl group may have been contributed by C1 donor like methionine.

3.2 3a,12a,-dihydroxy-7-oxo-53-cholan-24-oic acid (2)

This compound (yiled 4.6%) showed a typical carbonyl frequency at 1734 cm™ characteristic
of a saturated ring carbonyl function. The posmon of 7 oxo-group was confirmed from the
appearance of a new signal at 213.5 ppm in its ¥C-NMR, while position of the hydroxyl
bearing carbons C3 and C12 remained unchanged and were comparable with the standard
cholic acid. Further support for the C7 oxo-group came from the "H-NMR spectrum where
the CHOH signal for cholic acid at C7 was missing. The proton signals (ppm; D4-methanol)
appeared at 8.50, -COOH (exchangeable); 0.784, C18-CHj; 1.23, C19-CHg; 1.05, C21-CHs;
4.06, 12-CH<; 3.59, 3-CH<.

The mass spectral evidence (m/z 406.2719, C,4H330s) was also consistent with the
proposed molecular structure. The ®C-NMR data of the compound is given in Table 1 and
its MS fragmentation appeared at m/z 406(1%); 388(4%); 378(5%); 370(7%); 342(6%);
269(5%); 221(12%); 97(55%); 83(63); 69(90); 60(100%). The transformation of cholic acid to
metabolite (2) has been reported in many microbial transformation studies [50,51].

3.3 7a,12a-dihydroxy-3-oxo-5B-cholan-24-oic acid (3)

This compound (1.74% yield), being an epimer of 3a- 120( -dihydroxy-7-oxo-53-cholan-24-oic
acid (2) described above, was easily identifiable from its >*C-NMR data given in Table 1. The
proton NMR signals (ppm; Ds-methanol) appeared at 8.50 —COQOH; 0.775, C18-CHjs; 0.939,
C19-CHs;; 1.01, C21-CHj; 3.89, 7-CH<; 4.06, 12-CH<. Its molecular ion appeared at m/z
406.2718 consistent with C,4H3305 and the fragmentation pattern was consistent with the
proposed molecular structure. All spectral features of this compound were comparable with
its epimer 3a-12a-dihydroxy-7-oxo-5p-cholan-24-oic acid (2). Its MS fragmentation appeared
at m/z 406(1%); 388(3%); 370(4%); 355(8%); 337(5%); 300(8%); 287(10%); 269(19%);
135(42%); 97(73%) 83(95%); 69(70%); 57(100%). Many microbial transformation studies
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have shown that these two epimeric products (2 & 3) are co-metabolites of cholic acid
transformations [50,52].

Table 1. *CNMR of cholic acid metabolites run as D,-methanol solution. Values are
given in ppm

Carbon # CA Cholic acid Metabolites
1 2 3 4 5 6

1 35.15 35.64 34.38 36.38 35.05 34.53 26.84
2 29.79 29.9 29.22 36.16 30.31 25.94 25.47
3 67.69 68.2 70.22 215.2 68.27 67.09 81.39
4 39.05 39.61 40.36 45.14 34.98 33.70 26.16
5 41.8 42.35 40.46 43.49 39.06 34.01 35.39
6 34.53 35.05 44.85 33.52 35.88 32.16 31.36
7 71.50 72.0 213.5 67.35 72.03 72.14 70.81
8 39.63 40.16 49.20 39.56 42.15 39.14 34.29
9 26.47 27.03 36.78 27.26 46.64 27.58 46.34
10 34.48 35.0 36.02 34.60 35.64 34.16 33.57
11 28.2 28.73 32.62 28.29 28.7 26.83 138.2
12 72.64 73.15 71.52 72.39 73.20 74.38 126.6
13 46.12 46.63 46.10 46.89 42 .31 45.65 42.25
14 41.58 4215 46.12 41.44 46.64 41.05 46.46
15 22.89 23.37 22.69 26.67 27.01 211 22.80
16 27.30 27.81 27.38 27.36 27.84 25.67 23.10
17 46.65 4713 4817 48.05 47.20 47 .65 48.16
18 11.71 12.11 11.79 11.54 64.49 11.13 18.56
19 21.88 22.3 21.73 20.61 16.75 19.41 19.96
20 35.38 35.91 35.64 35.89 31.01 35.45 30.62
21 16.33 16.73 16.35 16.31 12.15 15.92 16.85
22 30.64 31.0 30.95 29.24 31.40 3026
23 30.94 31.39 30.93 29.27 31.49 30.33
24 176.81 175.7 176.3 176.5 175.5 178.5 175.1
COOCH; 50.64
-OCH3 54.51

3.4 3a,7a,120a,16a-tetrahydroxy-5B-cholan-24-oic acid (4)

This compound was the major transformation product (6.2% yield) and being a rare
metabolite of cholic acid, it was extensively studied. Its molecular ion appeared at m/z
424.2827, indicative of its molecular formula C,4H4006. This indicated an additional oxygen
atom in cholic acid molecule. The structure of this metabolite was established from detailed
analyses of 'H-NMR and "®C-NMR spectra. In the 'H-NMR spectra, all three methyl groups
at C18, C19, and C21 appeared as singlets at 0.73, 0.94, 1.04 ppm respectively, each for
3H, with a close resemblance to cholic acid signals. This indicated that the additional
oxygen did not enter at any one of these angular carbons. However, when the 'H-NMR of
the new compound was compared with cholic acid (Fig 4a), an additional quartet was
observed at 3.988 ppm that integrated for one proton (Fig 4b). The other proton signals (D4-
methanol, ppm) appeared at 8.5, COOH; 3.529, multiplet, -CH(OH)- at C3; 3.791, quartet, -
CH(OH)- at C7; 3.941, quartet, -CH(OH)- at C12; 4.03,-CH(OH)- at C16a. The stereospecific
introduction of the hydroxyl group at C16a was established from the coupling constant of the
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triplet for >CH16 split by the >CH, at C15. This established the a-stereochemistry of the C16
(OH) group.

Fig 4a
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Confirmation to this came from the ">C-NMR data of the 16a-hydroxy cholic acid where four
distinct carbon signals corresponding to —CHOH- appeared at 64.4911; 68.2777; 72.0347
and 73.2057 ppm for C3, C7, C12 and C16 respectively (Fig 5a). This again confirmed the
position of the additional —OH group at C16. The *CNMR of cholic acid showed only three
signals at 67.69; 71.50 and 72.64 ppm for -CHOH- at C3, C7, C12 respectively (Fig 5b).
This spectral data were in sharp contrast to other cholic acid metabolites where C-16 (>CH,)
appeared at around 23-27 ppm, Table 1. All other *C-NMR spectral data were comparable
with the standard cholic acid given in Table 1 confirming the additional —-OH group at C16.
The MS fragmentation of this metabolite appeared at m/z 424(0.3%); 408(1%); 390(3%);
372(87%); 271(100%); 253(86%); 226(31%), Fig. 6.

Modifications through hydroxylation processes can take place at many positions around the
steroid molecule [53]. The enzyme-catalyzed hydroxylation can take place stereospecifically
either/or a/ position to produce one of the isomer . Various types of cytochrome P-450
mono-oxygenases catalyze the NADPH/NADH dependent site-specific hydroxylations.
Natural occurrence in python bile, synthesis and characteristics of 16a-hydroxycholic acid
(pythocholic acid) have been reported [54-57]. A cytochrome P-450 from S.
roseochrompgenes strain 10984 has also been purified that can hydroxylate progesterone at
C-16a-position. Fungal transformation of progesterone into 16a-hydroxyprogesterone has
also been demonstrated using Sepedoniumam ampullosporum CMI strain # 203 033 [21].
However this is the first time, hydroxylation of cholic acid at C-16a catalyzed by a
thermophilic bacterium has been demonstrated.

Fig 5a
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24-oic acid

3.5 3a,7a,12a-trihydroxy-5p-pregnane-20-oic acid (5)

This compound was recovered in 2.7% yield. The molecular ion of this compound appeared
at m/z 380.2549, consistent with the formula C,,H3505. From its molecular formula it was
evident that cholic acid had lost C,H, neutral fragment from the side chain degradation. An
infrared absorption band at 1705.58 cm™ indicated C-20 carboxyl group in the side chain.
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This was supported by a strong exchangeable singlet at 8.05 ppm and a signal at 178.5 ppm
in the "H- and "*C-NMR spectra respectively.

The proton NMR signals (ppm; D4-methanol) appeared at 0.762, C18-CHs; 0.982, C19-CHs;
1.07, C21-CHj;; 3.391, 3-CH<; 3.814, 7-CH<; 3.920, 12-CH<. The propionic acid residue at
C-17 of the pregnane structure (2.007 and 1.996 for C20H; 1.843 (C17H ) was supported by
the quartet for —CH-CH3; group at 3.814 ppm and a doublet at 1.07 ppm for the methyl group
at C-20. MS fragmentation of this compound appeared at m/z 380.2549 (2) 69(100) 131
(60); 181(52); 281(8). Degradation of the side chain is a common phenomenon in microbial
metabolism of bile acids [50].

3.6 Methyl 3a-methoxy-7a-hydroxy-11-cholen-24-oate (6)

This compound (2.3% yield) showed its molecular ion at m/z 418.3082 suggesting its
molecular formula CysH420,. Its "TH-NMR spectrum showed two singlets for 3H each at 3.66
and 3.34 ppm characteristic of cholic acid methyl ester -COOCH; and -OCHj; groups at C24
and C3, respectively. Both of these groups showed their carbon signals at 50.64 and 54.51
ppm in their 3C-NMR spectrum. The other proton NMR signals (ppm; D4-methanol)
appeared at 0.861, C18-CHs; 0.905, C19-CHjs; 0.974, C21-CHgs; 3.55, 7-CH<; 3.59, 3-CH<;
5.31, C11-CH=; 5.53, C12 —CH=. The double bond between C-11-C12 appeared as a
complex multiplet for 2H. The *C-NMR data are presented in Table 1. lts MS fragmentation
appeared at m/z 418.3082 (1%); 400(4%-H,0); 388 (38%); 371(41%); 271(100%) 226(61%).
This compound has been reported as cholic acid transformation product catalyzed by human
intestinal microflora [58].

The formation of 3a,7a,12a-trihydroxy-5B-pregnane-20-oic acid (5) indicates that the
organism has the capacity to degrade side chain in cholic acid. However, among the
transformation products, no indication of ring fission to produce seco-steroids, was noticed.
Preferential oxidation of the hydroxyl groups at C3 and C7, while leaving intact the hydroxyl
function at C12/C16, seems to be the principal characteristic of this organism. However, the
unique feature of the organism is to introduce a hydroxyl function at C16 producing 16a-
hydroxy-cholic acid which could not be obtained through conventional chemical synthesis.
The 16-hydroxysteroid epimerase is known to convert 16a-hydroxyl group into 16p-hydroxyl
group in a steroid molecule [59].

Streptomyces roseochromogenes has the capacity to introduce 2 and 16a-hydroxyl-group
in a steroid molecule [60]. Both 16a and 16B-hydroxysteroids are important intermediates in
the synthesis 16-oxygenated estrogens used as markers of fetus well being during
pregnancy. The physiology and pathology of 16-hydroxyestrogens has been eloquently
reviewed [61]. The 16a-hydroxysteroids may also be useful intermediates in the synthesis of
16a-hydroxyprednisolone, fluorinated 16a-hydroxyprednisolones and other 16a-
hydroxycorticoids. Our results show that thermophiles such as G. stearothermophilus can
be used for 16a-hydroxylation of steroids, for drug development.

4. CONCLUSION
G. stearothermophilus has a good potential for transformation of bile acids into an

uncommon product such as 16a-hydroxycholic acid which is a novel metabolite of cholic
acid not easily accessiable by chemical synthesis.

385



British Journal of Pharmaceutical Research, 3(3): 374-390, 2013

CONSENT

Not applicable.

ETHICAL APPROVAL
Not applicable.
ACKNOWLEDGEMENT

The authors are thankful to Science Analytical Facilities (SAF) staff for their cooperation to
collect spectral data for the identification of cholic acid metabolites. Efforts of Mr. Mahesh for
running mass spectra are gratefully acknowledged.

DECLARATION OF INTEREST

This work was supported by research grants # SL04/05 from Kuwait University Research
Adminstration and authors thankfully acknowledge their support. The investigators also
thankfully acknowledge the assistance of General Facility Project # GS01/01, GS03/01,
GS01/03) for spectral data. One of the authors (MA) is thankful to Kuwait University,
Research Administration, for a travel grant to attend FASEB annual meeting in DC. The
authors report no declaration of interest.

COMPETING INTERESTS
Authors have declared that no competing interests exist.

REFERENCES

1. Beysen C, Murphy EJ, Deines K, Chan M, Tsang E, Glass A, Turner SM, Protasio J,
Riiff T, Hellerstein MK. Effect of bile acid sequestrants on glucose metabolism, hepatic
de novo lipogenesis, and cholesterol and bile acid kinetics in type 2 diabetes: A
randomised controlled study. Diabetologia. 2012;55:432-442.

2. Bortolini O, Fantin G, Fogagnolo M, Rossetti S, Maiuolo L, Di Pompo G, Avnet S,
Granchi, D. Synthesis, characterization and biological activity of hydroxyl-
bisphosphonic analogs of bile acids. Eur J Med Chem. 2012;52:221-229.

3. Chun IK, Lee KM, Lee KE, Gwak HS. Effects of bile salts on gastrointestinal
absorption of pravastatin. J Pharm Sci. 2012;101:2281-2287.

4. De Fabiani E, Mitro N, Gilardi F, Crestani M. Sterol-protein interactions in cholesterol
and bile acid synthesis. Subcell Biochem. 2010;51:109-135.

5. Berg JP, Liane KM, Bjorhovde SB, Bjoro T, Torjesen PA, Haug E. Vitamin D receptor
binding and biological effects of cholecalciferol analogues in rat thyroid cells. J Steroid
Biochem Mol Biol. 1994;50:145-150.

6. Kabaivanova L, Dobreva E, Miteva V. Production of a-cyclodextrin glucosyltransferase
by Bacillus stearothermophilus R2 starin isolated from a Bugarian hot spring. J Appl
Microbiol. 1999;86:1017-1023.

7. Al-Awadhi S, Welch SG, Smith KE, Williams RA. Bstb7si (R decreases Ccggy), a
thermostable isoschizomer of Cfr10i, from a strain of Bacillus stearothermophilus
isolated from oil-contaminated soil in Kuwait. Fems Microbiol Lett. 1998;160:205-208.

386



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

British Journal of Pharmaceutical Research, 3(3): 374-390, 2013

Daniel RM, Toogood HS, Bergquist PL. Thermostable proteases. Biotechnol Genet
Eng Rev. 1996;13:51-100.

Lasa |, Berenguer J. Thermophilic enzymes and their biotechnological potential.
Microbiologia. 1993;9:77-89.

Donova MV, Egorova OV. Microbial steroid transformations: Current state and
prospects. Appl Microbiol Biotechnol. 2012;94:1423-1447.

Isabelle M, Villemur R, Juteau P, Lepine F. Isolation of estrogen-degrading bacteria
from an activated sludge bioreactor treating swine waste, including a strain that
converts estrone to beta-estradiol. Can J Microbiol. 2011;57:559-568.

Cajthaml T, Kresinova Z, Svobodova K, Sigler K, Rezanka T. Microbial transformation
of synthetic estrogen 17-alpha-ethinylestradiol. Environ Pollut. 2009;157:3325-3335.
Berrie JR, Wiliams RA, Smith KE. Microbial transformations of steroids-XI.
Progesterone transformation by Streptomyces roseochromogenes-purification and
characterisation of the 16-alpha-hydroxylase system. J Steroid Biochem Mol Biol.
1999;71:153-165.

Ambrus G, llkoy E, Jekkel A, Horvath G, Bocskei Z. Microbial transformation of beta-
sitosterol and stigmasterol into 26-oxygenated derivatives. Steroids. 1995;60:621-625.
Al-Aboudi A, Mohammad MY, Haddad S, Al-Far R, Choudhary MI, Atta Ur R.
Biotransformation of methyl cholate by Aspergillus niger. Steroids. 2009;74:483-486.
Choudhary MI, Mohammad MY, Musharraf SG, Parvez M, Al-Aboudi A, Atta Ur R.
New oxandrolone derivatives by biotransformation using Rhizopus stolonifer. Steroids.
2009;74:1040-1044.

Swizdor A, Kolek T, Szpineter A. Transformations of steroid esters by Fusarium
culmorum. Z Naturforsch C. 2006;61:809-814.

Choudhary MI, Shah SA, Sami A, Ajaz A, Shaheen F. Fungal metabolites of (E)-
guggulsterone and their antibacterial and radical-scavenging activities. Chem
Biodivers. 2005;2:516-524.

Gower DB, Mallet Al, Watkins WJ, Wallace LM. Transformations of steroid sulphates
by human axillary bacteria. A mechanism for human odour formation? Biochem Soc
Trans. 1997;25:16s.

Smith KE, Latif S, Kirk DN. Microbial transformation of steroids--Il. Transformations of
progesterone, testosterone and androstenedione by Phycomyces blakesleeanus. J
Steroid Biochem. 1989;32:445-451.

Smith KE, Latif S, Kirk DN. 1989b. Microbial transformations of steroids--V.
Transformation of progesterone by whole cells and extracts of Botryosphaerica
obtusa. J Steroid Biochem. 1989;33:927-934.

Smith KE, Latif S, Kirk DN, White KA. Microbial transformations of steroids--IV. 6,7-
Dehydrogenation; a new class of fungal steroid transformation product. J 23. Steroid
Biochem. 1989;33:271-276.

Smith KE, White KA, Kirk DN. Microbial transformations of steroids--lll.
Transformation of progesterone by Sepedonium ampullosporum. J Steroid Biochem.
1989;33:81-87.

Kadis B, Chyn LC. Steroid transformations in porcine salivary glands. J Steroid
Biochem. 1975;6:1543-1548.

Lambert JG, Van Oordt PG. Proceedings: Steroid transformations in vitro by the ovary
of the zabrafish Brachydanio rerio. J Endocrinol. 1975;64:73p.

387



26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

British Journal of Pharmaceutical Research, 3(3): 374-390, 2013

Uno T, Okamoto S, Masuda S, Imaishi H, Nakamura M, Kanamaru K, Yamagata H,
El-Kady MA, Kaminishi Y, Itakura T. Bioconversion by functional P450 1a9 and P450
1¢1 of Anguilla japonica. Comp Biochem Physiol C Toxicol Pharmacol. 2008;147:278-
285.

Jia N, Arthington-Skaggs B, Lee W, Pierson CA, Lees ND, Eckstein J, Barbuch R,
Bard, M. Candida albicans sterol C-14 reductase, encoded by the Erg24 gene, as a
potential antifungal target site. Antimicrob Agents Chemother. 2022;46:947-957.
Hampl R, Starka L. Minireview: 16-alpha-hydroxylated metabolites of
dehydroepiandrosterone and their biological significance. Endocr Regul. 2000;34:161-
163.

Saul DJ, Williams LC, Toogood HS, Daniel RM, Bergquist PL. Sequence of the gene
encoding a highly thermostable neutral proteinase from Bacillus Sp. strain Ea1:
Expression in Escherichia coli and characterisation. Biochim Biophys Acta.
1996;1308:74-80.

Li B, Wang W, Wang FQ, Wei DZ. Cholesterol oxidase chol is a critical enzyme that
catalyzes the conversion of diosgenin to 4-ene-3-keto-steroids in Streptomyces
virginiae 1bl-14. Appl Microbiol Biotechnol. 2010;85:1831-1838.

Novikova LA, Faletrov YV, Kovaleva IE, Mauersberger S, Luzikov VN, Shkumatov V
M. From structure and functions of steroidogenic enzymes to new technologies of
gene engineering. Biochemistry (Mosc). 2009;74:1482-1504.

Shashkova TV, Luzikov VN, Novikova LA. Coexpression of all constituents of the
cholesterol hydroxylase/lyase system in Escherichia coli cells. Biochemistry (Mosc).
2006;71:810-814.

Mahato SB, Banerjee S, Podder S. Oxidative side-chain and ring fission of pregnanes
by Arthrobacter simplex. Biochem J. 1988;255:769-774.

Mahato SB, Mukherjee E, Banerjee S. Advances in microbial biotechnology of bile
acids. Biotechnol Adv. 1994;12:357-391.

Peterlik M. Role of bile acid secretion in human colorectal cancer. Wien Med
Wochenschr. 2008;158:539-541.

Iguchi Y, Nishimaki-Mogami T, Yamaguchi M, Teraoka F, Kaneko T, Une M. Effects of
chemical modification of ursodeoxycholic acid on Tgr5 activation. Biol Pharm Bull.
2011;34:1-7.

Salen G, Colalillo A, Verga D, Bagan E, Tint GS, Shefer S. Effect of high and low
doses of ursodeoxycholic acid on dallstone dissolution in humans. Gastroenterology.
1980;78:1412-1418.

Ichimiya H, Egestad B, Nazer H, Baginski ES, Clayton PT, Sjovall J. Bile acids and
bile alcohols in a child with hepatic 3-beta-hydroxy-delta-5-C27-steroid
dehydrogenase deficiency: Effects of chenodeoxycholic acid treatment. J Lipid Res.
1991;32:829-841.

Tint GS, Bullock J, Batta AK, Shefer S, Salen G. Ursodeoxycholic acid, 7-
ketolithocholic acid, and chenodeoxycholic acid are primary bile acids of the nutria
(Myocastor coypus). Gastroenterology. 1986;90:702-709.

Batta AK, Salen G, Shefer S. Transformation of bile acids into iso-bile acids by
clostridium perfringens: possible transport of 3 beta-hydrogen via the coenzyme.
Hepatology. 1985;5:1126-1131.

Afzal M, Oommen S, Al-Awadi S. Transformation of chenodeoxycholic acid by
thermophilic Geobacillus stearothermophilus. Biotechnol Appl Biochem. 2011;58:250-
255.

388



42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

British Journal of Pharmaceutical Research, 3(3): 374-390, 2013

Al-Hasan JM, Al-Awadi S, Oommen S, Afzal M. Tryptophan oxidative metabolism
catalyzed by Geobacillus stearothermophilus: A thermophile isolated from Kuwaiti soil
contaminated with petroleum hydrocarbons. Inter J Tryp Res. 2001;4:1-6.

Al-Awadi S, Afzal M, Oommen S. Studies on Bacillus stearothermophilus. Part V.
Influence of enhancers on biotransformation of testosterone. Steroids 2005;70:327-
333.

Al-Awadi S, Afzal M, Oommen S. 2003. Studies on Bacillus stearothermophilus. Part
lll. Transformation of testosterone. Appl Microbiol Biotechnol. 2003;62:48-52.
Al-Awadi S, Afzal M, Oommen S. Studies on Bacillus stearothermophilus. Part II.
Transformation of progesterone. J Steroid Biochem Mol Biol. 2002;82:251-256.
Al-Awadi S, Afzal M, Oommen S. Studies on Bacillus stearothermophilus. Part 1.
Transformation of progesterone to a new metabolite 9,10-seco-4-pregnene-3,9,20-
trione. J Steroid Biochem Mol Biol. 2001;78:493-498.

Catalano S, Malivindi R, Giordano C, Gu G, Panza S, Bonofiglio D, Lanzino M, Sisci
D, Panno ML, Ando S. Farnesoid X receptor, through the binding with steroidogenic
factor 1-responsive element, inhibits aromatase expression in tumor leydig cells. J Biol
Chem. 2010;285:5581-5593.

Philipp B. Bacterial degradation of bile salts. Appl Microbiol Biotechnol. 2001;89:903-
915.

Mukherjee E, Banerjee S. Mahato SB. Transformation of cholic acid by Arthrobacter
simplex. Steroids. 1993;58:484-490.

Kong W, Wang J, Xing X, Jin C, Xiao X, Zhao Y, Zhang P, Zang Q, Li Z. Screening for
novel antibacterial agents based on the activities of compounds on metabolism of
Escherichia coli: A microcalorimetric study. J Hazard Mater. 2011;185:346-352.
Higashi T, Ichikawa T, Inagaki S, Min JZ, Fukushima T, Toyo'oka T. Simple and
practical derivatization procedure for Enhanced detection of carboxylic acids in liquid
chromatography-electrospray ionization-tandem mass spectrometry. J Pharm Biomed
Anal. 2010;52:809-818.

Ducroq DH, Morton MS, Shadi N, Fraser HL, Strevens C, Morris J, Thomas MA.
Analysis of serum bile acids by isotope dilution-mass spectrometry to assess the
performance of routine total bile acid methods. Ann Clin Biochem. 2010;47:535-540.
Midtvedt T. Microbial bile acid transformation. Am J Clin Nutr. 1974;27:1341-1347.
Nonappa, Maitra U. Synthesis, aggregation behavior and cholesterol solubilization
studies of 16-epi-pythocholic acid (3-alpha, 12-alpha, 16-beta-trihydroxy-5-beta-
cholan-24-oic acid). Steroids. 2010;75:506-512.

Nonappa, Maitra U. First chemical synthesis, aggregation, behavior and cholesterol
solublization properties of pythocholic acid and 16(alpha)-hydroxycholic acid. Eur J
Org Chem. 2007;1333-1336.

Haslewood GA. Comparative studies of bile salts. Ill. The conversion of pythocholic
acid to deoxycholic acid. Biochem J. 1951;49:718-720.

Haslewood GA, Wootton VM. Comparative studies of bile salts. 2. Pythocholic acid.
Biochem J. 1951;49:67-71.

Luo Q, Chen Q, Wu Y, Jiang M, Chen Z, Zhang X, Chen H. Chemical constituents of
bear bile. Zhongguo Zhong Yao Za Zhi. 2010;35:2416-9.

Dahm K, Lindlau M, Breuer H. Steroid epimerase--A new enzyme of estrogen
metabolism. Biochim Biophys Acta. 1968;159:377-389.

389



60.

61.

British Journal of Pharmaceutical Research, 3(3): 374-390, 2013

Goodman JJ, Smith LL. 16-alpha-hydroxy steroids. XI. 2-beta- and 16-alpha-
hydroxylation of 9-alpha-fluorohydrocortisone by strains of Streptomyces
roseochromogenes. Appl Microbiol. 1961;9:372-375.

Hampl R, Lapcik O, Hill M, Klak J, Kasal A, Novacek A, Sterzl I, Sterzl J, Starka L. 7-
Hydroxydehydroepiandrosterone--A natural antiglucocorticoid and a candidate for
steroid replacement therapy? Physiol Res. 2000;49 Suppl 1:S107-112.

© 2013 Al-Awadhi et al.; This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.

Peer-review history:
The peer review history for this paper can be accessed here:
http://www.sciencedomain.org/review-history.php?iid=211&id=14&aid=1234

390




