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Final Report of the work done on the Major Research Project entitled, “Production,
purification and biochemical characterization of an extra-cellular cholesterol oxidase from
Bacillus sp.” (13 July 2015 to 30" June 2018)

1. Introduction

Cholesterol oxidase (CHOx, 3-p hydroxysterol oxidase, EC 1.1.3.6) catalyzes the
oxidation of cholesterol (cholest-5-en-33-ol) to its 3-keto-4-ene derivative, cholestenone
(cholest-4-en-3-one), with the reduction of oxygen to hydrogen peroxide (H,O,). However
some reported cholesterol oxidases from bacterial species oxidize cholesterol to 6[-
hydroperoxycholest-4-en-3-one (HCEO) in place of cholest-4-en-3-one (CEO) (Doukyu et al.
2008). Cholesterol oxidase is a flavin adenine dinucleotide (FAD)-dependent enzyme which
exists in two forms, in the first form FAD cofactor is bound non-covalently to the enzyme
(class I) and in the second form (class 1) cofactor is linked covalently to the enzyme (Lario et
al. 2003). Cholesterol oxidases belong to flavin-dependent oxidoreductase superfamily and
this superfamily is further divided into (i) glucose-methanol-choline (GMC) oxidoreductase
and (ii) vanillyl alcohol oxidase (VAO) family. The type | cholesterol oxidases are the part of
the GMC oxidoreductase family and the type Il cholesterol oxidases are assigned to VAO
family (Dijkman et al. 2013).

Cholesterol oxidases are produced by microorganisms of both pathogenic and
nonpathogenic nature such as Mycobacterium (Brzostek et al. 2007), Brevibacterium
(Uwajima et al. 1974), Streptomyces sp. (EI-Naggar, 2017), Arthrobacter (Chen et al. 2006),
Pseudomonas (Ghosh and Khare, 2016), Rhodococcus (Yazdi et al. 2008), Chromobacterium
(Doukyu et al. 2008), and Bacillus spp (Rhee et al. 2002). In most of microorganisms the
cholesterol oxidase is employed in the initial step of cholesterol metabolism. While in case of
pathogenic bacteria cholesterol oxidases act as membrane-damaging factors and therefore
contribute as virulence factor in the pathogenicity of these bacteria (Brzostek et al. 2007). In

addition, Streptomyces natalensis produces a cholesterol oxidase (PimE) which acts as a



signaling protein for the biosynthesis of an antifungal antibiotic, polyene macrolide pimaricin
(Aparicio and Martin 2008).

Screening and isolation of new CHOX producing bacterial strains are very important
owing to wide spectrum of applications of CHOXx. Keeping this in focus the CHOx has been
isolated and purified from various microorganisms. CHOXx is employed in the enzymatic
assay of cholesterol level in food, serum and other clinical samples (Khan et al. 2009; Molaei
et al. 2014). Cholesterol oxidase can also be used in the production of valuable intermediates
employed for steroid drug production, such as 4-androstene-3, 17-dione (AD) and 1, 4-
androstadiene-3, 17-dione (ADD) which are main starting materials in the synthesis of
anabolic drugs and contraceptive hormones (Dogra and Qazi 2001). The enzyme has also
been shown to have larvicidal activity against cotton boll weevil (Anthonomus grandis)
(Purcell et al. 1993). Cholesterol oxidase biosensors have found applications for detection of
cholesterol level in various samples. CHOx in new formulations with useful properties for
applications in various fields continues to be of considerable interest despite the availability

of commercial cholesterol oxidase.

2. Materials and methods

2.1 Biological material
Cholesterol oxidase producing Bacillus sp. was procured from Department of

Biotechnology, Himachal Pradesh University, Shimla.
2.2 Chemicals

NaNOs, K;HPO,, KCI, MgS0,4.7H,0, FeS0,4.7H,0, (NH;),SO,  (S.D. Fine-Chem
Ltd., Hyderabad, India); MgCl,, CaCl,, cholesterol and yeast extract (Himedia Laboratory,
Ltd., Mumbai, India); O-dianisidine (Loba Chemie, Colaba, Mumbai, India); Tween 20,
Tween 40, Tween 60, Tween 80, Triton X-100 (Sisco Research Laboratory, Mumbai, India)

were procured from various suppliers and were of analytical grade.
2. 3 Maintenance of the bacterial strain

The bacterial culture was maintained on cholesterol enriched (CE) agar medium
(Table 1). The bacterial culture was streaked on CE agar Petri plate, which was thence
incubated at 30 °C for 24 h. The Petri plates were stored at 4 °C and sub-culturing of the

bacterial strain was done every 45 days.



Table 1: Composition of cholesterol-enriched agar medium.

S.No. | Ingredients g/l

1 Glycerol 10.00

2 K2HPO4 2.00

3 CaCl, 0.01

4 (NH,4)2SO4 2.00

5 FeSO4 0.01

6 MgSO4 0.10

7 Cholesterol 1.00

9 Agar 15.00

The pH was adjusted to 7.0+ 0.2 at 30 °C

2.4 Quantitative determination of extra-cellular cholesterol oxidase activity of Bacillus
sp.
2.4.1 Enzyme production

The CE-broth contained (g/l) cholesterol 1.0, glucose 20.0, NH;NO3 2.0, K;HPO,40.2
and MgSQO,.7H,0 0.3 in distilled water to make final volume to 1 liter with pH set to 7.0+
0.2. The broth sterilized by autoclaving at 1.1 Bar pressure/ 121 °C for 15 min was inoculated
with Bacillus sp. The seed culture was prepared by growing the Bacillus sp. in 50 ml of the
broth at 37+ 1 °C in an incubator with continuous agitation (120 rpm) for 24 h. Thereafter, the
seed culture (2%) was inoculated into 50 ml of production broth and the broth was incubated
at 37+ 1 °C for 24 h in an incubator shaker (120 rpm). The fermentation broth was rendered
cell-free by centrifugation at 10,000 g for 15 min, at 4 °C. The CHOX activity was assayed in
the cell-free broth thus collected was assayed for extra-cellular CHOx activity by colorimetric

assay.



2.4.2 Assay for cholesterol oxidase activity

A previously reported colorimetric method (Masurekar et al. 1978) was used for assay
of CHOXx in the cell-free broth using cholesterol as a substrate. One unit (U) of cholesterol
oxidase was defined as the amount of enzyme capable of converting 1.0 umol of cholesterol

to 4-cholesten-3-one per minute at pH 7.0+ 0.1 and at a temperature of 37+ 1 °C.

2.5 Optimization of culture conditions for extra-cellular cholesterol oxidase production
by Bacillus sp.

The experiments were designed to determine the optimum physiochemical
parameter(s) for production of extra-cellular CHOXx in the fermentation broth by Bacillus sp.,
effect of inoculum size, incubation time, type & concentration of carbon source and type &

concentration of nitrogen source.

2.5.1 Medium optimization

The Bacillus sp. was grown in 10 different media (Table 1); that represented 4 media
(M1, M2, M3 and MD5) reported by previous workers and other 6 media (M4, M6, M7, M8,
M9 and M10) made by modifying these 4 previously reported media. Each of these medium
was used to produce extra-cellular CHOx by Bacillus sp. at 37+ 1 °C and pH 7.0+ 0.1.

Table 1: Media tested for extra-cellular production of cholesterol oxidase by Bacillus sp.

Medium Component g/l Reference

M1 Cholesterol 2.00 Ahmed and Johri 1992
Glucose 20.00
Yeast extract 5.00
NH4NO3 1.00
K2HPO, 0.25
MgSO, 0.20
pH 7.0£0.1

M2 Glycerol 10.00 Buckland et al. 1974




K2HPO,4 2.00
CaCl, 0.01
(NH,4)2SO,4 2.00
Yeast extract 20.00
FeSO, 0.01
MgSO4 0.10
pH 7.0£0.1
M3 Cholesterol 2.00 Nagasawa et al. 1996
K2HPO, 0.25
MgSO, 0.25
FeSO, 0.005
NaCl 0.001
NH4NO3 17.00
Tween 20 0.50
pH 7.0+0.1
M4 Cholesterol 1.00 Modified
NH4NO3 1.00
K2HPO, 0.25
pH 7.0£0.1
M5 KNO; 0.5 Owen et al. 1993
K2HPO, 7.0
MgSO, 0.1
CaCl, 0.01




FeSO, 0.005
K2PO, 3.0
NaCl 2.0
Cholesterol 0.5
pH 7.0+0.1
M6 Glucose 2 Modified
K2HPO,4 0.2
NH4NO3 0.2
Yeast extract 0.5
Cholesterol 0.1
pH 7.0+0.1
M7 NaCl 0.005 Modified
K2HPO, 0.2
NaNO3 1.7
FeSO, 0.001
Tween 20 100pl
Cholesterol 0.1
pH 7.0+0.1
M8 Glycerol 1 Modified
Yeast extract 2
K2HPO, 0.2
(NH.),NO3 0.2
MgSO, 0.01




Tween 20 0.10
Cholesterol 0.1
pH 7.0+0.1
M9 K2HPO,4 0.2 Modified
NaNO3 0.2
MgSO4 0.01
Cholesterol 0.1
pH 7.0+0.1
M10 NH4NO3 0.1 Modified
Yeast extract 0.5
MgSO4 0.01
Cholesterol 0.1
pH 7.0£0.1

2.5.2 Optimization of inoculum size for the extra-cellular cholesterol oxidase
production by Bacillus sp.

Varied amounts of inoculum (2-12% v/v) were added in the M4 production
medium (pH 7.0+ 0.1) and the inoculated medium was incubated at 37 °C for 24 h and
cholesterol oxidase activity was assayed.

2.5.3 Production profile of extra-cellular cholesterol oxidase by Bacillus sp.

A 24 h old seed culture (8%) was inoculated in sterile M4 broth. The extra-
cellular CHOx activities as well as bacterial growth were assayed after every 4 h until 96
h.

2.5.4 Optimization of carbon source for the extra-cellular cholesterol oxidase
production by Bacillus sp.
Carbon is an important source to support growth and production of enzyme as it is

one of the life supporting element in the organism. Effects of various additional carbon
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sources viz fructose, galactose, sorbitol, mannitol, rhamnose, glucose, xylose, arabinose,
sucrose, maltose, lactose and mellibiose at 0.5 mM besides cholesterol (1.0 g/l) on extra-

cellular CHOx were evaluated.

2.5.,5 Optimization of nitrogen source for the extra-cellular cholesterol oxidase

production by Bacillus sp.

The effect of organic and inorganic nitrogen sources (viz. peptone, tryptone, beef
extract, yeast extract, KNO3z, NaNO3z, NH4NO3, (NH4)2SO4, NH4CI and urea; 1.0 g/I) on

extracellular CHOx production by Bacillus sp was studied.

2.5.6 Optimization of concentration (s) of organic and inorganic nitrogen source for the
extra-cellular cholesterol oxidase production by Bacillus sp.

Inorganic NH4NO3 (2.5, 5.0, 7.5 and 10.0 g/l) and organic nitrogen source yeast
extract (2.5, 5.0, 7.5 and 10.0 g/lI) was individually supplemented in the M4 broth
containing cholesterol (1.0 g/l). The extra-cellular CHOx activity in the cell-free

fermentation broth in each case was assayed.

2.5.7 Effect of surfactant (s) on the extra-cellular cholesterol oxidase production by
Bacillus sp.

Surfactants in the fermentation medium are known to increase the secretion of
proteins by increasing cell membrane permeability leading to enhancement in enzyme
production. The effect of the selected surfactants (viz. Tween 20, Tween 40, Tween 60,
Tween 80 and Triton X-100) was separately evaluated by incorporating the chosen surfactant
(0.10% v/v) to the production medium. The extra-cellular CHOXx activity in the cell-free

fermentation broth in each case was assayed.

2.5.8 Optimization of production broth pH for the extra-cellular cholesterol oxidase
production by Bacillus sp.

The production of CHOx was studied in the production broth M4 containing
cholesterol (1.0 g/l), inorganic nitrogen source (NH4NO3 5.0 g/l), organic nitrogen source
yeast extract (5.0 g/l) and Triton X-100 (0.1%, v/v). The extra-cellular CHOXx activity at
each of the calibrated pH (pH 6.0 to 10.5+ 0.1) was assayed in the cell-free fermentation
broth.

10



2.5.9 Effect of cultivation temperature on the extra-cellular cholesterol oxidase
production by Bacillus sp.

To study the effect of incubation temperature on extra-cellular CHOXx
production, the culture was grown at different temperatures ranging from 25 to 55°C (25,
30, 35, 40 and 45°C) in 50 ml of optimized production medium. The extra-cellular CHOXx
activity in the cell-free fermentation broth in each case was assayed. The optimum

temperature that gave highest CHOx production was selected for further studies.

2.5.10 Effect of agitation rate on the extra-cellular cholesterol oxidase production by
Bacillus sp.

The effect of agitation rate on extra-cellular CHOx production by Bacillus sp. in
the optimized production medium M4 was evaluated at varying agitation rate (110-160
rpm) of the incubator shaker set at 37 “C for 48 h. The extra-cellular CHOXx activity in the

cell-free fermentation broth in each case was assayed.

2.5.11 Optimization of cholesterol concentration for the extra-cellular cholesterol

oxidase production by Bacillus sp.

To determine the effect of cholesterol concentration on extra-cellular CHOx
production by Bacillus sp., in 50 ml of the optimized M4 production broth, varying
concentration of cholesterol (0.2 to 1.5 g/l) was added and the extra-cellular CHOx
activity was assayed after 48 h. The extra-cellular CHOx activity in the cell-free

fermentation broth in each case was assayed.

2.6 Purification of cholesterol oxidase of Bacillus sp.

The CHOx from the cell-free fermentation broth of Bacillus sp. was purified using
techniques of ammonium sulfate salting out and anion exchange chromatography (DEAE-
Sepharose). All the experiments pertaining to purification of cholesterol oxidase were carried
out at 4 °C using potassium phosphate buffer (50 mM, pH 8.0). The crude enzyme was
treated with ammonium sulfate to precipitate the CHOx-protein. For purification of the
enzyme, the active enzyme fractions after dialysis were applied to DEAE-Sepharose column
and then eluted using gradient of NaCl. The fractions were assayed for protein (A,go) and the
fractions possessing cholesterol oxidase activity were pooled and used to characterize and

determine molecular weight (MW) of cholesterol oxidase electrophoretically.

11



2.6.1 Concentration of crude CHOx enzyme by ammonium sulfate precipitation

The (8%, v/v) 24 h old seed culture was used to inoculate 300 ml optimized CE broth
(production broth in 250 ml Erlenmeyer flask, 150x2 = 300 ml) and incubated at 35°C under
continuously shaking (200 rpm) in an incubator shaker. The cell-free fermentation broth
harvested after 48 h of production by centrifugation (10,000 x g, 4°C, 10 min) was used as
crude enzyme for purification of cholesterol oxidase. Ammonium sulfate was added to the
crude enzyme to achieve 0-20%, 20-40%, 40-60% and 60-80% saturation level. The
ammonium sulfate precipitation table was followed to calculate the required amount of
ammonium sulfate to be added. Required amount of ammonium sulfate was added to the cell-
free broth, thoroughly mixed using magnetic stirrer and kept at 4 °C for overnight. The
precipitated proteins were recovered by centrifugation at 15,000 g for 30 min and the
obtained pellet was dissolved in minimum amount of 50 mM potassium phosphate buffer (pH
8.0).

2.6.2 Salt removal by dialysis

The protein precipitates transferred into a dialysis membrane and were extensively
dialyzed against phosphate buffer (50 mM, pH 8.0) at a regular interval of 2 h so as to
completely remove ammonium sulfate. Finally, the cholesterol oxidase activity was assayed

in the dialysate. The dialyzed CHOXx was stored at -20°C until further use.

2.6.3 Anion exchange (DEAE-Sepharose) chromatography

A column of DEAE Sepharose was packed in a glass column (column diameter x
height = 1.2 cm x 15 cm). Equilibration was done using 50 ml of start-buffer (50 mM
phosphate buffer, pH 8.0) at a flow rate of 1.0 ml/min. The dialyzed CHOx was loaded on the
column and washed with 50 mM potassium phosphate buffer to remove unbound proteins.
The elution was performed with 10 ml of elution-buffer (50 mM phosphate buffer, pH 8.0
with NaCl gradient 0.1-1.0 M). The fractions (2.0 ml) were collected and assayed for both
CHOx activity as well as their protein content. The fractions showing CHOXx activity under a
peak were pooled (16 ml) and quantified both for protein content as well as cholesterol

oxidase activity. Purified cholesterol oxidase was stored at -20 ‘C until subsequent use.
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2.6.4 Polyacrylamide gel electrophoresis (PAGE)

The polyacrylamide gel electrophoresis was performed by the method of Laemmli
(1970).

2.6.4.1 Reagents for SDS-PAGE
Analytical grade reagents were used for SDS-PAGE.

1) Acrylamide (Electrophoresis grade)

2) Bis-acrylamide (N, N-Methylenebisacrylamide)

3) Tris (2-Hydroxymethyl-2-methyl-1, 3-propane diol)
4) SDS (Sodium dodecyl sulphate)

5) TEMED (N, N, N’, N’-Tetra methylene ethylene diamine)
6) Ammonium persulphate

7) 2-Mercaptoethanol

8) Glycerol

9) Bromophenol blue

10) Glycine

11) HCI

2.6.4.2 Stock solutions for SDS-PAGE

Tris-HCI (pH 8.8) 20M
Tris-HCI (pH 6.8) 1.0M

SDS 10 % (W/v)
Glycerol 50 % (v/v)
Bromophenol blue 1.0 % (w/v)

2.6.4.3 Working solutions for SDS-PAGE
All working solutions to perform SDS-PAGE were stored at 4°C.

I. Solution A (Acrylamide stock solution)
The acrylamide stock solution for SDS-PAGE was prepared by dissolving 29.2 g
acrylamide and 0.8 g bis-acrylamide in distilled water to make volume 100 ml. The salts

suspended in the solution were stirred until completely dissolved.
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I1. Solution B (Separating gel buffer, 4x)
The separating gel buffer (4x) was prepared by mixing 75 ml of 2 M Tris-HCI (pH
8.8), 4 ml of SDS (10%, w/v) and 21 ml of distilled water for SDS-PAGE.

I11. Solution C (Stacking gel buffer, 4x)
The 50 ml of 1 M Tris-HCI (pH 6.8) was mixed with 4 ml of SDS (10%, w/v) and 46
ml of distilled water to prepare 100 ml of stacking gel buffer for SDS-PAGE.

IVV. Ammonium persulphate solution (10%, w/v)
One gram ammonium persulphate was dissolved in distilled water and the final

volume was made up to 10 ml.

V. Electrophoresis buffer
One liter of electrophoresis buffer was prepared for SDS-PAGE by dissolving 3.0 g
Tris, 14.4 g glycine and 1.0 g SDS in distilled water.

V1. Sample buffer (5x)
The sample loading buffer (10 ml) was prepared by mixing 0.6 ml of 1.0 M Tris-HCI
(pH 6.8), 5 ml glycerol (50%, v/v), 2 ml of SDS (10%, w/v), 0.5 ml 2-mercaptoethanol, 1.0

ml of bromophenol blue and 0.9 ml of distilled water.
2.6.4.4 Preparation of gel for SDS-PAGE

The SDS-PAGE was carried out with Genetix gel electrophoresis system. The plates
were swabbed with tissue paper soaked in 95% ethanol and dried in air. The composition of

separating gel (10%) and stacking gel (5%) was as follows:

Component of gel Stacking gel Separating gel
(5 %) (10%)
Solution A 0.67 mL 3.333mL
Solution B - 2.5 ml
Solution C 1.0mL -
H,0 23mL 417 ml
10 % ammonium persulfate 30 ul 50 ul
TEMED 5ul 12 ul

14



The separating (10%) gel mixture was transferred to the glass plate’s sandwich and
over layered with distilled water. The acrylamide was allowed to polymerize for 1 h to
prepare one gel of 1.0 mm thickness for SDS-PAGE. Then 1 ml of stacking (5%) gel mixture
was poured over the separating gel after removing the water layer using filter paper. The
comb was inserted gently avoiding air bubbles and kept the gel for 30 min for

polymerization.

2.6.4.5 Sample loading and electrophoresis

The protein sample and 5x sample loading buffer were mixed in the ratio of 4:1 (v/v)
in an Eppendorf tube and the content was heated to 100 °C for 3 min. The samples (50 pl)
were loaded in wells cast in the gel and the electrophoresis was carried at constant voltage
(100 mA) at room temperature. The polyacrylamide gel was stained with Coomassie Blue R-
250 to visualise the protein bands.

2.6.4.6 Staining and destaining of polyacrylamide gel
The reagent used for staining and distaining of polyacrylamide gel has been listed

below:

Composition of Coomassie blue R-250 gel stain (1L):

Coomassie Blue R-250 10¢g

Methanol 450 ml
Distilled water 450 ml
Glacial acetic acid 100 ml

Composition of gel destain (1L):

Methanol 100 ml
Glacial acetic acid 100 ml
Distilled water 800 ml

Gel staining and destaining

The gel was gently transferred to a small gel staining box after electrophoresis
containing Coomassie blue gel stain (50 ml), and incubated at room temperature for 15 min
under agitation on gel rocker. The stain was poured out and washed the gel twice with
distilled water. The gel destainer (50 ml) was added and kept under shaking for 1 h on a gel
rocker. Destainer was changed 2-3 times under mild reciprocal shaking.
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2.7 Characterization of purified cholesterol oxidase from Bacillus sp.
The purified cholesterol oxidase of Bacillus sp. was characterized for various

physiochemical parameters as follows.

2.7.1 Effect of buffer system and pH

The enzyme activity was measured at various pH (5 to 11) using different buffers (50
mM) to find out the optimum pH for exhibiting maximum CHOX activity of purified CHOXx
of Bacillus sp. The enzyme assay was carried out at 37 °C for 30 min. The following buffers

were used for the assay of the CHOX activity:

Type of buffer pH range
Sodium citrate buffer pH 5.0-5.5
Sodium phosphate buffer pH 6.0-8.5
Potassium phosphate buffer pH 6.0-8.5
Tris-HCI buffer pH 7.0-9.0
Glycine-NaOH buffer pH 8.5-11.0

2.7.2 Effect of molarity of buffer

The enzyme assay was carried out at 37 °C for 30 min using cholesterol as substrate
with potassium phosphate buffer (pH 8.0) of different molarity ranging from 0.025 to 0.1 M
to study the effect of the molarity of the buffer on CHOX activity.

2.7.3 Effect of reaction temperature
The reaction was carried out in potassium phosphate buffer (50mM, pH 8.0) for
cholesterol as substrate at different temperatures (25 to 55 °C) in a temperature controlled

water-bath to find out the optimum temperature for maximum CHOX activity.

2.7.4 Effect of reaction time
The reaction mixture was incubated at 40 °C for 50 min in a temperature controlled
water bath to obtain the optimum time for reaction incubation. The periodical sampling of the

reaction mixture was carried out and CHOx activity was measured for each sample.

2.7.5 Effect of substrate concentration
To study the effect of substrate concentration, CHOXx activity was assayed at different
concentrations of cholesterol (0.129, 0.258, 0.387, 0.516, 0.645, 0.774, 0.903, 1.032, 1.161

16



and 1.29 mM). The reaction was carried out at 40 °C for 15 min with potassium phosphate
buffer (50 mM, pH 8.0).

2.7.6 Effect of different metal ions

Effect of different metal ions on CHOX activity was determined by pre-incubating the
enzyme with metal ions, i.e. K*, Ca?*, Fe**, Mg®*, Hg**, Ba**, Na*, Mn**, Zn®*and Cu®* ions
to a final concentration of 2 mM and 5 mM for 30 min at 35 “C. Residual CHOX activity, if

any was determined under normal assay conditions.

2.7.7 Effect of detergents

To study the effect of a few detergents namely Tween 20, Tween 40, Tween 60,
Tween 80, Triton X-100, SDS and sodium cholate on CHOX activity, the reaction was carried
out in the presence of selected detergents (2.0%, v/v) with 0.645 mM substrate concentration

at 40 °C for 15 min. The residual CHOX activity was assayed thereafter.

2.7.8 Effect of organic solvents on purified cholesterol oxidase

The activity of purified CHOx was assayed in the presence of different organic
solvents (10%, v/v) viz iso-propanol, butanol, ethyl acetate, toluene, DMSO, chloroform,
benzene, ethanol, acetone and methanol. The reaction was performed using KPB (50 mM) of
pH 8.0 at 40 °C for 15 min and the residual CHOX activity was assayed thereafter.

2.7.9 Determination of K, and Vax Of purified cholesterol oxidase

The Ky, and Vmax Of the purified CHOx were determined by measuring the reaction
velocities at different concentration of the cholesterol i.e. 0.129-1.29 mM. The reciprocal of
the reaction velocity was plotted against the reciprocal of the substrate concentration to

determine the K, and Vnax Value by Lineweaver-Burke plot (Lineweaver and Burke, 1934).

2.7.10 Thermostability of purified cholesterol oxidase

The thermostability of purified CHOx was evaluated by incubating enzyme at
different temperatures (37, 40, 50 and 60 °C) for 8 hour duration. The samples were
withdrawn at regular interval of 1 h and the residual CHOx activity was measured under

standard assay conditions.
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2.7.11 Peptide Mass-fingerprinting by MALDI-TOF-MS of purified cholesterol oxidase

MALDI-TOF analysis of the purified CHOx of Bacillus sp. was performed at Central
Instrumentation Facility, Institute of Himalayan Bioresource Technology (IHBT), Palampur
(Himachal Pradesh). The SDS band was digested with trypsin and incubated at 37 °C for 16
h. The digested peptides were dried and resuspended in 0.1% trifluoroacetic acid. This
suspension (0.5 ml) was mixed with same amount of Cyano-4-hydroxycinnamic acid (10
mg/ml in 50% acetonitrile, 0.1% trifluoroacetic acid) and speckled onto a Matrix Assisted
Laser Desorption lonization-Time of Flight-Mass Spectrum (MALDI-TOF-MS) target plate
for examination. The peptides were analyzed by Bruker Autoflex MALDI-TOF (Bruker
Daltonics) system and spectra were interpreted using Brukar BioTools Version 2.2 (Bruker
Daltonik).

2.7.12 In-silico structure prediction of purified cholesterol oxidase

The obtained mass/charge (m/z) spectrum by MALDI-TOF-MS was searched in
MASCOT search engine (http://www.matrixscience.com) to verify for the similarity of
sequence. The highest match with the highest score (Mass of 59189 Da, mascot score of 116)
was with Streptomyces sp. SA-COO cholesterol oxidase. Blast search was performed against
NCBI (http://ncbi.nlm.nih.gov/BLAST/) database to verify protein sequence homology. A
template-based modeling (homology modeling or comparative modeling) approach was
performed to predict 3D structure of CHOx (546 residues). By submitting the sequence to
SWISS MODEL (https://swissmodel.expasy.org/) server, 3D structure was predicted and
further structure analysis was performed where the result of MALDI-TOF-MS was mapped

to identify potential functional sites.

2.8. Biotransformation of cholesterol to cholest-4-en-3-one by using whole cells of
Bacillus sp.

The enzymatic conversion of cholesterol to cholest-4-en-3-one by whole cells of
Bacillus sp. was performed by using aqueous/organic monophasic or biphasic system in a 100
ml rotary shaking flask. The conditions were as followed: 5 ml reaction mixture containing
20 mg/ml wet cell weight of Bacillus sp., 1 mg/ml cholesterol, 200 rpm, 30°C and incubation
for 24 h. The conversion rate of cholesterol to cholest-4-en-3-one was calculated on the basis

of the concentration (ratio) of accumulated cholest-4-en-3-one to initial cholesterol.
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2.8.1 Extraction and isolation of cholesterol derivatives

After 48 h of the biotransformation reaction using whole bacterial cells, cholest-4-en-
3-one and other cholesterol derivatives were extracted from the reaction mixture with equal
volumes of ethyl acetate under shaking at 100 rpm for 1 h. Then the organic layer was
recovered and evaporated at 60°C. For immiscible organic solvent, organic layer was

recovered and was completely evaporated at 60°C.

2.8.2 Quantification of cholest-4-en-3-one by DNPH method
A previously reported colorimetric method (Gornall and Macdonald, 1952) was used

for quantification of cholest-4-en-3-one with 2, 4-dinitrophenyl hydrazine (DNPH).

Principle

Ketone is generally determined as a 2, 4-dinitrophenylhydrazone derivative (2, 4-
DNPH). At high concentrations ketones react with 2, 4-dinitrophenylhydrazine to form 2, 4-
dinitrophenylhydrazone which separated out as solid in methanol that could be determined
gravimetrically. However, at concentrations less than 10 M, the hydrazone formed remained
in methanol and developed an intense red color on the addition of alkali which absorbed at
480 nm. The reagent, hydrazine, on the other hand is of a slightly yellow colour. This formed
the basis of spectrophotometric determination of ketone. The derivatisation facilitated its
determination with the help of a simple colorimeter. Moreover, this method is used for the

determination of ketones in general.
Reagents

1. 2, 4-Dinitrophenylhydrazine (saturated): Prepared by dissolving sufficient amount of
the reagent in 20 ml of spectroscopic grade methanol.

2. A stock solution of cholest-4-en-3-one (1 mg/ml): Prepared by dissolving 1 mg of
cholest-4-en-3-one in 1 ml spectroscopic grade methanol.

3. Potassium hydroxide solution was prepared by dissolving 1.0 g of KOH in 2 ml of
distilled water and diluting it to 10 ml with spectroscopic grade methanol.

Procedure

1. 100, 200, 300, 400 and 500 pl of the standard cholest-4-en-3-one solution were
pipetted out into a series of test tubes labelled 1 to 5.
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2. 400, 300, 200, 100 and O ul of spectroscopic grade methanol was added to the test
tubes labelled 1 to 5, respectively so that the total volume in each test tube becomes
500 pl. This yielded 0.2, 0.4, 0.6, 0.8 and 1.0 mg /ml standard solution, respectively.

3. In another test tube, labelled ‘Sample’, 500 pl of the unknown sample was taken.

4. To yet another test tube, labelled ‘Blank’, 500 pl of methanol was added to prepare a
reagent blank.

5. To each of the above standards, sample and blank, 200 pl of the reagent, 2, 4-
dinitrophenylhydrazine solution and a drop each of conc. hydrochloric acid was
added.

6. The test tubes were kept in a boiling water bath for about 5 minutes and cooled.

7. The KOH solution (1.3 ml) was added to each of them and mixed.

8. Absorbance of all the solutions was measured at 480 nm against the reagent blank
with the help of a spectrophotometer and recorded.

9. A plot of absorbance vs. concentration was made to get the calibration curve.

10. The concentration of the given sample solution was determined with the help of a
calibration curve of cholest-4-en-3-one.

11. The concentration of cholest-4-en-3-one was calculated in the unknown sample

solution by accounting for the dilution factor and the value was reported.

Calculations
The concentration of given solution of cholest-4-en-3-one was

OD.7t -0OD.g

O.D.s -O.Dg

Where * conc. of standard * dilution factor

2.8.3 Biotransformation rate calculation
The biotransformation rate (%) of cholesterol to cholest-4-en-3-one was calculated on
the basis of the concentration ratio of accumulated cholest-4-en-3-one to initial cholesterol.

The biotransformation percentage was given as follows;

Amount of cholest-4-en-3-one * 100

Amount of cholesterol
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2.9 Optimization of biotransformation conditions
Various physiochemical parameters were optimized to enhance the yield of cholest-4-

en-3-one in the reaction system using whole cells of Bacillus sp.

2.9.1 Comparison of reaction system for the conversion of cholesterol

Effects of various water-miscible, water-immiscible organic solvents and detergents
on the conversion of cholesterol to cholest-4-en-3-one were investigated in an organic-
aqueous monophasic/ biphasic system using a 100 ml rotary shaking flask. The reaction
volume was kept 5.0 ml. The reaction mixture contained water-miscible solvents such as
ethanol, methanol, iso-propanol, acetone, iso-amyl alcohol (5%, v/v); water-immiscible
solvents such as ethyl acetate, carbon tetrachloride, toluene, benzene, n-hexane, n-heptane, n-
dodecane (1:3, v/v), and detergents such as Tween-20, Tween-60, Tween-80 and Triton X-
100 (1%, v/v). The biotransformation was performed using 20 mg/ml wet cell weight of
Bacillus sp., 1.0 mg/ml of cholesterol and potassium phosphate buffer (50 mM) of pH 8.0 at
30°C for 24 h in a final volume of 100 ml under shaking (200 rpm). After 24 h of incubation,

the reaction product was extracted by using equal volume of ethyl acetate.

2.9.2 Detection of reaction end-products of biotransformation by using TLC

Thin layer chromatography (TLC) was performed for the detection and semi-
quantification of reaction products after biotransformation. The extracted products, reference
solution of cholesterol and cholest-4-en-3-one in chloroform were applied to silica gel
plate(s) in the chromatography tank containing solvent system ‘chloroform/benzene/ethyl
acetate (6:3:1, v/v)’. The metabolites were visualized by spraying the dried TLC plate with a
solution of sulphuric acid (1:6, v/v) followed by heating at 110 °C.

2.9.3 Optimization of substrate (Cholesterol) concentration for efficient
biotransformation of cholesterol to cholest-4-en-3-one

To determine the effect of cholesterol concentration on the conversion of cholesterol
to cholest-4-en-3-one, varying concentration of cholesterol (0.5, 1, 1.5, 2.0 and 2.5 mg/ml)
was added to the biotransformation reaction medium. The biotransformation was performed
using 20 mg/ml wet cell weight of Bacillus sp. in potassium phosphate buffer (50 mM, pH

8.0) containing iso-propanol (5%, v/v) for monophasic system and carbon tetrachloride (1:3,
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v/v) for biphasic system at 30 °C for 24 h in a 100 ml rotary shaking flask with 200 rpm

agitation speed.

2.9.4 Optimization of wet cell weight of Bacillus sp. for biotransformation of cholesterol
to cholest-4-en-3-one

To study the effect of wet cell weight of Bacillus sp. on the conversion of cholesterol
to cholest-4-en-3-one, the biotransformation reaction was performed using amount of wet
cells of Bacillus sp. (5, 10, 15, 20, 25, 30, 35, 40, 50, 75 and 100 mg/ml). The cells were
added to 1.0 mg/ml cholesterol taken in potassium phosphate buffer (50 mM, pH 8.0)
containing iso-propanol (5%, v/v) for monophasic system and carbon tetrachloride (1:3, v/v)

for biphasic system at 30°C for 24 h in a 100 ml rotary shaking flask under shaking (200
rpm).

2.9.5 Optimization of solvent concentration for efficient biotransformation of
cholesterol to cholest-4-en-3-one

To determine the effect of solvent concentration on the conversion of cholesterol to
cholest-4-en-3-one, varying concentrations of iso-propanol (5, 10, 15, 20 and 25%, v/v) and
carbon tetrachloride (4:1, 3:1, 2:1, 1:1, 1:2, 1:3 and 1:4, v/v) were added to the
biotransformation system containing 50 mg/ml wet cell weight of Bacillus sp., 1.0 mg/ml
cholesterol in potassium phosphate buffer (50 mM) of pH 8.0 at 30°C. The reaction was
performed for 24 h in a 100 ml rotary shaking flask under shaking (200 rpm).

2.9.6 Optimization of reaction time for biotransformation of cholesterol to cholest-4-en-
3-one

To study the effect of reaction time on the conversion of cholesterol to cholest-4-en-3-
one, in 5 ml reaction volume, the biotransformation reaction was performed using 50 and 100
mg/ml wet cell weight of Bacillus sp., 1.0 mg/ml cholesterol prepared in potassium phosphate
buffer (50 mM) of pH 8.0 containing iso-propanol (5%, v/v) and carbon tetrachloride (1:1,
v/v) at 30°C for different time interval such as 24, 48, 72 and 96 h in a 100 ml rotary flask
under shaking at 200 rpm.
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2.9.7 Optimization of agitation speed for biotransformation of cholesterol to cholest-4-
en-3-one

To determine the effect of agitation speed on the conversion of cholesterol to cholest-
4-en-3-one, the biotransformation was performed using 50 mg/ml wet cell weight of Bacillus
sp., 1.0 mg/ml cholesterol prepared in potassium phosphate buffer (50 mM) of pH 8.0
containing iso-propanol (5%, v/v) and carbon tetrachloride (1:1, v/v) at 30°C for 48 h in a

100 ml rotary flask under varying agitation speed (100, 150, 200 and 250 rpm).

2.9.8 Effect of reaction volume on biotransformation of cholesterol to cholest-4-en-3-one

To determine the effect of reaction volume on the conversion of cholesterol to
cholest-4-en-3-one, the biotransformation reaction was performed in 5, 25, and 125 ml
reaction volume, using 50 mg/ml wet cell weight of Bacillus sp., 1.0 mg/ml cholesterol (in
potassium phosphate buffer, 50 mM set to pH 8.0) containing carbon tetrachloride (1:1, v/v)
at 30°C for 48 h in a rotary flask under shaking (250 rpm).

2.9.9 Biotransformation profile of cholesterol to cholest-4-en-3-one by using Bacillus sp.
whole cells

To study the biotransformation profile of the conversion of cholesterol to cholest-4-
en-3-one, in 5 ml reaction volume, the biotransformation was performed using 50 and 100
mg/ml wet cell weight of Bacillus sp., 1.0 mg/ml cholesterol and potassium phosphate buffer
(50 mM) of pH 8.0 containing iso-propanol (5%, v/v) and carbon tetrachloride (1:1, v/v) at
30°C for selected time intervals (0, 6, 12, 18, 24, 30, 36 and 48 h) in 100 ml rotary flask at
200 rpm.

2.9.10 Reusability of whole cells of Bacillus sp. for biotransformation reaction
Reusability and recovery become very important parameters when enzymes are
employed for commercial applications. To study the operational stability, the Bacillus sp.
cells were separated from the reaction mixture by centrifugation for 10 min at 15,000 g
following each cycle of operation, the cells were washed three times with potassium
phosphate buffer (50 mM, pH 8.0) to remove any residual substrate. The cells were re-

introduced into a fresh reaction medium to obtain the residual biotransformation activities.
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2.9.11 Comparison of the biotransformation of cholesterol to cholest-4-en-3-one by free
cells and cells confined to a dialysis bag

To study the comparison of the biotransformation of cholesterol to cholest-4-en-3-one
by free cells and cells confined to a dialysis bag (10 kDa cut off) in 10 ml reaction volume.
The biotransformation reaction was performed using 50 mg/ml wet cell weight of Bacillus
sp., 1.0 mg/ml cholesterol and potassium phosphate buffer (50 mM) of pH 8.0 containing iso-
propanol (5%, v/v) and carbon tetrachloride (1:1, v/v) at 30°C for 48 h in a flask under
shaking (200 rpm). While, in case of cells taken in a dialysis bag, the biotransformation was
performed using 50 mg/ml wet cell weight of Bacillus sp. kept in dialysis membrane hung in
the reaction mixture of contain 1.0 mg/ml cholesterol and potassium phosphate buffer (50
mM) of pH 8.0, iso-propanol (5%, v/v) and carbon tetrachloride (10 ml) at 30°C for 48 h in a
flask under shaking (200 rpm).

2.9.12 Purification of the cholest-4-en-3-one by silica column chromatography
Cholest-4-en-3-one was purified through five steps namely, extraction, washing,
evaporation, column chromatography separation and recrystallization. During the purification
processes, the product was extracted in organic solvent and the crude product was obtained
by evaporation at 60°C. The crude product dissolved in ethyl acetate (10 mg/ml) was loaded
onto a column of silica gel (300-400 mesh) equilibrated with petroleum ether. Using a
mixture of ethyl acetate—petroleum ether (from 1:40 to 1:20, v/v) to carry out gradient
elution, the eluent was collected into a batch of 5 ml tubes and then the tubes were put
together and concentrated in a rotary evaporator to get the cholest-4-en-3-one. In the end, the
crude cholest-4-en-3-one was recrystallized from anhydrous alcohol (methanol). A white
crystalline end product was obtained, after a series of purification steps. An elution profile

was recorded by the quantification of cholest-4-en-3-one by the DNPH method.

2.9.13 Analysis of products by using High-performance liquid chromatography (HPLC)
and Fourier transform infrared spectroscopy (FT-IR).

The end products of biotranformation reaction were analyzed by HPLC using a
reverse phase C-18 column 9lengnth 25 cm) equipped with a Waters pump system (Waters
515 pump; Waters Corp, USA). Cholesterol, cholest-4-en-3-one, and other substances were
detected by photo diode array detector (Applied Biosystems) at 240 nm. The mobile phase
contained acetonitrile and iso-propanol in a ratio of 70:30 and samples were prepared in iso-

propanol. The flow rate of mobile phase was 1 ml/min and temperature was kept at 30°C.
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The results were recorded and presented. Characterization of product by FT-IR was done at
Advanced Material Research Centre (AMRC), IIT, Mandi.

3. Results
3.1 Optimization of culture conditions for extra-cellular cholesterol oxidase production
by Bacillus sp.
3.1.1 Medium optimization

Out of 10 different media that represented some media (M1,M2, M3 and MD5)
reported by previous workers and remaining 6 (M4, M6, M7, M8, M9 and M10) were made
by modifying the 4 previously reported media used for the production of bacterial CHOx
using 2% (v/v) of 24 h old inoculum, the maximum CHOXx activity was observed in
production broth ‘Medium 4’ (0.128 U/ml, Table 1); hence it was selected for further studies.

Table 1: The outcome of medium optimization for extracellular production of CHOx by

Bacillus sp.
Medium used CHOx activity | Relative activity
(U/ml) (%)
M1 0.102 79.68
M2 0.099 77.34
M3 0.087 67.96
M4 0.128 100.00
M5 0.104 81.25
M6 0.109 85.15
M7 0.112 87.50
M8 0.099 77.34
M9 0.107 83.59
M10 0.105 82.03
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3.1.2 Optimization of inoculum size for the extra-cellular cholesterol oxidase
production by Bacillus sp.

Varied amounts of inoculum (2-12% v/v) of Bacillus sp. were added in the M4
production medium (pH 7.0+ 0.1) and the medium was incubated at 37 °C for 24 h.
Maximum enzyme activity of 0.172 U/ml was found in 8% (v/v) inoculum size in

comparison to other inoculum concentrations (Table 2).

Table 2: Optimization of inoculum size for the extra-cellular cholesterol oxidase

production by Bacillus sp.

Inoculum size CHOx activity Relative activity
(%, Viv) (U/ml) (%)
2 0.126 73.25
4 0.134 77.90
6 0.147 85.46
8 0.172 100.00
10 0.168 97.67
12 0.159 92.44

3.1.3 Production profile of extra-cellular cholesterol oxidase by Bacillus sp.

The broth M4 when inoculated with 8% (v/v) of 24 h old seed culture produced
optimal amount (0.213 U/ml) of CHOx at 48 h (Table 3). The extra-cellular CHOx
activities as well as bacterial growth were assayed after every 4 h till 96 h. The optimal
growth of Bacillus sp. was observed at 36 h while maximum CHOXx production was
recorded after 48 h of incubation at 37°C.
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Table 3: Production profile of extra-cellular cholesterol oxidase by Bacillus sp.

Time (h) Growth (Asso) CHOx activity

(U/ml)
0 0.204 0.010
4 0.204 0.012
8 0.236 0.026
12 0.304 0.059
16 0.373 0.083
20 0.400 0.106
24 0.391 0.168
28 0.455 0.169
32 0.647 0.185
36 0.547 0.203
40 0.559 0.212
44 0.566 0.234
48 0.583 0.243
52 0.602 0.239
56 0.465 0.229
60 0.430 0.165
64 0.412 0.106
68 0.395 0.074
72 0.360 0.038
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3.1.4 Optimization of carbon source for the extra-cellular cholesterol oxidase
production by Bacillus sp.

Effect of various additional carbon sources on extra-cellular production of CHOx by
Bacillus sp. grown in 50 ml of culture broth (containing 0.1% cholesterol, w/v) at 37°C for
48 h under continuous agitation at 120 rpm were recorded (Table 4). The presence of
selected carbon sources produced relatively low extra-cellular CHOx (in the broth in

comparison to control (cholesterol alone; 0.239 U/ml).

Table 4: Optimization of carbon source for the extra-cellular cholesterol oxidase

production by Bacillus sp.

Carbon source CHOx activity Relative activity
(U/ml) (%)
Fructose 0.034 14.22
Galactose 0.121 50.62
Sorbitol 0.149 62.34
Mannitol 0.029 12.13
Rhamnose 0.021 8.78
Glucose 0.178 74.47
Xylose 0.052 21.17
Arabinose 0.019 7.94
Sucrose 0.102 42.67
Maltose 0.046 19.24
Lactose 0.035 14.64
Mellibiose 0.023 9.62
Control 0.239 100.00
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3.1.5 Optimization of nitrogen source for the extra-cellular cholesterol oxidase
production by Bacillus sp.

The effect of organic and inorganic nitrogen sources (viz. peptone, tryptone, beef
extract, yeast extract, KNO3z, NaNO3z, NH4sNO3, (NH4)2SO4, NH4CI and urea; 1g/l) on
CHOx production was studied (Table 5). Amongst various organic/ inorganic nitrogen
sources (0.1%, w/v) supplemented in the production broth, Bacillus sp in the presence of

yeast extract produced highest amount (0.315 U/ml) of extra-cellular CHOx activity.

Table 5: Optimization of nitrogen source for the extra-cellular cholesterol oxidase

production by Bacillus sp.

Nitrogen source CHOx activity Relative activity
(0.5%, wiv) (U/ml) (%)
Peptone 0.182 57.77
Tryptone 0.171 54.28
Beef extract 0.193 61.26
Yeast extract 0.315 100.00
Soya bean meal 0.150 47.61
Control 0.234 74.28

3.1.6 Effect of addition of inorganic nitrogen source to the yeast extract supplemented
broth for extra-cellular cholesterol oxidase production by Bacillus sp.

Among the selected inorganic nitrogen sources that were supplemented in the
production broth (containing yeast extract 0.5%, wi/v), additional supplementation of
NH4NO3; enhanced the extra-cellular CHOx production by Bacillus sp. to 0.409 U/ml
(Table 6).
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Table 6: Effect of inorganic nitrogen source for extra-cellular cholesterol oxidase

production by Bacillus sp.

Inorganic nitrogen CHOx activity Relative activity
source (0.5%, w/v) (U/ml) (%)
None (yeast extract 0.315 77.01

alone, 0.05%, w/v)

KNO3 0.213 52.07
NaNO3 0.305 7457
NH;NO3 0.409 100.00
(NH2)2S04 0.283 69.19
NH,CI 0.198 48.41
Urea 0.202 49.38

3.1.7 Effect of surfactant (s) on the extra-cellular cholesterol oxidase production by
Bacillus sp.

Effect of supplementation of each of the surfactant (0.1%, w/v) to the production
broth M4 was studied (Table 7). Most of surfactants were found to increase the extra-
cellular CHOx production by Bacillus sp. but Triton X-100 exhibited the maximum
increase in the CHOX activity (0.578 U/ml).

Table 7: Effect of surfactant (s) on the extra-cellular CHOx production by Bacillus

sp.

Surfactant CHOx activity (U/ml) Relative activity

(0.1%, wiv) (%)
Control 0.409 70.76
Tween 20 0.412 71.28
Tween 40 0.428 74.04
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Tween 60 0.465 80.44
Tween 80 0.506 87.54
Tween 100 0.518 89.61
Triton X-100 0.578 100.00

3.1.8 Optimization of production broth pH for the extra-cellular cholesterol oxidase

production by Bacillus sp.

Optimized M4 broth containing (g/l, w/v) 1.0 cholesterol, 5.0 yeast extract, 5.0
NH4NO3, K;HPO,4 0.25 and Triton X-100 (0.1%, v/v) was adjusted to final pH of 6.0 to
9.0 to determine cumulative effect of different optimized conditions (Table 8). The
maximum extra-cellular CHOx produced by Bacillus sp. in the fermentation broth was

observed at pH 7.5 (0.652 U/ml).

Table 8: Optimization of broth pH for the extra-cellular cholesterol oxidase production

by Bacillus sp.
pH CHOx activity Relative activity
(U/ml) (%)
6.0 0.102 15.64
6.5 0.129 19.78
7.0 0.569 87.26
7.5 0.652 100.00
8.0 0.302 46.31
8.5 0.215 32.97
9.0 0.059 9.04
9.5 0.036 5.52
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3.1.9 Effect of cultivation temperature on the extra-cellular cholesterol oxidase
production by Bacillus sp.

The optimal CHOx enzyme production by Bacillus sp. was noticed at 45+ 1°C
(0.662 U/ml) that drastically reduced when inoculated broth was incubated at 55+ 1°C
(Table 9). These results confirmed the moderate thermopbhilic nature of the organism that
preferred to grow in the temperature range of 35 to 45 °C. Although extra-cellular CHOx
activities produced by Bacillus sp. in the fermentation broth at temperature 37 and 40+
1°C were comparable (0.654 U/ml) to the value observed at 45+ 1°C (0.662 U/ml).

Table 9: Effect of cultivation temperature on the extra-cellular cholesterol oxidase

production by Bacillus sp.

Temperature CHOx activity Relative activity
(°C) (U/ml) (%)
25 0.297 44.86
30 0.450 67.97
35 0.562 84.89
37 0.654 98.69
40 0.659 99.54
45 0.662 100.00
50 0.412 62.23
55 0.298 45.01

3.1.10 Effect of agitation rate on the extra-cellular cholesterol oxidase production by
Bacillus sp.

The effect of agitation of the optimized M4 broth on the extra-cellular CHOXx
production by Bacillus sp. was studied. The Bacillus sp. produced maximum enzyme
activity (0.698 U/ml) in the broth at an optimal agitation rate of 140 rpm at 37 °C (Table
10).
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Table 10: Effect of agitation rate on the extra-cellular cholesterol oxidase production

by Bacillus sp.
Agitation CHOx activity | Relative activity
(rpm) (U/mi) (%)
100 0.325 46.56
110 0.348 49.85
120 0.465 66.61
130 0.585 83.81
140 0.698 100.00
150 0.654 93.69
160 0.623 89.25

3.9.11 Optimization of cholesterol concentration for the extra-cellular cholesterol

oxidase production by Bacillus sp.

When the effect of substrate (cholesterol) concentration in the cholesterol enriched

broth to produce extra-cellular CHOx by Bacillus sp. was evaluated it was observed that (Fig.

1) maximum CHOX activity (0.693 U/ml) was observed at 0.1% (w/v) cholesterol.
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Fig. 1: Optimization of cholesterol concentration for the extra-cellular CHOX

production by Bacillus sp.
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3.9.12 Optimized conditions for the production of extra-cellular CHOx by Bacillus
sp.

In order to enhance the CHOXx activity in production broth different physiological
parameters were optimized by keeping one factor variable at a time. The optimized
parameters that provided maximum extra-cellular activity in M4 broth by Bacillus sp.
Were presented (Table 11).

Table 11: Summary of optimized physico-chemical conditions for optimal production of

extracellular CHOXx by Bacillus sp.

S. No. Considered factor Optimized parameter

1 Medium type M4

2 Inoculum size 8% (v/v) of 24 h old seed culture

3 Time course 48 h

4 Carbon source Cholesterol

5 Nitrogen source Yeast extract with NH4;NO; (0.5%,
wi/v)

6 Detergent supplementation Triton X-100

7 pH of the M4- broth 7.5+ 0.1

8 Temperature 37°C

9 Agitation rate 140

10 Cholesterol amount 0.1% (wi/v)

3.2 Purification of Bacillus sp. cholesterol oxidase
3.2.1 Precipitation of crude cholesterol oxidase

The extracellular bacterial cholesterol oxidase (0.693 U/ml; 0.478 mg protein/ml)
secreted by Bacillus sp.in the CE production broth (300 ml) was subjected to ammonium

sulphate precipitation at various level of salt saturation (Table 12). At 40-60% saturation of
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ammonium sulphate, an activity of 1.84 U/ml with 2.1 fold purification of CHOx was

observed.

Table 12: Fractionation of cholesterol oxidase protein by ammonium sulfate
precipitation.

Ammonium CHOx (U/ml) Protein Specific activity
sulfate (%o) (mg/ml) (U/mg)
0 0.693 0.478 1.44
0-20 - 0.132 -
20-40 0.886 0.559 1.59
40-60 1.839 0.602 3.06
60-80 0.413 0.368 1.12

3.2.2 DEAE anion exchange chromatography

Dialyzed CHOx was purified by using ion exchange chromatography with DEAE-
Sepharose column. The dialyzed protein (14 ml) was loaded on DEAE-Sepharose column
and the column was eluted with a linear NaCl gradient (0.1-1 M) prepared in 50 mM
potassium phosphate buffer (pH 8.0). A total of 50 fractions (2 ml each) were collected. The
CHOx activity was eluted at 0.5 M-0.6 M concentration i.e. between 23-30 eluted fractions
(Fig. 3). The fractions showing good protein content (Azso) were assayed for both CHOXx
activity as well as protein content. This chromatographic step resulted in 10.4-fold
purification of enzyme with a yield of 10.7%. The protein elution profile and CHOX activity
in the fractions of DEAE-Sepharose column chromatography (Fig. 2) and step-wise summary

of purification of the CHOx were presented (Table 13).
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Fig. 2: Protein and activity profile of Bacillus sp. cholesterol oxidase on a DEAE-

Sepharose anion exchange column.

Table 13: Summary of step-wise purification of Bacillus sp. cholesterol oxidase.

Purification Total | Protein | Total Total Specific | Purification | Yield
I i ivi ivi %
step volume (mg/ml) protein | activity(U) | activity (fold) (%)
(ml) (mg) (U/mg)
CFE 300 0.478 143.4 207.9 1.44 1 100
ASP and 14 0.721 10.1 31.1 3.07 2.1 15
Dialysis
DEAE 16 0.0925 1.48 22.2 15.0 10.4 10.7
Sepharose

CFE: Cell free extract; ASP: Ammonium sulfate precipitates

3.2.3 Electrophoretic characterization of DEAE anion exchange column purified

Bacillus sp. cholesterol oxidase
The analysis of bacterial CHOx under reducing and denaturing SDS-PAGE (10%)
revealed that the CHOXx possessed a single band of Mr 59 kDa (Fig. 3) as visualized by

Coomassie Brilliant Blue R-250 staining.
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Fig. 3: (a) Protein and activity profile of Bacillus sp. CHOx on DEAE-Sepharose anion
exchange column. (b) SDS-PAGE of purified CHOx from Bacillus sp. (Lane L1 and L2:
DEAE purified CHOx; L3: Dialyzed enzyme; L4: Wide range molecular weight
markers (10-245 kDa).

3.3 Characterization of purified cholesterol oxidase from Bacillus sp.
3.3.1 Effect of buffer system and pH

To analyze optimum pH and buffer system for maximum CHOX activity, buffers
ranging from pH 5.0 to 11.0 (50 mM) were used. The purified CHOx of Bacillus sp.
exhibited maximum activity in the pH range of 7.0-8.0 (Fig. 4). The potassium phosphate
buffer of pH 8.0 gave maximum enzyme activity (15.7 U/mg) using cholesterol as substrate.
The activity tends to decrease as the pH was altered from the optimum. Thus, potassium

phosphate buffer (pH 8.0) was used in subsequent experiments.
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Fig. 4: Effect of buffer system and pH on CHOX purified from Bacillus sp.
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3.3.2 Effect of molarity of buffer

To study the effect of molar concentration of potassium phosphate buffer (pH 8.0) on
the CHOX activity, the molarity of the potassium phosphate buffer was varied from 0.025 to
0.1 M (Fig. 5). The maximum activity of purified CHOx (15.5 U/mg) was recorded at 0.05M
of potassium phosphate buffer and further increase in the molarity of the buffer resulted in

decrease in the activity of CHOX.
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Fig. 5: Effect of molarity of buffer system on CHOXx from Bacillus sp.

3.3.3 Effect of reaction temperature
The CHOXx activity increased as the reaction temperature increased from 25-40 °C.
The maximum CHOX activity (16.1 U/mg) was recorded at 40 °C (Fig. 6).
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Fig. 6: Effect of reaction temperature on CHOx from Bacillus sp.
3.3.4 Effect of reaction time

To examine the effect of reaction time on the activity of purified CHOx of Bacillus

sp. the time course of enzymatic reaction was followed up to 50 min at 40 °C. The purified
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CHOx of Bacillus sp. exhibited maximum activity (17.3 U/mg) after 15 min incubation at 40
°C (Fig. 7).
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Fig. 7: Effect of reaction time on CHOx from Bacillus sp.

3.3.5 Effect of substrate concentration

To study the effect of substrate concentration on the enzyme kinetics, CHOXx activity
was assayed at different concentrations of cholesterol (0.129, 0.258, 0.387, 0.516, 0.645,
0.774,0.903, 1.032, 1.161 and 1.29 mM) in potassium phosphate buffer (50 mM, pH 8) while
keeping the reaction temperature at 40 °C for 15 min. The activity of CHOXx exhibited an
increase with the increase in substrate concentration up to 0.645 mM. The maximum activity
of 17.3 U/mg for CHOx was recorded in 0.645 mM substrate concentration (Fig. 8).
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Fig. 8: Effect of substrate concentration on CHOx from Bacillus sp.
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3.3.6 Effect of metal ions on CHOX activity

The effect of a few metal ions on CHOx activity was determined by pre-incubating
the enzyme with each of the ions i.e. K, Ca®*, Fe?*, Mg®*, Hg**, Ba**, Na*, Mn?*, Zn*" and
Cu?" at final concentration of 2 mM or 5 mM metal ions for 30 min at 35 ‘C. The CHOx
activity slightly enhanced in the presence of Ca**, Mg** and Mn®* In contrast, even the lowest
concentrations (2.0 mM) of Hg*" and Ba*"caused severe inhibition of CHOXx activity, while
the Fe**, Cu*" and Zn®* led to a partial inhibition of the enzyme activity (Fig. 9).
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Fig. 9: Effect of metal ions on the activity of purified CHOx of Bacillus sp.

3.3.7 Effect of detergents

To study the effect of a few detergents namely Tween 20, Tween 40, Tween 60,
Tween 80, Triton X-100, SDS and sodium cholate on CHOX activity, the reaction was carried
out in the presence of selected detergents (2.0%; v/v) with 0.645 mM substrate concentration
at 40 °C for 15 min. All the non-ionic detergents did not inhibit the activity of purified CHOx
while the ionic detergent SDS inhibited enzyme activity drastically (Fig. 10).
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Fig. 10: Effect of detergents on CHOXx from Bacillus sp.

3.3.8 Effect of organic solvents on purified cholesterol oxidase

The activity of purified CHOx was assayed in the presence of some selected organic
solvents (10%, v/v) viz iso-propanol, butanol, ethyl acetate, toluene, DMSO, chloroform,
benzene, ethanol, acetone and methanol. It was noticed that ethyl acetate and acetone showed
maximum inhibition of activity of purified CHOx while butanol, toluene, DMSO,
chloroform, benzene and methanol were fairly tolerated by the CHOx (Fig. 11). In contrast,

iso-propanol and ethanol were found to enhance (103%) the activity of purified CHOx of

Bacillus sp.
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Fig. 11: Effect of organic solvents on CHOx from Bacillus sp.
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3.3.9 Determination of K, and Vax Of purified cholesterol oxidase

The Ky, and Vmax Of the purified CHOx were determined by measuring the reaction
velocities at different concentration of the cholesterol i.e. 0.129-1.29 mM concentration in
0.05 M KPB (pH 8.0) under shaking at 40 °C. A Lineweaver-Burk plot was calibrated to
determine Ky, (0.16 mM) and Vmax (18.7 umol/mg/min) values of purified CHOx of Bacillus
sp (Fig. 12).
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Fig. 12: Lineweaver-Burk plot for the purified CHOXx of Bacillus sp.

3.3.10 Thermostability of purified cholesterol oxidase

The thermostability of purified CHOx was studied by incubating enzyme at a few
selected temperatures i.e. 37, 40 and 50 °C for a maximum of 8 h duration. The
thermostability profile of CHOXx indicated that the enzyme was most stable at 37 °C. The
enzyme exhibited a half-life of 8 h at 37°C, 7 h at 40°C and 3 h at 50°C (Fig. 13).
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Fig. 13: Thermostability profile of purified CHOx from Bacillus sp.
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3.3.11 MALDI-TOF-MS analysis of purified CHOXx

The peptide fragments obtained from MALDI-TOF-MS followed by Mascot search
analysis showed a high score (116) with the sequence from Streptomyces sp. (strain SA-
COO) cholesterol oxidase covering 55% sequence coverage (Fig. 14). It was also noted that a
higher score in MASCOT reflected that more peptides were identified from a particular

protein.
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Fig. 14: (a) MALDI-TOF MS spectrum of tryptic digested peptides of purified CHOx

from Bacillus sp. and (b) the outcome of Mascot search result.

3.3.12 In-silico structure prediction of purified CHOx

The obtained mass/charge (m/z) spectrum of protein band of purified CHOx of
Bacillus sp. (obtained in SDS-PAGE) by MALDI-TOF-MS was searched in MASCOT
search engine (http://www.matrixscience.com) to verify for the similarity of sequence with
known proteins/ enzymes in the database. The highest match with the highest score (Mass of
59189 Da, Mascot score of 116) reflected its resemblance with Streptomyces sp. SA-COO
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cholesterol oxidase. A template-based modeling (homology modeling or comparative
modeling) approach was performed to predict 3D structure of CHOx (546 residues). By
submitting the sequence to SWISS MODEL (https://swissmodel.expasy.org/) server, 3D
structure was predicted and further analysis of the structure showed two active site residues;
glutamine 398 and histidine 484 along with a FAD molecule (Fig. 15).

(@) (b)

Fig. 15: (a) 3D structure of Bacillus sp. CHOx predicted using SWISS MODEL (b)

active site residues i.e. glutamine 398 and histidine 484 along with FAD ligand.

3.4 Biotransformation of cholesterol to cholest-4-en-3-one using whole cells of Bacillus
sp.

3.4.1 Optimization of reaction system for the biotransformation of cholesterol to
cholest-4-en-3-one using whole cells of Bacillus sp.

Effect of various water-miscible, water-immiscible organic solvents and detergents on
the bioconversion of cholesterol to cholest-4-en-3-one was investigated in an organic-
aqueous monophasic/ biphasic system by whole cells of Bacillus sp. The water-miscible
solvents such as ethanol, methanol, iso-propanol, acetone, iso-amyl alcohol (5%, v/v), water-
immiscible solvents such as ethyl acetate, carbon tetrachloride, toluene, benzene, n-hexane,
n-heptane and n-dodecane (1:3 ratio, v/v) and detergents such as Tween-20, Tween-60,
Tween-80 and Triton X-100 (1%, v/v) were used. The maximum biotransformation rate
(30.76%) for conversion of cholesterol to cholest-4-en-3-one was observed in carbon
tetrachloride (1: 3, v/v), while in case of water-miscible solvent system (Table 14, Fig. 16 &
17), the maximum biotransformation (26.32%) was observed in iso-propanol (5%, v/v). The

later value recorded in the presence of water-miscible iso-propanol was much lower than the
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conversion rate notice in presence of water-immiscible solvent carbon tetrachloride. The

alkanes when used as solvents gave more or less a similar conversion rate of 29-30%.

Table 14: Comparison of different solvent system for biotransformation cholesterol to

cholest-4-en-3-one.

Solvent type Log P Concentration | Amount of | Biotransformation
value of cholest-4-en- | cholest-4- rate (%0)
3-onein en-3-one
(ng/ml) formed
(H9)

Water-miscible organic solvents

Triton X-100 - 521.46 1042.92 20.86
Tween 80 - 495.28 990.57 19.81
Tween 60 - 481.84 963.68 19.27
Tween 20 - 479.01 958.02 19.16

Ethanol -0.8 466.98 933.96 18.68
Methanol -0.69 616.98 1233.96 24.68
Iso-propanol 0.16 658.02 1316.04 26.32
Acetone -0.16 599.29 1198.58 23.97
Iso-amyl - 506.60 1013.21 20.26
alcohol

Water-immiscible organic solvents

Carbon 2.64 769.10 1538.21 30.76

tetrachloride

Toluene 2.68 432.31 864.62 17.29

Benzene 2.13 416.04 832.08 16.64
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n-Hexane 3.76 728.77 1457.55 29.15
n-Heptane 4.24 745.75 1491.51 29.83
n-Dodecane 6.81 763.44 1526.89 30.54
Ethyl acetate 0.71 489.62 979.25 19.58
Potassium - 663.68 1327.36 23.72
phosphate
buffer
- 30 1
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Fig. 16: Comparison of water-miscible reaction systems for the biotransformation of
cholesterol to cholest-4-en-3-one.
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Fig. 17: Comparison of water-immiscible reaction systems for the biotransformation of
cholesterol to cholest-4-en-3-one.
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3.4.2 Detection of reaction product of biotransformation of cholesterol by TLC

The TLC was performed for the detection and semi-quantification of reaction
products after biotransformation of cholesterol to cholest-4-en-3-one by the whole cells of
Bacillus sp. The extracted products, standard of cholesterol and cholest-4-en-3-one in
chloroform were applied on to TLC plate followed by development in a solvent system
comprising chloroform/ benzene/ ethyl acetate (6: 3: 1, v/v). After completion of TLC run,
the metabolites were visualized by spraying the dried plate with a solution of sulphuric acid
(1: 6, v/v). The dark spots of cholesterol and cholest-4-en-3-one both were observed on TLC
plate (Fig. 18).

«— Cholest-4-en-3-one

Cholesterol

Fig. 18: Detection of reaction products of biotransformation of cholesterol by using
TLC technique. Lane 1 & 4: Rreference sample of cholesterol; Lane 2 & 3: End-
products of biotransformation carried out in carbon tetrachloride; Lane 5 & 7: End-
products of biotransformation carried out in iso-propanol; Lane 6:, End-products of

biotransformation carried out in PPB and Lane 8: Reference cholest-4-en-3-one.

3.4.3 Optimization of substrate (Cholesterol) concentration for biotransformation of
cholesterol to cholest-4-en-3-one

To study the effect of cholesterol concentration on the conversion of cholesterol to
cholest-4-en-3-one, varying concentration of cholesterol (0.5, 1, 1.5, 2 and 2.5 mg/ml) was
added to the bioconversion medium. Monophasic (Iso-propanol) system and biphasic
(Carbon tetrachloride) system were compared. The maximum biotransformation rate
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(31.86%) was observed in carbon tetrachloride (1:3 ratio) at 1 mg/ml cholesterol
concentration (Fig. 19), while in case of water-miscible solvent system, the maximum

biotransformation (27.19%) was observed in iso-propanol (5%, v/v).
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Fig. 19: Optimization of substrate (Cholesterol) concentration for biotransformation of
cholesterol to cholest-4-en-3-one.

3.4.4 Optimization of wet cell weight of Bacillus sp. for biotransformation of cholesterol
to cholest-4-en-3-one

To study the effect of wet cell weight of Bacillus sp. cells on the conversion of
cholesterol to cholest-4-en-3-one, bioconversion was performed using varying wet cells
weight of Bacillus sp. (5, 10, 15, 20, 25, 30, 35, 40, 50, 75 and 100 mg/ml). Monophasic (Iso-
propanol) system and biphasic (Carbon tetrachloride) system were tested and compared. The
maximum biotransformation rate (67.3%) was observed in carbon tetrachloride (1: 3, v/v)
with 100 mg/ml wet cell weight of Bacillus sp. (Fig. 20), while in case of water-miscible
solvent system, the maximum biotransformation rate (57.3%) was observed in iso-propanol

(5%, v/v) with 100 mg/ml wet cell weight of Bacillus sp. cells.
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Figure 20: Optimization of wet cell weight of Bacillus sp. for biotransformation of
cholesterol to cholest-4-en-3-one.

3.4.5 Optimization of solvent concentration for biotransformation of cholesterol to
cholest-4-en-3-one

To determine the effect of solvent concentration on the conversion of cholesterol to
cholest-4-en-3-one varying concentrations of iso-propanol (5, 10, 15, 20 and 25%, v/v) and
carbon tetrachloride (4:1, 3:1, 2:1, 1:1, 1:2, 1:3 and 1:4 ratio, v/v) were added to the
bioconversion system containing Bacillus sp. cells. Monophasic (Iso-propanol) system and
biphasic (Carbon tetrachloride) system were compared. The maximum biotransformation rate
(66.85%) was observed in carbon tetrachloride (1: 1 ratio, v/v), while in case of water-

miscible solvent system (Fig. 21 & 22), the maximum biotransformation rate (48.49%) was
recorded in iso-propanol (5%, v/v).
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Fig. 21: Optimization of solvent (iso-propanol) concentration for biotransformation of
cholesterol to cholest-4-en-3-one.

49



N

H
H

50 A —E—

w
o
1

Biotransformation rate (%)
S 5

[y
o
1

o

4:01 3:01 2:01 1:01 1:02 1:03 1:04
Carbon tetrachloride (ratio)

Fig. 22: Optimization of solvent (Carbon tetrachloride) concentration for

biotransformation of cholesterol to cholest-4-en-3-one.

3.4.6 Optimization of reaction time for biotransformation of cholesterol to cholest-4-en-
3-one

To study the effect of reaction time on the conversion of cholesterol to cholest-4-en-3-
one by whole cells of Bacillus sp, in 5 ml reaction volume, the bioconversion was performed
using 50 and 100 mg/ml wet cell weight of Bacillus sp., for reaction time such as 24, 48, 72
and 96 h in a 100 ml rotary shaking flask. Monophasic (Iso-propanol) system and biphasic
(Carbon tetrachloride) system was compared. The maximum biotransformation rate (86.47%)
was observed in carbon tetrachloride (1:1 ratio, v/v) with 50 mg/ml wet cell weight in 48 h
reaction time (Fig. 23), while in case of water-miscible solvent system, the maximum
biotransformation rate (75.78%) was observed in iso-propanol (5%, v/v) with 50 mg/ml wet

cell weight in 96 h reaction time.
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Fig. 23: Optimization of reaction time for biotransformation of cholesterol to cholest-4-

en-3-one (1SO: Iso-propanol, CT: Carbon tetrachloride) by whole cells of Bacillus sp.

3.4.7 Optimization of agitation speed for biotransformation of cholesterol to cholest-4-

en-3-one

To determine the effect of agitation speed on the conversion of cholesterol to cholest-
4-en-3-one by whole cells of Bacillus sp,, the bioconversion was performed at varying
agitation rate (100, 150, 200 and 250 rpm) in a 100 ml rotary shaking flasks. The maximum
biotransformation rate (87.88%) was observed in carbon tetrachloride (1:1 ratio, v/v) at 250

rpm, while in case of water-miscible solvent system, the maximum biotransformation

(67.39%) was recorded in iso-propanol (5%, v/v) at 250 rpm (Fig. 24).
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Fig. 24: Optimization of agitation speed for biotransformation of cholesterol to cholest-

4-en-3-one by whole cells of Bacillus sp.

51




3.4.8 Effect of reaction volume on biotransformation of cholesterol to cholest-4-en-3-one

To determine the effect of reaction volume on the conversion of cholesterol to
cholest-4-en-3-one by the whole cells of Bacillus sp,, the bioconversion was performed in 5,
25 and 125 ml reaction volume using 50 mg/ml wet cell weight of cells. The maximum

biotransformation (88.58%) was observed in carbon tetrachloride (1: 1 ratio) at 125 ml
reaction volume (Fig. 25).
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Fig. 25: Effect of reaction volume on biotransformation of cholesterol to cholest-4-en-3-
one by whole cells of Bacillus sp,

3.4.9 Biotransformation profile of cholesterol to cholest-4-en-3-one by using Bacillus sp.
whole cells

To study the biotransformation profile of the conversion of cholesterol to cholest-4-
en-3-one in 5 ml reaction volume, the bioconversion was performed using 50 mg/ml wet cell
weight of Bacillus sp., 1.0 mg/ml cholesterol and potassium phosphate buffer (50 mM) of pH
8.0 containing iso-propanol (5%, v/v) or carbon tetrachloride (1: 1, v/v) at 30°C up to 48 h at
250 rpm (Fig. 26). After 24 h, the bioconversion of cholesterol to cholest-4-en-3-one became

quite gradual in both iso-propanol and carbon tetrachloride solvent systems.
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Fig. 26: Biotransformation of cholesterol to cholest-4-en-3-one by using Bacillus sp.
whole cells.

3.4.10 Reusability of whole cells of Bacillus sp. for biotransformation

Reutilization of the enzyme is very important aspect, especially when the enzyme is
used to manufacture valuable products. Its reutilization capability matters the most when it
comes to the cost of production. To evaluate the capability of reutilization of whole cells of
Bacillus sp,, the reaction system was extracted after completion of the process of
biotransformation. The aqueous phase containing the enzyme/ cells was recovered by
centrifugation. Subsequently, cholesterol and carbon tetrachloride were added to the aqueous
phase for the next round of biotransformation. In this process, the conversions were
performed six times using the same wet bacterial cells suspension. After each
biotransformation, the biotransformation rate was determined. The recorded data showed that
(Fig. 27) the biotransformation rate decreased to 31.7% of the original after using the wet
cells six times. Specifically, the biotransformation rate reached 87.95, 68.67, 51.30, 43.25,
38.81, and 31.70% corresponding to each cycle of conversion. Interestingly, the
biotransformation rate remained approximately 50% even after three repetitive usages of
whole cells of Bacillus sp.
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Fig. 27: Reusability of whole cells of Bacillus sp. for biotransformation of cholesterol to
cholest-4-en-3-one.

3.4.11 Comparison of the biotransformation of cholesterol to cholest-4-en-3-one by free
cells and cells restricted in a dialysis bag

To study the comparison of the biotransformation to cholest-4-en-3-one by free
whole-bacterial cells and whole-bacterial cells (50 mg/ml) contained in a dialysis bag, the
biotransformation reaction was performed as two different reaction types to ease the
accessibility of the substrate to the cells. The maximum biotransformation of cholesterol into
cholest-4-en-3-one (88.09%) was observed in carbon tetrachloride (1: 1, v/v) with free whole-
cells (Fig. 28), while in case of water-miscible solvent system, the maximum
biotransformation (65.80%) was observed in iso-propanol (5%, v/v) with 50 mg/ml free cells
(Fig. 28).
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Fig. 28: Comparison of the biotransformation of cholesterol to cholest-4-en-3-one by
free and dialysis bag-restricted cells of Bacillus sp.
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3.4.12 Purification of the cholest-4-en-3-one by column chromatography
Cholest-4-en-3-one was successfully purified through five major steps: end-product
extraction, washing, evaporation, column chromatography separation, and recrystallization.
An elution profile (Fig. 31) was made by estimating the concentration of cholest-4-en-3-one
in each fraction by using DNPH method. A white crystalline end-product was obtained, after

a series of purification processes (Fig. 29).
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Fig. 29: Elution profile of cholest-4-en-3-one by using silica column chromatography.

3.4.13 Analysis of end-product(s) by using HPLC and FT-IR analysis

The end-products of biotransformation of cholesterol were analyzed by HPLC.
Cholesterol, cholest-4-en-3-one, and other substances were detected by a photo diode array
detector (Applied Biosystems) at 240 nm (Fig. 27). Characterization of end-product(s) of
cholesterol biotransformation by FT-IR (Fig. 31) of the synthesized product, which
interestingly was identical with that of cholest-4-en-3-one (Fig. 32) as reported earlier. The
IR spectrum of synthesized product (4-cholesten-3-one ) also matched the reference IR
spectrum of 4-cholesten-3-one available in the BioRad IR spectra database (Fig. 33).
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Fig. 30: Analysis of end-products of cholesterol biotransformation by using HPLC. (a)
HPLC chromatogram of standard cholest-4-en-3-one showing a RT~14.15 min in
photodiode array detector (UV 240 nm) using 70: 30 (acetonitrile:iso-propanol) as a
mobile phase. (b) HPLC chromatogram of synthesised cholest-4-en-3-one solution
showing RT~ 14.07 min in photodiode array detector (UV 240 nm) using 70: 30

(acetonitrile:iso-propanol) as a mobile phase.
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Fig. 31: IR spectrum of the synthesized product recorded on an FT-IR.
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Fig. 33: IR spectrum of the cholest-4-en-3-one reference in the BioRad IR spectra

database.
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Summary

Various physio-chemical conditions such as; CHOx production profile & bacterial
cell growth, inoculum size, inoculum age, carbon source, nitrogen source (organic and
inorganic), medium pH, temperature, agitation rate and surfactants were optimized as
production time (48 h), inoculum size (8%, v/v), inoculum age (24 h), cholesterol (0.1%,
w/v), NH4NO3 (0.5%), yeast extract (0.5%), pH (7.5), temperature (37 °C), 140 rpm and
Triton X-100 (0.1%) with cholesterol oxidase activity of 0.693 U/ml. CHOx of Bacillus sp.
was partially purified by using 60% ammonium sulfate saturation, which resulted in 2.1 fold
purification. It was further purified by using ion exchange DEAE-Sepharose column
chromatography with 10.4fold purification and 10.7% vyield. It displayed a molecular mass of
about 59 kDa by SDS-PAGE. Potassium phosphate buffer (50 mM) with pH 8.0 was found to
be optimum for maximum CHOXx activity. The enzyme showed maximum activity at
temperature 40 °C after 15 min incubation period with 645mM substrate concentration. Kp,
and Vmax Obtained from Lineweaver-Burk plot was found to be 0.16 mM and 18.7
umol/mg/min U/mg, respectively. CHOXx activity was slightly enhanced with Ca**, Mg®* and
Mn®*In contrast, even the lowest concentrations (2.0 mM) of Hg®*and Ba®*caused severe
inhibition of CHOXx, while the Fe**, Cu®* and Zn?** caused the partial inhibition of the enzyme
activity. All the non-ionic detergents did not inhibit the activity of purified CHOx while the
ionic detergent SDS inhibited enzyme activity drastically. Ethyl acetate and acetone showed
maximum toxicity towards purified CHOx while butanol, toluene, DMSO, chloroform,
benzene and methanol were fairly tolerated by the CHOx (Fig. 3.11). The iso-propanol and
ethanol were found to enhance (103%) the activity of purified CHOx of Bacillus sp. Enzyme
exhibited half-life of 7 h at 37 °C, 6 h at 40 °C and 1 h at 50 °C. A template-based modeling
(homology modeling or comparative modeling) approach was performed to predict 3D
structure of CHOx (546 residues). By submitting the sequence to SWISS MODEL
(https://swissmodel.expasy.org/) server, 3D structure was predicted and further structure
analysis showed two active site residues, glutamine 398 and histidine 484 along with FAD
molecule.

Various physiochemical parameter were optimized for bioconversion of cholesterol to
cholestenone such as substrate concentration, wet cell weight of Bacillus sp., solvent
concentration, reaction time and agitation speed which were found to be 1 mg/mL, 100
mg/mL, 1:1, (v/v), 96 h, and 250 rpm respectively, in case of co-solvent iso-propanol

monophasic system. While 1 mg/mL, 50 mg/mL, 5%, (v/v), 48 h, and 250 rpm respectively,
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were optimized using aqueous/carbon tetrachloride biphasic system. On comparing the
biotransformation rates in the both systems, the biphasic system was chosen over monophasic
system for the production of cholest-4-en-3-one. Biotransformation rate reached 86.6% on
process optimization. The biotransformation profile of the conversion of cholesterol to
cholest-4-en-3-one was studied. Reusability of whole cells of Bacillus sp. for
biotransformation was performed which leads to approximately 50% biotransformation rate
after three usages. Cholest-4-en-3-one was purified through five steps of extraction, washing,
evaporation, column chromatography separation and recrystallization. The white crystalline
end-product obtained, after a series of purification processes was confined to cholest-4-en-3-

one by FTIR analysis.
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