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Study of biotransformation of cholesterol 3f-methyl ether
by mycobacteria Mycobacterium sp.

V. V. Yaderets,® N. V. Karpova,® T. S. Stytsenko,® V. A. Andryushina,® D. V. Kurilov,® and I. V. Zavarzin®*

4 Federal Research Center "Fundamentals of Biotechnology", Russian Academy of Sciences,
korp. 1, 7 prosp. 60-letiya Oktyabrya, 117312 Moscow, Russian Federation
bN. D. Zelinsky Institute of Organic Chemistry, Russian Academy of Sciences,
47 Leninsky prosp., 119991 Moscow, Russian Federation.
E-mail: zavi@ioc.ac.ru

The influence of exogenous factors on the selectivity of biotransformation of cholesterol
3B-methyl ether by Mycobacterium sp. was studied. The main product of the microbiological
transformation was A5-dehydroepiandrosterone 3B-methyl ether. The presence of methyl-f-
cyclodextrin in the bacterial growth medium led to a change in the ratio of the reaction products
and an increase in the yield of A*-androstene-3,17-dione. Aliphatic saturated and unsaturated
carboxylic acids were also formed in the course of biotransformation.
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In the production of steroid medications, 12 sterols are
used as the starting compounds, whose microbiological
transformation gives3—3 derivatives of 17-ketoandrostane 1.

The interest in derivatives of ketoandrostane 1 is due
to the fact that this steroid plays an important role in
maintaining homeostasis in the body.%7 Compound 1 has
been shown to be efficient in the treatment of cardiovas-
cular, oncological, neurodegenerative, skin, autoimmune
diseases and obesity, as well as in the treatment and pre-
vention of physiological disorders associated with age.3:3—15
In addition, compound 1 is an intermediate in the syn-
thesis of a number of steroid medicines with high antican-
cer activity (abiraterone and its analogs).13

Earlier, 16 we studied the biotransformation of chole-
sterol 33-methyl ether (2) by cells of Mycobacterium sp.
(strains S-11094 and R-77). It was shown that the Myco-
bacterium sp. can transform ether 2 into derivatives of
17-ketosteroid 1.

In the present work, we investigated the effect of ex-
ogenous factors on the selectivity of biotransformation of

cholesterol ether 2 by mycobacterium Mycobacterium sp.
We assessed the effect of the presence of compounds such as
methyl-B-cyclodextrin (MCD), Tween-80, and Span-20
in the growth medium on the rate and direction of cleav-
age of the side chain of compound 2. The biotransforma-
tion of cholesterol 33-methyl ether 2 is accompanied by
the formation of a large amount of fatty acids. We analyzed
the content of aliphatic saturated and unsaturated carb-
oxylic acids (fatty acid composition of the lipid fraction
of the biomass from growth media).

Steroids are lipophilic compounds, the absorption of
which by mycobacteria depends on the direct contact of
sterol particles with the cell membrane.!” The barrier for
the penetration of various exogenous compounds into the
cell is the complex structure of the cell wall of myco-
bacteria, in which lipids and carbohydrates predominate.
However, the presence of substances such as MCD,
Tween-80, and Span-20 in the growth medium increases
the permeability of the cell wall.

Biotransformation of ether 2 leads to a mixture of
products, the ratio of which depends on the presence of
exogenous additives in the reaction mixture (Scheme 1).

In this work, we used mycobacteria strains Mycobac-
terium (according to the new nomenclature Mycolicibac-
terium18) from the collection of the Laboratory of Bio-
technology of Physiologically Active Compounds of the
Federal Research Center "Fundamentals of Biotechnology"
of the Russian Academy of Sciences, which are capable
of transforming cholesterol and (-sitosterol to the main
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steroid intermediates (M. neoaurum ACIM (All-Russian
Collection of Industrial Microorganisms) Ac-1634,19
Mycobacterium sp. R-77, M. neoaurum ACIM Ac-1656,20
M. neoaurum 45/7-S, and Mycobacterium sp. S-11094).
Substrate 2 in an amount of 1 g L~! was introduced into
the transformation medium before sterilization in a finely
dispersed state (see Experimental). The selectivity of the
process of microbiological transformation of compound
2 by mycobacteria was assessed by the ratio of the content
of the target reaction product (3) in the reaction mixture
to the sum of the formed side steroid identified (4—6) and
unidentified components (Table 1).

As the data presented in Table 1 show, all the studied
cultures of mycobacteria are capable of biotransformation
of ether 2 with the formation of dehydroepiandrosterone
methyl ether 3 as the main reaction product and side
steroids 4—6, as well as small amounts (up to 3.2% in
total) of unidentified steroids. Among the tested strains,
the maximum amount of the target product 3 was observed
with cells of Mycobacterium sp. R-77 (74.6%). In this case,

the content of the target product 3 in the culture liquid at
the end of the reaction was 22.2% higher than in the case
of cell culture M. neoaurum ACIM Ac-1656, for which
the content of the target product 3 was minimal and equal
to 52.4%. Note that in the case of biotransformation of
the starting compound 2 by cells of Mycobacterium sp.
R-77, its almost complete conversion and minimum rela-
tive content (4.0%) at the end of the process were observed.
The sum of identified (4—6) and unidentified side steroids
was 21.4%.

Thus, the transformation of substrate 2 by Myco-
bacterium sp. R-77 gave the maximum ratio of the target
product 3 to the sum of by-products, which was equal to
3.5: 1. The minimum ratio of 1.4 : 1 between the content
of the target product 3 and the total amount of by-products
was observed when cells M. neoaurum ACIM Ac-1656
were used for biotransformation of substrate 2.

All the studied strains have the ability to hydrolyze the
ether bond at position C(3) of the steroid molecule with
the formation of products 4 and 5 in addition to the target

Table 1. Microbiological transformation of cholesterol 3B-methyl ether 2 (loading 1 g L~!)

Culture used Time Conversion* Relative content of steroids
/h (%) in reaction medium (£2.0) (%)
2 3 4 5 6 Other steroids**

M. neoaurum ACIM Ac-1656 76 8212 10.2 52.4 2.6 30.3 1.3 3.2
M. neoaurum ACIM Ac-1634 76 85+2 7.5 57.6  26.0 2.4 3.5 3.0
M. neoaurum 45/7-S 76 86x1.5 5.0 58.4 3.2 29.5 1.7 2.2
Mycobacterium sp. S-11094 76 90+£2.5 5.2 60.0 34 26.5 2.0 2.9
Mycobacterium sp. R-77 72 93+1.8 4.0 74.6 15.0 2.2 1.9 2.3

* Represented as x;=Ax (%), Ax (random error of direct measurements) is defined as the half value of the variation range
magnitude in the aggregate of values of the feature under study, i.e. Ax = (X0 — Xmin)/2, Where x,, and x,;, are the
maximum and minimum values from a sample of data obtained in repeated measurements.

** Unidentified steroids.
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product 3. The maximum total amount of compounds 4
and 5 was observed when M. neoaurum ACIM Ac-1656
was used (32.9%), while their minimum amount was ob-
served for Mycobacterium sp. R-77 (17.2%).

The effect of exogenous factors on the selectivity of
biotransformation of ether 2 was studied using the most
efficient strain of mycobacteria Mycobacterium sp. R-77.
The following exogenous compounds were added to the
growth media: MCD (4 mmol), Tween-80 (0.8 mmol),
and Span-20 (6 mmol). The resulting inoculum was then
transferred into transformation flasks containing the start-
ing sterol 2 (loading 2 g L~!), which was placed into the
transformation medium in a finely dispersed form prior to
sterilization (see Experimental). The control for this series
of experiments was the transformation of substrate 2 (load-
ing 2 g L=1) by cells of Mycobacterium sp. R-77 grown
under standard conditions (see Experimental). The results
are presented in Table 2.

The data obtained (see Table 2) correspond to the
composition of the transformation medium after 96 h of
reaction. The specified period of time was considered as
optimal for the completion of the process of microbio-
logical conversion. A further increase in the transformation
time led to a significant decrease in the yield of the reac-
tion products, which may indicate the use of these com-
pounds as a source of carbon by mycobacterial cells.

The highest relative content of ether 3 (72.7%) was
observed for the control variant, in which the cells of
mycobacteria were grown without additional introduction
of surfactants or MCD (see Table 2). In this case, the
maximum ratios between the target product 3 and both
the starting compound 2 and the by-product 4 were ob-
tained, 12.1 : 1 and 4.4 : 1, respectively. The minimum
relative content of compound 3 (53.5%) was observed
during biotransformation with the introduction of 4 mmol
of MCD into the growth medium.

Note that growing mycobacteria in a growth medium
in the presence of such exogenous additives as Tween-80,
Span-20, and MCD, leads to a slight slowdown in the
process of biotransformation of substrate 2 by cells of
Mycobacterium sp. R-77. This is indirectly evidenced by
an increase in the residual relative content of the starting
sterol in the transformation medium from 6.0% (control)

to 11.8, 13.8, and 14.3% (Tween-80, Span-20, and MCD,
respectively).

Carrying out the biotransformation of sterol 2 in the
presence of MCD in the growth medium increases the
proportion of steroid 4, the content of which in the trans-
formation medium at the end of the reaction (96 h) is
26.7%, which is 1.6 times higher than the corresponding
value for the control (see Table 2). The presence of MCD
at the stage of growing mycobacterial cells leads to a sig-
nificant change in the ratio between the target product (3)
and the starting (2) and side products (4), which are 3.8 : 1
and 2.0 : 1, respectively. These values indicate a decrease
in the selectivity of the process of transformation of com-
pound 2 into compound 3 by cells of mycobacteria
Mycobacterium sp. R-77 in the presence of MCD in growth
medium.

We also analyzed the content of aliphatic saturated and
unsaturated carboxylic acids (fatty acid composition of
the lipid fraction of biomass from growth media) using the
strain Mycobacterium sp. R-77 as an example. The results
are presented in Table 3.

From the analysis of the data presented (see Table 3),
it follows that the addition of 0.8 mmol of MCD to the
growth medium leads to a decrease in the total amount of
aliphatic saturated monocarboxylic acids and unsaturated
monocarboxylic acids by 1.3 and 2.4 times, respectively.
In addition, there is a sharp decrease (compared to the
control) in the content of such fatty acids as palmitic
(1.7 times), oleic (2 times), and linoleic (4 times). This is
explained by the fact that, according to the literature
data,2! the exogenous additives of cyclodextrins are ca-
pable of interaction with protein and lipid components of
the outer layer of the cell wall of mycobacteria, leading to
their detachment from the cell wall surface. As a result,
there is an indirect effect of cyclodextrins on a decrease
in the content of non-covalently bound lipids in the cell
wall of mycobacteria and an increased release of certain
fatty acids, which, in turn, leads to disorganization of the
external lipid bilayer. This effect is indirectly confirmed
by the results obtained in our study.

In conclusion, Mycobacterium sp. R-77 was found to
be the most efficient strain for biotransformation of choles-
terol 3B3-methyl ether, giving a 93% conversion of the

Table 2. Content of products of biotransformation of cholesterol 33-methyl ether 2 by the cells of

Mycobacterium sp. R-77 (loading 2 g L)

Growth Conversion (%) Relative content of steroids in reaction mass (%)

2 3 4 5 6 Other steroids*
Control 90£2.0 6.0 72.7 16.4 1.2 0.7 3.0
MCD 86+1.5 14.2 53.5 26.7 1.3 1.2 3.1
Tween-80 88+2.1 11.8 66.6 16.2 1.0 0.8 3.6
Span-20 84+1.5 13.8 65.5 15.6 1.1 0.7 3.3

* Unidentified products.
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Table 3. The effect of exogenous components on the fatty acid composition of the lipid fraction of the biomass after the
completion of biotransformation on the example of the strain Mycobacterium sp. R-77

Component composition

Growth medium (%)

Ay? Control? MCD Tween-80 Span-20
Aliphatic saturated monocarboxylic acids
Hexanoic (nylon) acid, CH3(CH,)4,COOH 0.08 0.28 0.83 0.43 0.71
Heptanoic (enanthic) acid, CH3(CH,);COOH 0.01 0.08 0.17 0.16 0.20
Octanoic (caprylic) acid, CH;(CH,)cCOOH 0.03 0.12 0.37 0.42 0.24
Nonanoic (pelargonic) acid, CH;(CH,);COOH 0.05 0.10 0.30 0.21 0.25
Decanoic (capric) acid, CH3(CH,)sCOOH 0.02 0.09 0.25 0.16 0.19
Undecanoic acid, CH3(CH,)COOH Traces® Traces® Traces® Traces® Traces®
Dodecanoic (lauric) acid, CH3(CH,);COOH Traces® 0.05 0.09 0.12 0.25
Tridecanoic acid, CH3(CH,);COOH Traces® 0.04 Traces® Traces® Traces®
Tetradecanoic (myristic) acid, CH;(CH,),COOH Traces® 0.42 0.41 0.61 0.86
Pentadecanoic acid, CH;(CH,);3;COOH Traces® 0.09 0.11 0.13 0.16
Hexadecanoic (palmitic) acid, CH3(CH,)4,COOH 0.20 11.62 6.86 9.67 11.58
Heptadecanoic (margaric) acid, CH3(CH,)sCOOH 0.01 0.11 0.12 0.08 0.09
Octadecanoic (stearic) acid, CH3(CH,)(COOH 0.13 4.35 4.11 5.11 4.81
Total amount 0.53 17.23 13.45 17.1 19.34
Aliphatic unsaturated monocarboxylic acids

Tetradecenoic (myristoleic) acid, C;3H,5COOH — 0.22 0.17 0.21 0.29
Hexadecenoic (palmitoleic) acid, C{sH,qCOOH 0.03 1.34 1.86 2.87 4.26
Octadecenoic (oleic) acid, C{;H;3COOH 0.35 28.80 14.47 13.70 15.65
Octadecadienoic (linoleic) acid, C;;H;;COOH 0.09 22.58 5.83 2.37 3.50
Total amount 0.47 52.95 22.33 19.15 23.7

4 Growth medium without mycobacterial cells and exogenous additives.
b Growth medium with mycobacterial cells, but without the introduction of exogenous additives.

¢<0.01% of the determined component.

substrate and a 74.6% content of the target steroid 3 in the
reaction products. The presence of an exogenous additive
of MCD in the growth medium shifts the direction of
biotransformation toward the accumulation of product 4,
while the use of a surfactant additive leads to an indirect
intensification of the processes of complete utilization of
steroids to carbon dioxide and water. In addition, the
content of fatty acids in biotransformation products was
determined. Significant differences were revealed in
the relative content of fatty acids in each of the analyzed
fractions obtained from the cells of mycobacteria Myco-
bacterium sp. R-77 grown in the presence of exogenous
additives.

Experimental

Sorbfil plates (IMID Ltd., Russia) were used for preliminary
TLC analysis of biotransformation products.

Qualitative and quantitative component compositions of
steroids involved in the biotransformation process, as well as the
fatty acid composition of the lipid fraction of the biomass, were
determined by GLC-MS. The analytical study was carried out
on an Agilent Technologies instrument composed of a 7890 gas
chromatograph (HP-5 column, 50 m*320 umx1.05 um) and
a 5975C mass-selective detector with a quadrupole mass analyzer.

The starting substrate 2 was obtained according to our pro-
cedure described earlier.!6

Microbiological transformation. The work was performed
with bacterial strains of the genus Mycobacterium (according to
the new nomenclature Mycolicibacterium18): M. neoaurum ACIM
Ac-1656, M. neoaurum ACIM Ac-1634, M. neoaurum 45/7-S,
Mycobacterium sp. S-11094, and Mycobacterium sp. R-77. These
bacterial cultures were stored at 28+0.5 °C on slant agar contain-
ing the following components (g L~1): glucose 10.0, soy flour
10.0, lemon acid 2.2, urea 0.5, NH4Cl 1.0, KH,PO,4 0.5,
MgS0,4+7H,0 0.5, FeSO4+7H,0 0.05, CaCO;5 1.5 (medium
pH 6.8—7.2).

The biomass of mycobacteria aged 10—14 days obtained on
a slant agar medium was transferred into 750-mL conical flasks
with 100 mL of the medium of similar composition. In accordance
with the objective of the experiment, exogenous compounds,
MCD (4 mmol), Tween-80 (0.8 mmol), or Span-20 (6 mmol),
were introduced into the growth medium before sterilization.
The mycobacteria were grown on a shaker for 94—98 h at
28—30 °C and stirring at 220 rpm. Next, the inoculum of myco-
bacteria in an amount of 20 vol.% (of the volume of the trans-
formation liquid) was transferred into baffled flasks with
a transformation medium of the following composition (g L~1):
glucose 20.0, soy flour 15.0, lemon acid 2.2, urea 0.5, NH4Cl
10, KH2PO4 05, MgSO4 * 7H2O 05, FCSO4‘ 7H20 005, CaCO3
1.5 (medium pH 6.8—7.2). The loading of the starting compound
(substrate), cholesterol 3B-methyl ether (2), was | —2 g L~!. The
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substrate was introduced into the transformation medium in
a finely dispersed form with the addition of Tween-80 (0.5 mmol)
before sterilization.

The biotransformation products were analyzed using TLC
(sorbent silica gel) and GLC-MS.

For preliminary TLC analysis, aliquots of the culture liquid
(I mL) were collected at intervals determined by the objectives
of the experiment. Steroids were extracted by washing the aliquot
of the culture liquid with a four-fold volume of ethyl acetate or
chloroform. The steroid compounds were separated by TLC,
using a mixture of hexane—acetone (2 : 1) as an eluent. Chrom-
atograms were visualized by treating chromatographic plates with
1% solution of vanillin in 10% HCIO,4 with subsequent heating
until colored spots appeared.

To isolate the biotransformation products, an aliquot of the
culture liquid (100 mL) was extracted twice with an equal volume
of ethyl acetate. Then the ethyl acetate solution was concen-
trated under reduced pressure. The oily residue obtained after
evaporation of the solvent was dried in a drying oven at 60 °C
(to constant weight). The component composition of steroids
involved in the biotransformation process was analyzed by
GLC-MS without additional derivatization of the analyzed
components.

The composition of fatty acids of the lipid fraction in the
biomass from growth media (both in the absence and in the pres-
ence of mycobacterial cells and exogenous additives) was deter-
mined by GLC-MS after additional derivatization of the analyzed
components (as the corresponding silyl esters).

Statistical processing of the data obtained was carried out
based on the results of three transformations using the Excel
program.

Gas-liquid chromatography-mass spectrometry. The compo-
nent composition of steroids involved in the biotransformation
process was analyzed without additional derivatization of the
components (direct injection). The substance collected from the
corresponding reaction (transformation) mixture was dissolved
in ethyl acetate with stirring and shaking. The resulting ethyl
acetate suspension was centrifuged; the supernatant was sepa-
rated from the precipitate by decantation. The resulting solution
was analyzed.

The analysis of the fatty acid composition in the lipid fraction
of the biomass was carried out after additional derivatization of
the analyzed components (as the corresponding silyl esters). For
this, the silylating agent, N,O-bis(trimethylsilyl)trifluoroacet-
amide (BSTFA), was added to the dried substance extracted from
the appropriate growth medium. The resulting suspension of the
substance in the silylating reagent was kept for 30 min at 70 °C
with periodic stirring and shaking, then cooled and diluted with
hexane. The resulting solution was analyzed.

The conditions for analysis by GLC-MS (temperature pro-
gram of chromatography and parameters of mass spectrometric
detection) of the component composition of steroids involved in
the biotransformation process (I) and the composition of fatty
acids in the lipid fraction of biomass (I11) were similar.

The conditions for analysis by GLC-MS are shown below.
Temperature program of chromatography: at 40 °C the isotherm
for 2 min; then programmed heating up to 250 °C at a rate of
5°C min~!; at 250 °C the isotherm for 15 min; then programmed
heating up to 320 °C at a rate of 25 °C min~!; at 320 °C the
isotherm for 45 min; a splitless injector; the injector temperature
250 °C; the interface temperature 280 °C; carrier gas helium; the

flow rate 1 mL min~!; achieving chromatogram of samples by
total ionic current.

Conditions for mass spectrometric detection: energy of ion-
izing electrons 70 eV; positive ion mode for registration of mass
spectra in the m/z range from 20 to 450 at a rate of 2.5 scan s~ !;
ChemStation E 02.00 software. The component composition
(qualitative analysis) was identified in accordance with the da-
tabase of full mass spectra (NIST), as well as by comparing the
values of the corresponding chromatographic retention times
and chromatographic linear indices of retention of compounds-
tester. The relative content (%) of the components in the analyzed
mixture (quantitative analysis) was calculated from the ratio of
the chromatographic peak areas by a simple normalization
method.

Cholesterol 3f-methyl ether (2). Chromatographic retention
time 73.65 min. C,4Hyg0. MS, m/z (I (%)): 353 (12), 341 (1),
329 (8), 301 (8), 275 (9), 255 (8), 247 (7), 213 (8), 199 (5),
185(5), 173 (6), 159 (11), 145 (18), 133 (12), 119 (18), 105 (27),
95 (25), 81 (26), 71 (55), 57 (41), 43 (100).

A3-Dehydroepiandrosterone 3p-methyl ether (3). Chrom-
atographic retention time 63.02 min. CyyH3¢y0,. MS, m/z
(11 (%)): 302 [M*°] (21), 270 (65), 255 (62), 231 (42), 213 (32),
199 (13), 185 (12), 171 (17), 159 (31), 145 (37), 131 (35), 119 (49),
105 (76), 91 (97), 79 (71), 71 (100), 55 (38), 41 (62).

A4-Androstene-3,17-dione (4). Chromatographic retention
time 65.98 min. C;gHy0,. MS, m/z (I (%)): 286 [M™* "] (67),
271 (7), 258 (6), 244 (44), 229 (9), 215 (7), 201 (21), 187 (13),
173 (13), 163 (12), 148 (40), 131 (20), 124 (61), 107 (47), 91 (100),
79 (91), 67 (53), 55 (64), 41 (53).

Al4_Androstadiene-3,17-dione (5). Chromatographic reten-
tion time 64.48 min. CgH,40,. MS, m/z (I, (%)): 284 [M™*"]
9), 159 (18), 122 (100), 105 (16), 91 (81), 79 (30), 67 (20),
55 (25), 41 (25).

Androstane-3,17-dione (6). Chromatographic retention time
64.77 min. C9H,30,. MS, m/z (I (%)): 288 [M*"] (100),
255 (40), 244 (43), 229 (39), 217 (71), 147 (39), 135 (18), 124 (35),
109 (32), 93 (33), 79 (61), 67 (68), 55 (69), 41 (68).
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