ISSN 0026-2617, Microbiology, 2022, Vol. 91, No. 3, pp. 303—312. © Pleiades Publishing, Ltd., 2022.
Russian Text © The Author(s), 2022, published in Mikrobiologiya, 2022, Vol. 91, No. 3, pp. 353—363.

EXPERIMENTAL ARTICLES

Cascade Biotransformation of Phytosterol to Testosterone
by Mycolicibacterium neoaurum VKM Ac-1815D
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Abstract—New methods for testosterone production from phytosterol were developed based on its cascade
two-stage transformation by actinobacteria Mycolicibacterium neoaurum VKM Ac-1815D and Nocardioides
simplex VKM Ac-2033D. Efficient oxidation of the phytosterol side chain by M. neoaurum resulted in forma-
tion of the main and side products: androst-4-en-3,20-dione (AD) and androsta-1,4-dien-3,20-dione
(ADD), respectively, which were subsequently converted to testosterone by N. simplex. The latter reaction was
reversible and catalyzed by the membrane-associated 173-hydroxysteroid dehydrogenase (17p-HSD) capable
of both oxidation and reduction of androstendione at C17. Addition of glucose and limited aeration were
found to be the key factors providing for a shift of the 173-HSD activity towards reduction in whole N. simplex
cells. Testosterone production from phytosterol was realized using two approaches: (i) based on M. neoaurum
cells inactivation after phytosterol conversion and application of the resting N. simplex biomass for andro-
stenedione reduction and (ii) based on sequential application of the two living cultures. Under optimized
conditions, the total yield of testosterone from phytosterol (10 g/L) reached 53 mol %. The results exceeded
those reported so far for cascade phytosterol bioconversion to testosterone and may be used as a basis for
development of new biotechnologies for production of the valuable steroid compounds, intermediates in the
synthesis of modern medical preparations.
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Testosterone (androst-4-en-17B-ol-3-one) is an
androgen steroid hormone, an agonist of androgen
receptors. It is widely used in medicine and veterinary
and is also used as an important precursor for synthe-
sis of certain pharmaceuticals. Direct chemical syn-
thesis of testosterone is difficult due to the complexity
and asymmetric tetracyclic structure of the steroid
nucleus. Testosterone is presently produced from
androst-4-en-3,20-dione (AD) using chemical or
enzymatic methods (Perez et al., 2006). Medical
application of synthesized testosterone may cause
adverse reactions (Sood et al., 2016).

Biotechnological production of testosterone from
the cheap and easily available phytosterol is promising
due to its environmental friendliness and economical
attractiveness. Phytosterol is a mixture of plant-pro-
duced sterols, which could be obtained from the
wastes of oil and paper industries (Donova et al.,
2005a). Direct biotechnological transformation of
phytosterol to testosterone has been investigated using
the cultures of Mycobacterium sp. (Lo et al., 2002),

Mpycobacterium sp. VKM Ac-1815D, and Mycobacte-
rium sp. VKM Ac-1816D (Egorova et al., 2009). In
these works, however, relatively low initial phytosterol
concentrations were used (0.1-5 g/L), and the
obtained testosterone molar yields were 31—55%.
According to the results of full-genome sequencing
and phylogenetic analysis (Bragin et al., 2013; Shtrat-
nikova et al., 2014), the isolates VKM Ac-1815D and
VKM Ac-1816D were identified as M. neoaurum
strain. Moreover, in 2018 a phylogenetically related
group of mycobacteria, comprising rapidly growing
saprotrophic strains of this species, was reclassified as
the genus Mycolicibacterium (Gupta et al., 2018). The
modern name of strains VKM Ac-1815D and VKM
Ac-1816D is therefore Mycolicibacterium neoaurum.

M. neoaurum strain VKM Ac-1815D may form AD
from phytosterol as the main product, since activity of
3-ketosteroid-9o-hydroxylase, the key enzyme for the
degradation of the steroid nucleus, is blocked in this
strain and the activity of 3-oxosteroid-A!-dehydroge-
nase is suppressed, while the enzymes oxidizing the
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aliphatic side chain of phytosterol at C17 function effi-
ciently (Bragin et al., 2013). Further reduction of AD
17-keto group with production of testosterone may be
carried out using Nocardioides simplex strain VKM
Ac-2033D (Sukhodolskaya et al., 2017).

Low availability of steroids to microbial cells result-
ing from extremely poor solubility in water is one of
the factors hindering efficient steroid biotransforma-
tion (Goetschel and Bar, 1992). This problem may be
partially solved by applying water-mixable organic sol-
vents and detergents (Sharma et al., 2012; Shao et al.,
2016; Fernandez-Cabezon et al., 2017). Another
approach involves application of cyclic oligosaccha-
rides, cyclodextrins and especially their chemically
modified derivatives, e.g., methylated B-cyclodextrin
(MCD), which provide for higher solubility of lipo-
philic compounds even at high concentrations of the
latter. Increased bioconversion efficiency in the pres-
ence of MCD was shown for sterol transformation by
various actinobacteria (Donova et al., 2007; Shen
et al., 2011), as well as for AD reduction to testoster-
one by Saccharomyces cerevisiae yeasts (Singer et al.,
1991) and the mutant strain Mycobacterium sp. Etl
(Egorova et al., 2009), for reduction of androsta-1,4-
dien-3,20-dione (ADD) to 1(2)-dehydrotestosterone
by two sequentially used cultures: Arthrobacter simplex
CPCC 140451 and Pichia pastoris GS115 (Tang et al.,
2019a), and for other processes of steroid biotransfor-
mation.

Several cascade microbial processes of steroid bio-
transformation have been described previously. Thus,
cholesterol biotransformation to ADD was carried out
by sequential application of 4. simplex strain U-S-A-
18 (=Rhodococcus equi USA-18; Yeh et al., 2014) and
Mpycobacterium sp. strain NRRLB-3683 (Lee et al.,
1993). We have developed an efficient method for pro-
duction of 11a-hydroxy-AD from phytosterol involv-
ing its oxidation to AD by M. neoaurum VKM Ac-
1815D and its subsequent selective 11oi-hydroxylation
by the fungal strain Aspergillus ochraceus VKM F-830
carried out in one bioreactor (Dovbnya et al., 2017). A
recently described two-stage method for production of
1(2)-dehydrotestosterone from AD involved AD 1(2)-
dehydration by A. simplex CPCC 140451, inactivation
of bacterial cells, and subsequent 178-reduction of
produced ADD to 1(2)-dehydrotestosterone by a
recombinant yeast strain P. pastoris GS115 (Tanget al.,
2019a). Another method for production of 1(2)-dehy-
drotestosterone developed by the same authors
involved two-stage phytosterol conversion by the
mutant strains M. neoaurum TCCC 11028 and P. pas-
toris GS115, with overexpression of the genes encoding
3-oxosteroid-A'-dehydrogenase and 17B-hydroxys-
teroid dehydrogenase (17B-HSD), respectively (Tang
et al., 2019b).

In the present work, the possibility of cascade
microbial production of testosterone from phytosterol
using the strains M. neoaurum VKM Ac-1815D and
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N. simplex VKM Ac-2033D was investigated. Phyto-
sterol transformation by these strains was carried out
either sequentially, with inactivation of M. neoaurum
cells after completion of the first stage, followed by
introduction of the resting N. simplex cells, or without
M. neoaurum inactivation and with introduction of
N. simplex directly into the growth medium.
Approaches promoting efficient testosterone produc-
tion at high phytosterol loads are proposed.

MATERIALS AND METHODS

Reagents. The following reagents were used: phy-
tosterol with 95.47% total sterols content (Jiangsu
Fruit Biological Products Co., Ltd., China); andro-
stenedione (AD), androstadiendione (ADD), testos-
terone, and 1(2)-dehydrotestosterone (Steraloids,
United States); NAD, NAD(H), and o,o-dipyridil
(Merk, Germany); yeast extract (Difco, United
States); soy peptone (Hi Media, India); and MCD
(Wacker Chemie, Germany). Other reagents were
produced by Russian domestic companies and quali-
fied as chemically pure or pure for analysis.

Microbial strains. The strains M. neoaurum VKM
Ac-1815D and N. simplex VKM Ac-2033D were
obtained from the All-Russian Collection of Microor-
ganisms, Skryabin Institute of Biochemistry and
Physiology of Microorganisms, Russian Academy of
Sciences (VKM).

Cultivation. M. neoaurum VKM Ac-1815D and
N. simplex VKM Ac-2033D were grown for 48 h at
30°C. M. neoaurum was grown in the medium con-
taining the following (g/L): K,HPO,3H,O, 0.5;
KH,PO, 0.5; (NH,),HPO,, 1.5; glycerol, 10.0; and
yeast extract, 10.0. N. simplex was grown in the
medium  containing the  following  (g/L):
K,HPO,3H,0, 4.0; KH,PO,, 2.0; yeast extract, 6.0;
soy peptone, 6.0; and glucose, 15.0. Both media were
prepared using distilled water and mineral salts (g/L):
MgSO,7H,0, 0.2; FeSO,7H,0, 0.005;
ZnS0O,7H,0, 0.002; pH was adjusted to 7.0—7.2 prior
to sterilization. The strains were grown aerobically on
an orbital shaker incubator (200 rpm) at 30°C.

In vitro determination of N. simplex 17p-HSD
intracellular localization and activity. N. simplex cells
were frozen at 70°C, homogenized in a French press
(10.3 MPa), and resuspended in 40 mL of 50 mM Tris-
HCI supplemented with 1 mM EDTA, pH 8
(buffer A). The cell debris was separated by centrifuga-
tion for 2 h at 30000 g, 4°C. The membrane fractions
were obtained by centrifugation of the supernatant for
3 h at 100000 g, 4°C. The membrane fractions were
then resuspended in buffer A (40 mL) and centrifuged
again (Fig. 1).

Activity of the fractions towards AD and ADD was
determined in the presence of NAD(H); activity
against testosterone was measured in the presence of
NAD. The reaction mixture contained the following:
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Fig. 1. Fractionation of N. simplex VKM Ac-2033D biomass.

100 mM Tris-HCI buffer (pH 7.0); 100 mM NacCl;
1.4mM NADH or NAD (as stated in the text),
120 mM of the substrate; 500 uL of the active cell frac-
tions; and 2 mL distilled water. The mixture was incu-
bated for 15 h at 30°C under microaerophilic (without
agitation) and aerophilic conditions (on an orbital
shaker at 120 rpm). Steroids were extracted with ethyl
acetate; the extract was then evaporated, and resus-
pended in ethanol for TLC analysis.

AD and ADD bioconversion by N. simplex. N. sim-
plex culture was grown as described previously (Sukho-
dolskaya et al., 2017); the cells were collected by cen-
trifugation (4000 rpm, 30 min, 4°C), resuspended in
0.02 M Na phosphate buffer (pH 7.0) to 8 g/L (dry
biomass), and then supplemented with glucose
(20 g/L) and AD or ADD (2 g/L) dissolved in
dimethyl sulfoxide (DMSO) (4% vol/vol). Incubation
was carried out at 30°C under microaerophilic condi-
tions, in 100-mL flasks with 50 mL of the final mixture
(at the 1 : 1 ratio of the liquid and gas phases) at slow
stirring (70 rpm).

Cascade bioconversion of phytosterol to testoster-
one. Phytosterol (10 g/L) transformation by M. neoau-
rum was carried out in the medium for Mycolicibacte-
rium (Egorova et al., 2002), as described previously
(Bragin et al., 2013), in the presence of MCD at the
phytosterol—MCD ratios from 1 : 0.8 to 1 : 1.6.

For approach 1, after phytosterol transformation to
AD was completed (as determined by TLC), a 50-mL
aliquot of the M. neoaurum culture was inactivated by
heating for 20 min at 50°C, transferred into a 100-mL
flask, and supplemented with glucose (20 g/L) and
N. simplex cells (4—36 g dry biomass/L, as stated in the
text) harvested by centrifugation (4000 g, 30 min,
4°C). In some experiments, o,0-dipyridil (4 mg/L),
methanol (0.5—4%, vol/vol), dimethyl formamide
(1-4%, vol/vol), or DMSO (2—8%, vol/vol) were
added. The initial pH of the medium was 7—8 (as
stated in the text).

For approach 2, M. neoaurum cells were not inacti-
vated, and the culture liquid with Mycolicibacterium
cells (25 mL) was transferred into a 100-mL flask con-
taining 25 mL of the N. simplex culture (8 g/L, dry bio-
mass) in the stationary growth phase (48 h), and sup-
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plemented with glucose (20 g/L) or glycerol (10 g/L),
o,0-dipyridil (4 mg/L), DMSO (4%, vol/vol); pH of
the mixture was adjusted to 8. The transformation was
carried out at 30°C under microaerophilic conditions
(in 100-mL flasks with 50 mL of the culture (1 : 1 ratio
of'the liquid and gas phases) at slow stirring (100 rpm).

Dry biomass determination. Prior to the second
centrifugation, the cells V. simplex were washed off the
medium with 0.02 M phosphate buffer, pH 7.0. For
determination of N. simplex dry biomass, the cells were
harvested by centrifugation for 30 min (4000 g, 4°C)
and dried at 105°C to constant weight.

Steroid analysis was carried out using thin-layer
chromatography (TLC) and high-performance liquid
chromatography (HPLC), as described previously
(Lobastova et al., 2021).

Reproducibility and statistical tests. The experi-
ments were carried out in three independent repli-
cates, which were used to calculate the standard devi-
ations, which are shown as error bars on the figures
and in Table 1.

RESULTS AND DISCUSSION

In vitro study of 17p-hydroxysteroid dehydrogenase
(17p-HSD) activity of the N. simplex strain. Activity of
N. simplex cell fractions obtained as described above
(Fig. 1) towards Cj¢-steroids under aerophilic and
microaerophilic conditions was tested. The activity of
17B-HSD was revealed only in the cell debris fraction.
Under microaerophilic conditions in the presence of
NAD(H), AD and ADD were converted to testoster-
one and 1(2)-dehydrotestosterone, respectively. ADD
formation from AD was also observed, indicating
3-oxosteroid-A!-dehydrogenase activity. The reverse
reaction of hydrogenation of the C1—C2 double bond,
i.e., conversion of ADD to AD, was also observed
(Table 1). The products of testosterone conversion
under microaerophilic conditions were 1(2)-dehydro-
testosterone, AD, and ADD (Table 1). Thus, under
microaerophilic conditions 17B-reduction and 1(2)-
hydration were carried out in parallel with 1(2)-dehydro-
genation.
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Table 1. Bioconversion of AD, ADD, and testosterone in the presence of coenzymes NAD(H) or NAD by N. simplex VKM
Ac-2033D cell debris under aerophilic and microaerophilic conditions

Bioconversion products and their yield, mol %
Substrate and cofactor
AD ADD testosterone 1(2)-dehydrotestosterone
Microaerophilic conditions (no stirring)
AD + NAD(H) 21+5.4 23+ 1.9 10+ 2.1
ADD + NAD(H) 10+2.3 — 7+1.1 27 £ 3.7
Testosterone + NAD 15+£5.6 12+4.3 - 19 + 3.1
Aerophilic conditions (orbital shaker)
Testosterone + NAD | 40+ 4.2 \ 24+2.7 \ — | 9+0.9

The rates of enzymatic NAD(H)-dependent
reduction of AD and ADD 17-keto groups due to 173-
HSD activity were almost the same, and the total
yields for 17B-reduced derivatives (testosterone and
1(2)-dehydrotestosterone) were 33 and 34% from AD
and ADD, respectively (Table 1). Thus, in vivo exper-
iments confirmed that efficient reduction of the
17-keto group of 3,17-diketoandrostanes by N. simplex
cells was possible only under reductive conditions.

Most of 173-HSDs are able to catalyze redox reac-
tions; however, activity of bacterial enzymes is usually
shifted to oxidation of the C17 hydroxyl group, while
fungal 17B-HSDs preferentially catalyze reduction of
the C17 carbonyl group (Donova et al., 2005b; Fer-
nandez-Cabezon et al., 2017).

Reversible oxidation of the C1—C2 double bond in
the steroid nucleus has been reported previously
(Hung et al., 1994; Egorova et al., 2002). Microbial
reduction of ADD to testosterone involving reduction
of both the C1—C2 double bond and the C17-keto
group is known to be sometimes more efficient than
reduction of only the C17-keto group of AD (Hung
et al., 1994; Egorovaet al., 2009). This has been shown
for Nocardia strains (Sharma et al., 2012) and con-
firmed for N. simplex (Table 1). A high NAD(H) level
is required for efficient reduction of the 17-keto group
(Fogal et al., 2010).

Thus, efficient reduction of the CIl7-carbonyl
group of 3,17-diketoandrostanes by N. simplex VKM
Ac-2033D requires reductive conditions: decreased
concentration of dissolved oxygen and the pool of
reductive cofactors (NAD(H)).

Further experiments were carried out in vivo in the
presence of glucose (20 g/L) under microaerophilic
conditions, which were established by using high bio-
mass of resting N. simplex cells, weak agitation, and
decreased volume of the gas phase.

In vivo biotransformation of AD and ADD by the
N. simplex strain. Transformation of exogenous chem-
ically pure AD and ADD by N. simplex cells was stud-
ied in model experiments (Figs. 2a and 3). This study
was required to confirm the feasibility of the cascade
scheme in which N. simplex is added to the culture lig-

uid containing AD(+ADD) and obtained at phytos-
terol transformation by M. neoaurum.

Under these conditions, ADD was almost com-
pletely transformed by N. simplex cells to 1(2)-dehy-
drotestosterone after 72 h (Fig. 3a). AD biotransfor-
mation to testosterone was active only during the first
hours of incubation, while 40.8 = 2.7 mol % of testos-
terone was accumulated after 8 h of conversion
(Fig. 3b, curve 4); then testosterone oxidation back to
AD occurred (Fig. 3b, curves 3 and 4). Activity of 173-
HSD in microbial cells is known to depend on the
ratio between NAD(H) and NAD (Kristan et al.,
2003). Exhaustion of the NAD(H) pool in the course
of AD transformation is known to be responsible for
the shift of 173-HSD activity to oxidation.

Glucose may have a positive effect on recycling of
reduced NAD. Thus, undesirable oxidation of testos-
terone to AD decreased after addition of glucose in the
case of strains Rhodococcus ruber Chol-4 and Lactoba-
cillus bulgaricus (Guevara et al., 2019).

Preferential oxidation of ADD (rather than AD) as
the substrate for bacterial 17B-HSDs has been
described previously (Singer et al., 1991; Egorova
et al., 2009; Shao et al., 2016; Fernandez-Cabezon
et al., 2017; Guevara et al., 2019). In some cases, no
testosterone was produced from AD (Hung et al.,
1994). The possible causes include higher AD toxicity
for microorganisms and the differences in the physi-
cochemical characteristics of AD and ADD (Fer-
nandes et al., 2003; Egorova et al., 2009).

Cascade phytosterol transformation to testosterone
using the inactivated M. neoaurum culture and subse-
quent introduction of resting V. simplex cells. The pos-
sibility of cascade phytosterol transformation to tes-
tosterone was studied for sequential application of
M. neoaurum and N. simplex cultures, which converted
phytosterol to AD(+ADD) and then to testosterone
(Fig. 4), correspondingly.

Biotransformation of phytosterol (10 g/L) carried
out by M. neoaurum (Fig. 4) resulted in production of
4.4 ¢/LL AD and 0.5 g/L. ADD. After heating of the
M. neoaurum culture, precipitated resting N. simplex
cells were resuspended in the culture liquid containing
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Fig. 2. Scheme of the experiments, in which chemically pure exogenous AD and ADD are transformed by resting N. simplex VKM
Ac-2033D cells (a); cascade biotransformation of 10 g/L phytosterol to testosterone using inactivated M. neoaurum VKM Ac-
1815D culture and resting V. simplex VKM Ac-2033D cells (b); or biotransformation by non-inactivated M. neoaurum VKM Ac-
1815D culture and N. simplex VKM Ac-2033D cells (bl). Designations: Ph, phytosterol; T, testosterone; dT, 1(2)-dehydrotestos-
terone; Vgp and Vi p, volumes of the gas and liquid phases, respectively; V1 and V2, volumes of M. neoaurum and N. simplex cul-

tures, respectively.

AD and ADD. The effects of MCD content, intro-
duced N. simplex biomass, pH, type and concentration
of organic solvents, and the inhibitor of 9a-hydroxy-
lase activity were assessed in order to optimize biocon-
version conditions.

Effect of MCD concentration on phytosterol cas-
cade biotransformation. The total yield of AD and
ADD (the first stage of the cascade process) increased
with increasing MCD concentrations (Fig. 5, curve 1).
However, the maximum testosterone yield at the sec-
ond stage of the cascade process did not change sig-
nificantly in the studied range of the phytos-
terol—-MCD molar ratios (from 1 : 0.8 to 1 : 1.4)
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(Fig. 5, curve 2). At the optimal MCD concentration,
testosterone yield from phytosterol (10 g/L) in the
variant with M. neoaurum inactivation was
35.3—36.7 mol % (2.6—2.7 g/L).

As was noted above, cyclodextrins may affect not
only steroids, but actinobacterial cells as well (Donova
etal., 2007; Shen et al., 2011). Negative effect of MCD
on Mycolicibacterium cells has not been reported,
while the loss of both membrane and intracellular pro-
teins by N. simplex in the medium with hydroxypropyl-
B-cyclodextrin was over 40%, compared to the control
without cyclodextrins (Shen et al., 2011). Decreased
efficiency of AD transformation at cyclodextrin con-
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Fig. 3. Biotransformation of 2 g/ ADD (a) and AD (b) by N. simplex VKM-Ac 2033D (according to the Fig. 2a): accumulation
of 1(2)-dehydrotestosterone (/); ADD consumption (2); AD concentration (3); and testosterone concentration (4).
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Fig. 4. Cascade production of testosterone from phytosterol using the strains M. neoaurum VKM Ac-1815D and N. simplex VKM
Ac-2033D. Designations: Ph, phytosterol; T, testosterone; dT, 1(2)-dehydrotestosterone.

centrations exceeding the optimal value has also been
reported (Shao et al., 2016; Tang et al., 2019a).

Effect of the amount of the introduced /. simplex
biomass. Increasing 3- to 9-fold the amount of resting
N. simplex cells (from 4 to 36 g/L, dry biomass) had no
significant effect on testosterone yield in cascade bio-
transformation (data not shown). However, for AD
transformation by the recombinant strain P. pastoris
GS115, a 5- to 6-fold increase in biomass (up to
200 g/L, wet biomass) almost doubled testosterone
yield (Shao et al., 2016). In the case of cascade trans-
formation of phytosterol by recombinant strains
M. neoaurum TCCC 11028 and P. pastoris GSI115,
higher yeast biomass (175 g/L wet biomass) resulted in
the highest yield of 1(2)-dehydrotestosterone (Tang et
al., 2019b).

Effect of a,a-dipyridil. AD(D) biotransformation
by N. simplex resulted in incomplete steroid material

balance due to the presence of 9oi-hydroxylase activ-
ity, which caused a cleavage of the B ring of the steroid
nucleus of 1(2)-dehydrogenated derivatives (Shtrat-
nikova et al., 2021). The bacterial 3-oxosteroid-9a-
hydroxylase consists of subunits KshA (monooxyge-
nase) and KshB (reductase) encoded by the genes kshA
and kshB, respectively. Three orthologs of the kshA-
gene were revealed in the genome of V. simplex (Shtrat-
nikova et al., 2016); transcription of two of them was
induced with phytosterol. Thus, the products of the
kshA and kshB genes are probably responsible for the
degradation of the steroid nucleus along the 9(10)-seco
pathway in N. simplex (Shtratnikova et al., 2021).

In the present study, testosterone concentration
did not increase after 24-h incubation of N. simplex in
AD-containing culture liquid (Fig. 6, curve 2), while
the levels of AD (Fig. 6, curve 3), ADD, and 1(2)-
dehydrotestosterone decreased, probably due to cleav-
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Fig. 5. Effect of MCD concentration on the total yield of
AD and ADD at the stage of phytosterol (10 g/L) biotrans-
formation by M. neoaurum VKM Ac-1815D (1), on testo-
sterone yield (2), and residual AD concentration at the
second stage of cascade bioconversion carried out by
N. simplex VKM Ac-2033D according to the Fig. 2b (3).

age of the steroid nucleus. Addition of o,0.-dipyridil, a
nonspecific inhibitor of 9a-hydroxylase, resulted in
the increase of the period of testosterone accumula-
tion to 72 h, with its final yield enhancement to 64.5—
71.2 mol % (Fig. 6, curve I), which indicated lower
steroids degradation.

The effect of dimethyl sulfoxide (DMSQO). Organic
solvents and detergents are known to provide for the
distribution of hydrophobic substrates (including ste-
roids) in aquatic media, which results in higher bio-
conversion rates. Thus, resting cells of A. simplex
(=N. simplex) strain TCCC 11037 treated with 8%
ethanol (vol/vol) exhibited high 1(2)-dehydrogenase
activity (Luo et al., 2014). On the other hand, organic
solvents may cause damage of the cell membranes.

DMSO is a bipolar aprotonic organic solvent with
relatively low toxicity, which may affect the permea-
bility of cell membranes, thus facilitating substrate
transfer into the cell, while not affecting its viability. In
our experiments, methanol (0.5—4.0%, vol/vol) and
dimethylformamide (1.0—4.0%, vol/vol) had low
effect on testosterone production during the second
stage of cascade biotransformation. Addition of 4%
(vol/vol) DMSO resulted in testosterone yield
increased by 11—13 mol % (Fig. 7a).

Effect of pH. The pH value was previously shown to
affect AD biotransformation to testosterone by actino-
bacteria (Liu and Lo, 1997; Egorova et al., 2009; Fer-
nandez-Cabezon et al., 2017). In the present work, the
effect of pH on efficiency of the second stage of cas-
cade phytosterol conversion in the range of pH 7.0—
8.0 was determined. Reduction of the AD(D) 17-car-
bonyl group was most active at pH 8.0, with the high-
est testosterone yield of 50.4 mol % achieved after
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Fig. 6. The effect of o, a-dipyridil on testosterone yield (7,
2) and residual AD concentrations (3, 4) during
AD(+ADD)-rich culture liquid biotransformation by
N. simplex VKM Ac-2033D: in the presence of 0.4 mg
o,o-dipyridil (7, 4) and without a,o-dipyridil (2, 3). Bio-
transformation of 10 g/L phytosterol was carried out using
the M. neoaurum VKM Ac-1815D strain according to the
Fig. 2b with the yields of 4.4 g/LL AD and 0.5 g/L ADD.

48—72 h. The combination of DMSO (4%, vol/vol)
and pH 8.0 resulted in increased rate of testosterone
accumulation and its titer as high as 3.6—3.7 g/L, cor-
responding to 75.5 mol % at the second stage of the
cascade process (AD — testosterone) (Fig. 7b). In this
case, testosterone yield from phytosterol was 51.8—
53.2 mol %.

Cascade biotransformation of phytosterol to testos-
terone using non-inactivated M. neoaurum culture and
N. simplex cells in the growth medium. To simplify the
scheme for testosterone production from phytosterol,
the stages of M. neoaurum inactivation and separation
of N. simplex cells by centrifugation were excluded.
N. simplex cells were added directly to the culture lig-
uid of M. neoaurum after phytosterol conversion to
AD(+ADD) (Fig. 2b1).

Bioconversion of phytosterol (10 g/L) by M. neoau-
rum was carried out at the phytosterol/MCD molar
ratio of 1 : 1.6, resulting in 4.8 g/L. AD. Thus, the
molar ratio of phytosterol to MCD at the second stage
of cascade biotransformation was 1 : 0.8 (due to two-
fold dilution after addition of N. simplex culture).
Application of this scheme resulted in testosterone
yield of 2.40—2.65 g/L from 10 g/L phytosterol.

In the control variant (without N. simplex cells),
testosterone accumulation was not observed. Replac-
ing glucose with glycerol at the second stage resulted in
a completely different course of biotransformation,
with no production of testosterone and AD as the
major steroid product.

Inactivation of the culture used at the first stage of
cascade biotransformation has been reported to have a
positive effect on the yield of the target product. Thus,
AD biotransformation to 1(2)-dehydrotestosterone
was inefficient when growing cultures of A. simplex
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Fig. 7. The effect of pH and DMSO on testosterone accumulation during phytosterol transformation by resting N. simplex VKM
Ac-2033D cells of AD(+ADD)-rich inactivated culture liquid of M. neoaurum VKM Ac-1815D. Biotransformation of 10 g/L
phytosterol was carried out by the M. neoaurum strain (Fig. 2b) with the yields of 4.4 g/L. AD and 0.5 g/L ADD. Initial pH of the
AD(+ADD)-containing culture liquid of M. neoaurum was adjusted to 7.0 (a) or 8.0 (b). Curve designations: supplementation

with 4% (vol/vol) DMSO (7) and without DMSO (2).

CPCC 140451 and P. pastoris GS115 were added to the
same bioreactor, while inactivation of A. simplex
CPCC 140451 after the first stage of cascade biotrans-
formation resulted in increased yield of 1(2)-dehydro-
testosterone (Tang et al., 2019a). In another case,
exclusion of the stage of cell inactivation by steriliza-
tion of the culture liquid in the process of phytosterol
biotransformation by M. neoaurum M3M-ksdDR2
resulted in a 13% loss of 1(2)-dehydrotestosterone
compared to the control (Tang et al., 2019b).

For industrial testosterone production, using
growing cultures of M. neoaurum and N. simplex is
practically advantageous compared to using resting
N. simplex cells harvested by centrifugation and steril-
ized M. neoaurum culture liquid, since it decreases the
duration of cascade biotransformation, as well as
expense of equipment, energy, and labor.

The present work dealt with investigation of cas-
cade two-stage biotransformation of phytosterol to
testosterone using two actinobacterial strains, M. neo-
aurum VKM Ac-1815D and N. simplex VKM Ac-
2033D, which carried out selective oxidative degrada-
tion of the phytosterol side chain and 173-reduction of

the resulting androstendiones to testosterone, respec-
tively.

In vitro experiments showed that reduction of the
17-keto group of androstendiones (AD and ADD) was
most efficiently catalyzed by membrane-bound
enzymes under microaerophilic conditions in the
presence of NAD(H). Unlike ADD reduction to 1(2)-
dehydrotestosterone, reduction of AD, its 1(2)-satu-
rated analogue, to testosterone by N. simplex cells was
reversible. Efficient production of testosterone from
AD required an increased pool of reductive equiva-
lents, which may be achieved by addition of glucose
and establishment of microaerophilic conditions.
Cascade bioconversion of phytosterol to testosterone
proved possible with both resting N. simplex cells and
a growing culture of this strain. The conditions were
determined, under which testosterone yield of up to
53 mol % was achieved at a high phytosterol concen-
tration (10 g/L).

These results may be used to develop a biotechnol-
ogy for testosterone production from renewable plant
materials by two-stage microbial transformation of
phytosterol in a “one-pot” process.
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