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Abstract—Cytochrome CYP102A1 (P450 BM3) of Priestia megaterium (bas. Bacillus megaterium) has several unique
functional features and thus provides an ideal object for directed evolution and other synthetic applications. Previously,
the CYP102A1-LG23 mutant with 14 mutations in the heme part was obtained that hydroxylates several androstanes at
C78 with the formation of products with the anti-inflammatory and neuroprotective activities. In this study, synthetic
cypl02A1-LG23 gene encoding the P450 BM3 mutant was expressed as a component of either monocistronic operon or
bicistronic operon containing the gdh (glucose dehydrogenase, GDH) or zwf2 (glucose 6-phosphate dehydrogenase, G6PD)
gene in Mycolicibacterium smegmatis BD cells. The recombinant bacteria were able hydroxylate androst-4-ene-3,17-dione
(AD) into 73-OH-AD. Their biocatalytic activity was increased twice by increasing the solubility of CYP102A1-LG23
protein in the cells and supplementing the cells with the additional cofactor regeneration system by introducing GDH and
G6PD. The maximum 73-OH-AD yield (37.68 mol%) was achieved by co-expression of cyp10241-LG23 and gdh genes
in M. smegmatis. These results demonstrate the possibility of using synthetic genes to obtain recombinant enzymes and
expand our understanding of the processes involved in steroid hydroxylation by bacterial cytochromes. The data obtained
can be used to develop new approaches for microbiological production of 73-hydroxylated steroids in genetically modified
Mycolicibacterium species.

DOI: 10.1134/50006297923090146

Keywords: cytochrome CYP102A1 (P450 BM3), heterologous expression, hydroxylation, 7@-hydroxyandrost-4-ene-
3,17-dione, Mycolicibacterium smegmatis, bioconversion, steroids

Abbreviations: 73-OH-AD, 78-hydroxyandrost-4-ene-3,17-dione; AD, androst-4-ene-3,17-dione; G6PD, glucose 6-phosphate
dehydrogenase; GDH, glucose dehydrogenase; NADPH, nicotinamide adenine dinucleotide phosphate.
* To whom correspondence should be addressed.

1347



1348
INTRODUCTION

Steroid compounds exhibit a broad range of biolog-
ical activities that account for their wide application in
medicine. Steroids are used to treat inflammation, en-
docrine diseases, neurodegenerative disorders, certain
cancers, etc. [1].

The biological activity of a steroid depends on the
degree of oxidation of its cycloalkane core and the pres-
ence of functional oxygen-containing groups in the mol-
ecule. Hydroxylated steroids are commonly known to be
more active than higher activity compared to their non-
hydroxylated analogs. Hydroxyl groups attached to the
cycloalkane core increase the polarity and solubility of
the molecule and affect its toxicity and sorption proper-
ties. Regiospecific and stereospecific positioning of hy-
droxyl groups is important for steroid binding with the
respective cell receptors triggering metabolic reaction
cascades in the body [2-5].

Chemical synthesis of hydroxylated steroids often
includes multiple steps and is difficult (if possible at all)
to perform. Hydroxylation of inactive C—H bonds with
the use of microorganisms or enzymes may help to solve
the problem [1, 6]. One of the promising approaches in-
volves construction and use of enzymes with regiospe-
cific and stereospecific activities toward steroid com-
pounds [7, 8].

Cytochrome P450 monooxygenases (P450s or CYPs)
are of particular interest for gene and protein engineer-
ing, as they play a crucial role in oxidative functional-
ization of inactive carbon atoms. Cytochrome P450
BM3 (CYP102A1) of Priestia megaterium (bas. Bacillus
megaterium) has several unique functional features and
thus provides an ideal object for directed evolution and
other synthetic applications. In contrast to most P450s,
P450 BM3 is a water-soluble protein. Another import-
ant feature is bifunctionality ensured by the two-com-
ponent structure of this protein, i.e., the natural fusion
between the P450 monooxygenase domain and reduc-
tase domain. P450 BM3 is the fastest catalyst among
all currently known P450s. Its turnover number reach-
es 17,000 m~' (with arachidonic acid as a substrate) [9],
which is several orders of magnitude higher than the
turnover numbers of the majority of mammalian P450s
[10]. The reason for such a high catalytic activity might
be the presence of redox partners in the same protein

P450 BM3-LG23
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molecule, which ensures rapid electron transfer from the
flavin to the heme [11].

Natural P450 BM3 is not involved in steroid me-
tabolism [12]. Several mutant variants of this protein
have been obtained by directed evolution, including
P450 BM3-LG23, which has 14 mutations in the heme
part and hydroxylates several androstanes as steroid sub-
strates [13].

Because actinobacteria of the genus Mycolicibac-
terium are capable of utilizing sterols (cholesterol and
phytosterols) commonly used to produce therapeutic
steroids and their precursors [14, 15]. The nonpathogen-
ic fast-growing Mycolicibacterium smegmatis (syn. Myco-
bacterium smegmatis) strain mc? 155 provides a convenient
host to express heterologous steroidogenic genes because
this strain contains an efficient system for the transport
of exogenous steroid compounds and has a high trans-
formation rate [16]. We have previously introduced de-
letions into kshB (3-ketosteroid Al-dehydrogenase) and
kstD (reductase subunit of 3-ketosteroid 9a-hydroxylase)
to prevent complete destruction of the cycloalkane core
in steroids to obtain the mutant M. smegmatis BD strain
that oxidized phytosterol and cholesterol into androst-4-
ene-3,17-dione (AD) [15].

In this work, M. smegmatis BD was used to ob-
tain recombinant strains expressing heterologous P450
BM3-LG23 and hydroxylating AD at C73 (Fig. 1).
AD hydroxylation, a reaction that is required for ox-
idative functionalization of steroids, is one of the most
difficult to perform artificially. Along with C78 hy-
droxylation, the hydroxyl group was introduced at C13.
Production of 1p3-hydroxysteroids and 1f3,73-dihydrox-
ysteroids with the use of mutant P450 BM3 variants has
not been reported before.

Our approach can be used to construct other mi-
crobial catalysts based on CYP102A1-LG23; it opens
a possibility of a one-step production of hydroxylated
androstenes from phytosterol.

MATERIALS AND METHODS

Reagents. Acetamide (AcA) (Sigma-Aldrich, USA),
AD (Steraloids, USA), agarose (Invitrogen, United
Kingdom), methyl-3-cyclodextrin (MCD) (Wacker Che-
mie, Germany), ethidium bromide (Serva, Germany),

NADPH
O
Fig. 1. C7p hydroxylation of AD by mutant P450 BM3-LG23.
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Table 1. Primers, strains, and plasmids used in this work
Name Description Source
Strains
B I e
fiye Zgﬁsagg um me? 155 A(kshB, kstD), AD-producing mutant [15]
Plasmids
shuttle expression vector for replication in E. coli and mycobacteria;
pPMyNT contains Ami promoter, sequence for N-terminal 6 X His-tag, [17]
TEV cleavage site, HygR
pMyNTA pMyNT derivative; contains Ndel restriction site this work
plasmid with optimized synthetic genes for type 2 G6PD of M. tuberculosis
PNS25 H37Rv (zwf2) and 173-hydroxysteroid dehydrogenase of Cohliobolus lunatus [18]
pBluescript 11 SK(+) vector with optimized synthetic mutant variant GenScript/
PSKLG23 (cypl10241-LG23) of cyp102A1 from Bacillus megaterium NBRC 15308 this work
pBluescript 11 SK(+) vector with optimized synthetic gene for GDH GenScript/
pSKGDH from Bacillus megaterium AS1.223 (gdh) this work
pNS38 pMyNT vector with cyp10241-LG23 this work
pVP1 pMyNTA vector with cyp 10241-LG23 this work
pVP2 pMyNTA vector with bicistronic operon of cyp 10241-LG23 and gdh this work
pVP3 pMyNTA vector with bicistronic operon of cyp 10241-LG23 and zwf2 this work
Primers
NdellF 5'-cgataagagaaagggagtccaCATAT Gaagcaccaccaccac-caccacc-3' this work
NdellR 5'-ggtggtgstggtggtgstectt CATATGtggactccctttetctt-atcg-3' this work
Clalzwf2F 5'-tagacATCGATaggaggtaaaggcgatgaaaccggeccacg-ccgegge-3' this work
Clalzwf2R 5'-gccatATCGATtcatggecgecgecatteecgge-3' this work

Note. Restriction endonuclease recognition sites are with capital letters in the primers (Ndel — CATATG, Clal — ATCGAT). The ribosome-bind-

ing site sequence (aggagg) is in bold.

kanamycin (BioKhim, Russia), hygromycin, ampicil-
lin, glycerol, yeast extract, peptone, agar-agar (Panreac,
Spain), tryptone (Dia-M, Russia), Tween-80 (Serva),
DNA-modifying enzymes, DNA extraction kits (Ther-
mo Fisher Scientific, USA), and silica gel (Fluka, USA)
were used in the study. Other reagents were from Russian
manufacturers and were of analytical grade.

Bacterial strains, plasmids, and cultivation condi-
tions. Primers, bacterial strains, and plasmids used in
this work are shown in Table 1.

BIOCHEMISTRY (Moscow) Vol. 88 No. 9 2023

Escherichia coli strain DH5a was used to clone
the plasmid constructs. The bacteria were cultivated in
LB medium at 37°C at 200 rpm [19]. Transformed cells
were selected using kanamycin (50 ug/ml), hygromycin
(50 ug/ml), or ampicillin (100 ug/ml).

Mycolicibacterium smegmatis BD cells were grown
in M3 medium at 37°C at 200 rpm [15]. Transformed
cells were selected using hygromycin (50-75 ug/ml).

Synthetic sequences and site-directed mutagenesis.
Nucleotide sequences of the wild-type cypl02A1 were
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AmiC AmiA AmiD AmiS cyp102A1-LG23 Hindlll - pygR

BamHIRps Hindlll
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AmiC AmiA AmiD AmiS cyp102A1-LG23 gdh HygR
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Fig. 2. Genetic elements of monocistronic and bicistronic constructs. a) Map of the pMyNT plasmid expression vector. b) Map of the pMyNTA
plasmid expression vector. ¢) Plasmid pNS38 with the cyp10241-LG23 gene. d) Plasmid pVP1 with the cyp 10241-LG23 gene. e) Plasmid pVP2
with the cyp10241-LG23 and gdh bicistronic expression cassette. f) Plasmid pVP3, with the cyp10241-LG23 and zwf2 bicistronic expression cas-
sette. AmiC, AmiA, AmiD, and AmiS, components of the acetamidase promoter; 6 X His, hexahistidine tag; HygR, hygromycin resistance gene;

RBS, ribosome-binding site.

retrieved from KEGG (BGO04_163; Bacillus megaterium
NBRC 15308) and GenBank (ACCESSION J04832,
VERSION J04832.1); the amino acid sequence of the
heme fragment of CYP102A1-LG23 was retrieved from
RCSB PDB (PDB ID: 6LY4). The original nucleotide
sequence of gdh (glucose dehydrogenase, GDH) was
from GenBank (ACCESSION AY930464, VERSION
AY930464.1; Bacillus megaterium AS1.223).

Synthetic sequences of mutant cyp 10241-LG23 [13]
and gdh genes were optimized for efficient heterolo-
gous expression in M. smegmatis cells using the Op-
timumGeneTM algorithm. The optimized sequences
were synthesized by GenScript (USA) and cloned into
the pBluescript II SK(+) vector to produce pSKLG23
and pSKGDH plasmids, respectively (Table 1). The op-
timized synthetic sequence of zwf2 gene coding for
type 2 glucose 6-phosphate dehydrogenase (G6PD) of
Mycobacterium tuberculosis H37Rv was obtained from
pNS25 [18].

The pMyNTA vector was constructed using the
pMyNT shuttle expression vector [17] by introducing the
Ndel site at the position of the ATG start codon via site
directed mutagenesis carried out according to the Quick-
Change™ Site-Directed Mutagenesis System (QCM)
protocol (Stratagene, USA). The oligonucleotide prim-
ers NdellF and NdellR (Table 1) were used to amplify
pMyNT. The resulting mixture was digested with the Dpnl
restriction endonuclease and cloned in E. coli DH5a cells.

Monocistronic plasmid constructs for cyp10241-
LG23 expression in Mycolicibacterium cells. DNA clon-
ing was performed according to a standard protocol [20]
using pMyNT shuttle expression vector (Fig. 2a) and its
derivative pMyNTA (Fig. 2b).

The pSKLG23 plasmid was digested with the Ncol
and BamHI restriction enzymes. The cypl0241-LG23

gene was ligated with pMyNT linearized with the same
enzymes. The resulting recombinant plasmid carrying
the cypl024A1-LG23 gene with the nucleotide sequence
coding for the N-terminal hexahistidine tag (6 X His-tag)
was designated pNS38 (Table 1, Fig. 2¢).

The pNS38 plasmid was consecutively digested
with Ncol, treated with the Klenow fragment of E. coli
DNA polymerase I, and hydrolyzed with BamHI. The
pMyNTA vector was treated consecutively with Ndel,
Klenow fragment, and BamHI. The cypl0241-LG23
gene was cloned in linearized pMyNTA vector to pro-
duce recombinant pVP1 plasmid (Table 1, Fig. 2d).

Bicistronic plasmid constructs for cyp10241-LG23/
gdh and cyp10241-LG23/zwf2 coexpression in Mycolici-
bacterium cells. The pSKGDH plasmid was digested
with BamHI and HindlII restriction endonucleases, and
the gdh gene was ligated into pVP1 vector linearized with
the same restriction enzymes; the resulting plasmid was
designated pVP2 (Table 1, Fig. 2¢).

The zwf2 gene was amplified by PCR with the
Clalzwf2F and Clalzwf2R primers (Table 1) using the
pNS25 plasmid as a template [18]. The amplified zwf2
gene was digested with Clal, treated with the Klenow
fragment, and ligated into the pVP1 vector treated con-
secutively with BamHI and Klenow fragment to produce
the pVP3 plasmid (Table 1, Fig. 2f).

Gene expression in recombinant Mycolicibacterium
strains. Electrocompetent cells of the mutant M. smeg-
matis BD strain were transformed with the pMyNT vec-
tor or pNS38, pVP1, pVP2, and pVP3 genetic constructs
by electroporation [21] and plated onto M3 agar supple-
mented with 75 ug/ml hygromycin. Suspension cultures
of M. smegmatis BD cells transformed with the plasmids
were grown in 5 ml of liquid M3 medium containing
50 ug/ml hygromycin at 37°C at 200 rpm for 12-15h

BIOCHEMISTRY (Moscow) Vol. 88 No. 9 2023
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and used for inoculation of 50 ml of the same medium
in 750-ml flasks. The cells were grown with shaking in
an incubator at 37°C at 200 rpm to ODego 0.8-1.0. Heter-
ologous gene expression was induced by adding AcA to
a final concentration of 2 g/liter. Induced cultures were
grown at 25°C at 200 rpm for 48 h and centrifuged at
5020g at 4°C for 15 min. The cells were resuspended in
20 ml of buffer (50 mM KH,PO., 50 mM NaCl, pH 7.4)
and disintegrated by sonication with a Q500 ultrason-
ic homogenizer (USA) according to the manufactur-
er’s protocol. Cell debris was removed by centrifugation
at 27,300g at 4°C for 2.5 h. Proteins were analyzed by
polyacrylamide gel electrophoresis in the presence of
SDS (SDS-PAGE) in 10% gel [22].

AD bioconversion by recombinant Mycolicibacterium
strains. Suspension cultures recombinant Mycolicibacte-
rium strains were grown and induced as described above.
AD (aqueous suspension with MCD, 1 : 1.5, mol/mol)
was added simultaneously with AcA to a final concen-
tration of 200 mg/liter. Glucose solution was added to
the fermentation medium (to 10 g/liter) together with
the inducer and then daily. The cultures were incubat-
ed at 25°C at 200 rpm for 4 days. The samples of cul-
ture liquid (0.5 ml) were collected every 24 h. Steroids
were analyzed by thin-layer chromatography (TLC) and
high-performance liquid chromatography (HPLC).

Biomass production assessment. The growth of bac-
terial cultures was assessed by measuring ODgy in an
Eppendorf BioSpectrometer Basic spectrophotometer
(Germany). The strains were grown in liquid M3 me-
dium (supplemented with 50 ug/ml hygromycin in the
case of transformants) at 37°C at 200 rpm for 48 h.

Thin-layer chromatography. Steroids were extracted
with a double volume of ethyl acetate. The extracts were
applied onto ALUGRAM SIL G/UV254 chromato-
graphic plates (Macherey-Nagel, Germany) and frac-
tionated using benzene : acetone (2 : 1, v/v) as a mobile
phase. Steroids were detected in UV light (254 nm) in
a CN-15. LC UV Darkroom viewing chamber (Vilber
Lourmat, France).

High-performance liquid chromatography. An aliquot
of the culture liquid was combined with an equal vol-
ume of acetonitrile; the mixture was incubated for 12 h
and centrifuged at 2100g for 8 min. The supernatant was
analyzed using an Agilent Infinity 1260 chromatography
system (Agilent Technologies, USA) with a Symmetry
RP-18 column (5 um, 4.6 X 250 mm) and a Symmetry
RP-18 precolumn (5 um, 3.9 X 20 mm) (Waters, USA).
Mobile phase: solution A, acetonitrile : THF (tetrahy-
drofuran) : water (10 : 10 : 80, v/v); solution B, 100%
acetonitrile. Flow rate, 1 ml/min; gradient elution (Ist
stage: eluent A 100%; 2nd stage: eluent A 40% — elu-
ent B 60%); column temperature, 50°C. Steroids were
detected at 254 nm.

Isolation and structural analysis of hydroxylated AD
derivatives. The culture liquid (~200 ml) collected after

BIOCHEMISTRY (Moscow) Vol. 88 No. 9 2023
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48-h incubation was centrifuged at 27,300g at 4°C for 1 h.
The supernatant was extracted with ethyl acetate (70 ml)
three times, and pooled ethyl acetate extract was evapo-
rated under reduced pressure. Steroids were separated by
column chromatography on silica gel 90 (0.2-0.5 mm),
and AD hydroxylation products were isolated by a step-
wise elution with hexane : ethyl acetate : ethanol:

Ist stage: hexane 70% — ethyl acetate 30%;

2nd stage: hexane 50% — ethyl acetate 50%;

3rd stage: hexane 30% — ethyl acetate 70%;

4th stage: ethyl acetate 100%;

5th stage: ethyl acetate 70% — ethanol 30%;

6th stage: ethyl acetate 50% — ethanol 50%;

7th stage: ethyl acetate 30% — ethanol 70%;

8th stage: ethanol 100%.

The resulting fractions were evaporated until dry,
dissolved in 500 ul of ethyl acetate, and purified by
TCL on ALUGRAM SIL G/UV254 plates (Macherey-
Nagel, Germany) in benzene : acetone (3 : 1, v/v). Ste-
roid compounds were detected in UV light in a CN-15.
LC UV Darkroom viewing chamber (Vilber Lourmat)
at 254 nm.

The structure of steroid components was verified
by '"H-NMR spectroscopy. The spectra were recorded
with a Bruker Avance 400 NMR spectrometer (Bruker,
Germany) at 400 and 100.6 MHz. Chemical shifts were
measured relative to tetramethylsilane ('H-NMR).

Statistical data processing. Experimental data were
obtained in three biological replicates. Results are pre-
sented as mean +/— standard deviation.

RESULTS

Recombinant bacterial producers were obtained us-
ing the mutant M. smegmatis BD strain (Table 1) [15].

10

Optical absorption, U.

0 M T T T "
0 12 24 36 48

Hours

Fig. 3. Growth of parental M. smegmatis BD strain (—A—) and its
recombinant derivatives carrying pMyNT (—a—), pNS38 (—m-),
pVP1 (-O-), pVP2 (—@—), or pVP3 (—O—) plasmids.
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Fig. 4. SDS-PAGE analysis of (a) heterologous gene expression and (b) solubility of recombinant proteins in the AcA-induced cultures of recom-
binant M. smegmatis BD strains. M, molecular weight markers (Bio-Rad, USA); s, supernatant; d, cell debris. Plasmids: 7) pMyNT (control);
2) pNS38; 3) pVP1; 4) pVP2; 5) pVP3. Arrows indicate CYP102A1-LG23 (118 kDa), GDH (28 kDa), and G6PD (57 kDa).

A set of plasmids was constructed to express synthetic
cypl02A1-LG23 as a single gene and in the content of
bicistronic operons with the gdh or zwf2 genes (Table 1)
under control of the inducible acetamidase (Ami) pro-
moter.

The obtained recombinant strains did not differ
in the cultivation and morphological properties when
grown on M3 agar but showed a slightly lower growth
rate in the liquid medium compared with the parental
M. smegmatis BD strain (Fig. 3).

The highest level of CYP102A1-LG23 expression
was observed in Mycolicibacterium cells carrying the
pNS38 plasmid (Fig. 4a, lane 2). Fractionation of cell
homogenate showed that the recombinant protein ac-
cumulated almost fully in inclusion bodies (Fig. 4b,
lane 2d). When the hexahistidine tag was removed from
the N-terminus of the mutant cytochrome, up to 40-50%
of the protein occurred in a soluble form (Fig. 4b;
lanes 3d, 3s). GDH was detected in the soluble cell frac-
tion (Fig. 4b, lane 4s), while G6PD was found in the
membrane fraction (Fig. 4b, lane 5d). The recombinant
proteins synthesized upon induction with AcA showed
expected molecular weights: CYP102A1-LG23, 118 kDa;
G6PD, 57 kDa; and GDH, 28 kDa. In all recombinant
strains, production of the second protein (GDH or
G6PD) encoded in the bicistronic construct was much
lower than that of the first protein (Fig. 4a; lanes 4, 5).

In vivo production of 7@-hydroxyandrost-4-ene-
3,17-dione (73-OH-AD) by the strain carrying the
pNS38 plasmid (Fig. 5) was low (15.56 mol%) indi-
cating low enzymatic activity of the insoluble protein.
Decreasing the cypl024A1-LG23 expression using a
lower concentration of the inducer failed to noticeably
improve the activity and solubility of the enzyme (data
no shown), while removal of the 6 X His-tag (plasmid
pVP1) improved the solubility of P450 BM3-LG23, re-
sulting in the two-fold (to 32.75 mol%) increase in the
efficiency of substrate bioconversion (Fig. 5).

However, even in the case of improved protein
solubility, the conversion of AD to 7-OH-AD was in-
complete. To further increase the efficiency of substrate

bioconversion, we investigated whether the activity of
CYP102A1-LG23 could be elevated by providing a nec-
essary level of reduced cofactors via coexpression of gdh
(pVP2) or zwf2 (pVP3).

In all the cases, 73-OH-AD was accumulated as a
major metabolite, while the content of 7a-OH-AD did
not exceed 1.5 mol%. 7pB-Hydroxylation of AD by the
strains carrying the bicistronic constructs pVP2 and
pVP3 was 9-15% more efficient (37.68 and 35.63 mol%,
respectively) than by the strain with the monocistronic
pVP1 construct (Fig. 5). The highest yicld of 73-OH-AD
was achieved within 48 h, after which the concentration
of the target product decreased together with a decrease
in the AD content (Fig. 5).

We also observed introduction of the OH group at
the CIp position (in addition to C7f hydroxylation) in
the recombinant strains (Fig. 6, Table 2). Production of
13-OH- and 183,7p-diOH-steroids by P450-BM3 mu-
tant variants has not been described before.

45 -
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20

7B-OH-AD, % mol.
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0 24 48
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Fig. 5. Accumulation of 73-OH-AD in the cultures of recombinant
M. smegmatis BD strains carrying (—a—) pMyNT, (—H—) pNS38,
(—0-) pVPI, (—e@—) pVP2, and (—O—) pVP3 plasmids.
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Table 2. Products of AD bioconversion by recombinant M. smegmatis BD strains

Product

Chemical formula

Retention time,

H-
min (HPLC) H-NMR (CDCls, 9, ppm)

7B-Hydroxy-androst-4-ene-3,17-dione
(73-OH-AD)

1B3-Hydroxy-androst-4-ene-3,17-dione
(13-OH-AD)

1B,7p3-Dihydroxy-androst-4-ene-3,17-dione
(18,73-diOH-AD)

5.78 (s, 1H, H-4)

3.60 (dt, /= 10.3,
5.2 Hz, 1H, H-70)

1.24 (s, 3H, H-19)
0.95 (s, 3H, H-18)

12.19+£0.13

5.82(d,J= 1.1 Hz,
1H, H-4)

4.06 (dd, /= 8.2,
7.6 Hz, 1H, H-1a)

1.27 (s, 3H, H-19)
0.93 (s, 3H, H-18)

18.15 £ 0.88

5.83 (br.s, 1H, H-4)

4.03 (dd,J=9.2,
6.2 Hz, 1H, H-10)

3.63-3.55 (m, 1H, H-7a)
1.30 (s, 3H, H-19)
0.95 (s, 3H, H-18)

4.97 £0.02

DISCUSSION

Introduction of functional oxygen-containing
groups into the cycloalkane core is one of the most im-
portant and difficult tasks in the synthesis of therapeutic
steroids. New prospects in this area are associated with
the creation and use of recombinant bacterial P450 cy-

BIOCHEMISTRY (Moscow) Vol. 88 No. 9 2023

tochromes that have a higher solubility and activity than
most eukaryotic cytochromes [5]. The most promising
direction is the use of bacillary P450 BM3 cytochrome
that possesses unique biocatalytic features [9, 11]. One
of the outstanding achievements was the creation of its
mutant variant CYP102A1-LG23 capable of hydroxylat-
ing steroids at C7f [13]. In this work, we optimized the
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nucleotide sequence of this mutant enzyme for expres-
sion in Mycolicibacterium cells. The optimized gene se-
quence was synthesized and used for the construction of
plasmids for heterologous expression of cypl0241-LG23
as a part of either monocistronic operon or bicistron-
ic operons with the gdh or zwf2 genes coding for GDH
and G6PD, respectively, in M. smegmatis BD cells.

M. smegmatis BD was used as a host due to the
presence of an efficient system for steroid transport [15]
and possibility of one-step production of 7@-hydrox-
ylated androstenes from phytosterols [23]. Previously,
this strain has been successfully tested for the expres-
sion of genes of bacillary CYP106A1 and CYP106A2
cytochromes. The recombinant strain expressing the cy-
p106A2 gene selectively hydroxylated AD at C15f3 [15].

Overexpression of CYP102A1-LG23 led to the gen-
eration of insoluble inclusion bodies and, consequently,
low efficiency of C7p-hydroxylation in vivo. Presum-
ably, protein aggregation was caused by the presence of
the N-terminal polyhistidine tag that had a negative ef-
fect on the solubility, structure, and/or folding of P450
BM-LG23. It is known that addition of the His-tag can
affect protein function and stability. Recently, there has
been an increasing number of publications reporting a
negative effect of His-tags on the structure, oligomer-
ic state, kinetics, and catalytic activity of proteins [24].
Deletion of the hexahistidine tag from the N-terminus
allowed up to increase the content of the soluble func-
tionally active protein up to 50% without affecting its
total yield, which increased the content of produced
7B-OH-AD two-fold.

Cofactor engineering is an efficient approach to
improving the performance in production of valuable
metabolites. For example, overexpression of NADPH-
regenerating G6PD noticeably increased production
of e-caprolactone in E. coli [25]. The balance between
NADP* and NADPH has been found to play a key role
in the regulation of phytosterol conversion to 7(3-OH-
AD in Mpycolicibacterium neoaurum [23]. To maintain
the pool of reduced NADPH, GDH, or G6PD were
coexpressed with CYP102A1-LG23 in M. smegmatis BD.
Glucose was added to the fermentation medium as a
cosubstrate to achieve more efficient NADPH regen-
eration [23, 26]. Introduction of enzymes for addition-
al cofactor regeneration allowed to increase the activi-
ty of the recombinant system by 15%. In all the cases,
7B-OH-AD was accumulated as a major metabolite and
70-OH-AD was detected in trace amounts, which was
in agreement with the published data [13, 23]. Two new
compounds (1B-OH-AD and 1f3,73-diOH-AD) were
obtained for the first time as the products of hydroxyl-
ation reaction catalyzed by the mutant variants of P450
BM3 cytochrome. Microbiological C1-hydroxylation of
steroids (in particular, at the CIf3 position) is a rela-
tively rare phenomenon [27] that should be investigated
further.

POSHEKHONTSEVA et al.

CONCLUSIONS

In this study, we achieved heterologous expression
of the unique mutant cytochrome CYP102A1-LG23 in
M. smegmatis BD cells for the purpose of 73-OH-AD
synthesis from AD. The enzymatic activity of the re-
combinant Mycolicibacterium bacteria was increased by
increasing the content of protein active form and us-
ing a cofactor regeneration system, as both factors lim-
ited AD conversion to 73-OH-AD in M. smegmatis.
The maximum product yield (37.68 mol%) was achieved
with the M. smegmatis BD (pVP2) strain expressing cy-
pl10241-LG23 and gdh. These results contribute to the
understanding of the catalytic features of recombinant
P450 enzymes and can be used as a starting point to de-
velop a system for producing valuable C73-hydroxylated
steroids from inexpensive precursors (phytosterols and
cholesterol) via microbial transformation by genetically
modified Mycolicibacterium bacteria.
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