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Abstract

The unique cytochrome P450 BM3 from Priestia megaterium (syn. Bacillus megaterium) is
renowned for its versatile high catalytic activity. The cypl102A1-LG23 gene encoding its
CYP102A1-LG23 mutant variant was expressed in Escherichia coli and Mycolicibacterium
smegmatis. The in vivo activity of the heterologous enzyme was assessed with respect to an-
drostenedione (AD), androstadienedione (ADD), testosterone (TS) and dehydroepiandros-
terone (DHEA). Alongside 73-hydroxylation, the heterologous enzyme catalyzed the mono-
and dihydroxylation of C19 steroids. For the first time, the formation of 7f3-, 6p3- and
11a-hydroxylated derivatives of ADD using a bacterial enzyme, as well as the hydroxyla-
tion of DHEA at the C7x and C7f3 positions, and its dihydroxylation with the formation of
the 7«,15a-dihydroxylated derivative using the mutant cytochrome P450 BM3 were demon-
strated. The steroid structures were confirmed using mass spectrometry and 'H NMR
spectroscopy. The advantages of using mycolicibacteria as a bacterial chassis for gene
expression were also shown. The results demonstrate the unusual properties of the mutant
cytochrome P450 BM3-LG23 and open up prospects for its application in the biotechnologi-
cal production of valuable hydroxysteroids.

Keywords: cytochrome P450 BM3; Escherichia coli; Mycolicibacterium smegmatis; steroid;
hydroxylation; bioconversion

1. Introduction

Stereo- and regiospecific hydroxylation of C-H bonds is one of among the most
desirable reactions in steroid functionalization, ensuring the efficient production of thera-
peutically valuable hydroxysteroids [1]. The presence of oxygen-containing groups (most
often hydroxyl) in the steroid molecule is responsible for the biological effects of steroids.
The number, stereo- and regio positions of the introduced hydroxyl groups play an essen-
tial role. For instance, the presence of 113-hydroxyl is crucial for the anti-inflammatory
activity of steroids (hydrocortisone, prednisolone) [2], active forms of vitamin D3 contain
loa- and 25x-hydroxyl groups [3], cardioactive steroids have a 143-hydroxyl group [4], and
27-hydroxycholesterol has demonstrated activity against SARS-CoV-2 and one of the
causative agents, as well as HCoV-OC43, a common cold virus from the coronavirus
family [5].
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Steroids with a hydroxyl group at C7 attract special attention due to their neu-
roprotective, anti-inflammatory and immunological properties. For example, 33,7 -
dihydroxyandrost-5-ene-17-one (7o-OH-DHEA) is a well-known biologically active steroid
with immunomodulatory properties that is widely used in medicine to treat rheumatoid
arthritis and other autoimmune diseases [6,7]. C7[3 steroidal alcohols can be used to protect
against acute and chronic neuronal damage induced by stroke, brain trauma and cerebral
ischemia such as damage that may be caused by sub-arachnoid hemorrhage or that occurs
during heart bypass surgery [8].

In addition, some C7(3-alcohols can serve as precursors for the synthesis of other
7B-hydroxysteroids. Notably, the 7(3-hydroxylated derivative of androst-4-ene-3,17-dione
(AD) is used for the production of ursodeoxycholic acid (UDCA) [9,10], a key medication for
treating various diseases of the hepatobiliary system [11-13], and also exhibits an adjuvant
therapeutic effect in neurological disorders [14,15] and certain cancers [16,17]. Regio- and
stereospecific hydroxylation of steroids by chemical means is rather complicated or even
impossible and is rarely used in industry [1,18,19]. Microbial production of hydroxysteroids
is a sustainable, cost-effective and eco-friendly alternative to chemical synthesis.

Cytochrome P450 monooxygenases (P450s or CYPs) play a key role in the oxyfunc-
tionalization of steroids and are of particular interest for genetic and protein engineering.
Cytochrome P450 BM3 (CYP102A1) is a well-known C12-C20 fatty acid hydroxylase from
Bacillus megaterium (syn. Priestia megaterium) and one of the most active cytochrome P450
monooxygenases. This is due to its “self-sufficient” electron transfer pattern, mediated by
the fusion of a P450 domain and a eukaryotic-like cytochrome P450 reductase (CPR) [20-22].

To date, P450 BM3 mutants with an expanded substrate specificity and various activity
patterns have been obtained through rational design or directed evolution [23,24]. For
example, the mutant P450 BM3 (F87A) has been developed to perform hydroxylation of
testosterone at the 2[3- and 153-position [25]. Li et al. constructed an LG23 mutant with
14 mutations in the heme part of the P450 BM3 enzyme that hydroxylated androstane
steroids at the C7f3 position [26].

Previously, we obtained promising recombinant Mycolicibacterium smegmatis strains
that heterologously expressed cyp102A1-LG23 [27]. These strains exhibited significant
7B-hydroxylating activity in vivo, producing 73-OH-AD as the major AD bioconver-
sion product. 13-Hydroxy androstenedione (13-OH-AD) was also identified among the
by-products. It is noteworthy that hydroxylation of steroids at the 13-position is an
extremely rare reaction and that the production of potentially valuable new bioactive
13-hydroxysteroids may be of interest to the pharmaceutical and biomedical industries.

This work aimed to investigate the in vivo bioconversion of various androstane
steroids using recombinant E. coli and M. smegmatis strains heterologously expressing
cypl02A1-LG23 and identify compounds with the potential to be developed into new
drugs. The results could inform the development of new drug candidates and the microbial
production of valuable hydroxylated steroid synthons using cytochrome P450 BM3.

2. Results

The pETT1 plasmid was obtained in this work and the pVP1 plasmid was constructed
in our previous study [27] (Figure 1). The recombinant Escherichia coli BL21 (DE3) (pETT1)
and Mycolicibacterium smegmatis BD (pVP1) strains were used to evaluate the functionality
of the cytochrome P450 BM3-LG23 mutant in its ability to hydroxylate C19 steroids.

The hydroxylating activity of the transformants expressing the cyp102a1-LG23 gene
was tested against four androstane steroids: AD, ADD, TS and DHEA. The strains trans-
formed with the empty plasmids pET28a or pMyNTA were used as a control.
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Figure 1. Maps of the pETT1 and pVP1 plasmids, containing the synthetic cyp102A1-LG23 gene.
T7 P—the T7 RNA-polymerase promoter; amiC, amiA, amiD, amiS—components of the acetamidase
promoter; kanR—kanamycin resistance marker; hygR—hygromycin resistance marker; oriE—origin
of replication in E. coli; oriM—origin of replication in Mycolicibacterium; lacl—lac repressor gene.
Recognition sites the Ncol and BamHI restriction endonucleases used for cloning are indicated.

2.1. Expression of cyp102A1-LG23

Following induction of expression, the presence of cytochrome P450 BM3-LG23 was
analyzed using SDS-PAGE. As shown in Figure 2, the target enzyme produced a clear band
in both recombinants. The molecular weight of the protein was approximately 118 kDa in
both cases, which corresponds to the theoretically expected value.

A B

kba M| 1] 2 kDa M| 1 2
250 250
150 150

-
100 T 400
75 75 .

Figure 2. SDS-PAGE analysis of P450 BM3-LG23. Lane M: protein marker (Bio-Rad, Hercules,
CA, USA); Lane 1: lysates of induced E. coli BL21 (DE3) (pET28a) (empty vector); Lane 2: lysates
of induced E. coli BL21 (DE3) (pETT1) (A). Lane M: protein marker; Lane 1: lysates of induced
M. smegmatis BD (pMyNTA) (empty vector); Lane 2: lysates of induced M. smegmatis BD (pVP1) (B).
The arrows indicate the positions of P450 BM3-LG23.

2.2. Bioconversion of AD

During the in vivo conversion of androstenedione (AD) by the E. coli BL21 (DE3)
(pETT1) and M. smegmatis BD (pVP1) strains, the formation of the major product (retention
time (RT) of 12.34 min, 303 m/z) and the minor product (RT 18.78 with 303.1 m/z) was
observed. These compounds were identified as 73-OH-AD and 13-OH-AD, respectively
by 'H NMR spectroscopy.
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In addition, the compound (RT 4.96 min, 318.9 m/z) was indicated in small amounts
in the M. smegmatis culture broth and identified as 1,73-dihydroxyandrostenedione
(1B,73-diOH-AD). This compound was not detected in the case of E. coli. The yield of hy-
droxylated products in M. smegmatis was several times higher than in E. coli (Tables 1 and 2).

Table 1. Steroid bioconversion by E. coli BL21 (DE3) (pETT1) and M. smegmatis BD (pVP1).

Concentration (% mol.)

Steroid Substrate Transformation Product (TP) E. coli M. smegmatis TP Ratio
Ms/Ec
(Ec) (Ms)
. 13-OH-AD 0.62 6.05 9.8
Andro(sjieg)edlone 78-OH-AD 11.78 26.55 2.3
1B,7p-diOH-AD n.d. 1.15 -
63-OH-ADD 1.76 11.54 6.6
. . 7(3-OH-ADD 2.39 19.79 8.3
A“dros(ticll)l]e)r)‘edlor‘e 11a-OH-ADD 1.94 8.96 4.6
63,11x-diOH-ADD n.d. 7.25 -
73-OH-AD trace 3.30 -
73-OH-TS 0.65 2.07 3.2
Testosterone 15p3-OH-TS 1.10 1.79 1.6
(TS) 13-OH-AD n.d. 3.52 -
73-OH-AD n.d. 9.62 -
70-OH-DHEA 0.29 1.93 6.7
Dehydroepiandrosterone 73-OH-DHEA 0.49 2.33 4.8
(DHEA) 7a,150-diOH-DHEA 0.32 4.97 15.5
73-OH-AD n.d. trace -
The concentrations of the hydroxylation products were determined via HPLC (after 72 h of cultivation). n.d., not
defined products. The dynamics of the accumulation of hydroxylation products in the recombinant strain cultures
are shown in Supplementary Figure S1.
Table 2. Steroid substrates and their bioconversion products formed in vivo by P450 BM3-LG23 in
E. coli BL21 (DE3) (pETT1) and M. smegmatis BD (pVP1).
Compound RT (min) mlz Structure
Substrates
(0]
Androst-4-ene-3,17-dione (AD) 26.36 (I) n.d.
O
O
Androsta-1,4-diene-3,17-dione (ADD) 23.69 (I) n.d.
O
OH
Testosterone (TS) 26.13 (I) n.d.
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Table 2. Cont.
Compound RT (min) mlz Structure
OH
7p-Hydroxytestosterone (7(3-OH-TS) 9.49 (I) 305.1
o OH
OH
153-Hydroxytestosterone (153-OH-TS) 10.64 (1) 305
OH
o
7«-Hydroxydehydroepiandrosterone
(7a-OH-DHEA) 3.58 (II) n.d.
0
7p-Hydroxydehydroepiandrosterone
(78-OH-DHEA) 3.36 (II) n.d.
HO OH
7x,150-Dihydroxydehydroepiandrosterone 2.99 (1) nd.

(7, 15x-diOH-DHEA)

HO

RT was determined via HPLC with method I or II, respectively. M/z was determined via mass spectrometry. n.d.,
not determined.

2.3. Bioconversion of ADD

The hydroxylation of androstadienedione (ADD) occurred with less regioselectivity
in both strains. The major bioconversion product was 73-OH-ADD (RT 10.71, 300.9 m/z),
which was present in significantly higher amounts in the M. smegmatis BD (pVP1) strain.

Along with 73-OH-ADD, other monohydroxy derivatives were formed such as
63-OH-ADD (RT 12.83, 300.8 m/z) and 11a-OH-ADD (RT 9.29, 300.9 m/z). Addition-
ally, trace and small amounts of 7(3-OH-AD were identified in the culture broth of E. coli
BL21 (DE3) (pETT1) and M. smegmatis BD (pVP1), respectively. The formation of the dihy-
droxylated product 6f3,11x-diOH-ADD (316.8 m/z, RT 4.79) was only noted in the case of
ADD bioconversion with recombinant M. smegmatis (Tables 1 and 2).

2.4. Bioconversion of Testosterone

Both recombinant strains hydroxylated testosterone (TS) at positions C7f3 and C15§3,
forming 7B-OH-TS (RT 9.49, 305.1 m/z) and 153-OH-TS (RT 10.64, 305 m/z), respec-
tively. However, the M. smegmatis strain produced higher levels of 73-OH-AD and
13-OH-AD (5 and 2 times higher, respectively) than hydroxylated testosterone deriva-
tives (Tables 1 and 2).
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2.5. Bioconversion of DHEA

Compared to 3-keto-A4-steroids (AD, ADD and TS), a feature of the bioconversion
of DHEA was the formation of its stereoisomer, 7o-OH-DHEA (RT 3.58), along with the
7B-hydroxy derivative (73-OH-DHEA, RT 3.36) in both strains.

Also of interest is the accumulation of a dihydroxy derivative with axial hydroxyl
groups—7a,15a-diOH-DHEA (RT 2.99). Trace amounts of 7(3-OH-AD were only detected
in the M. smegmatis BD (pVP1) culture broth (Tables 1 and 2).

In general, the strain obtained on the M. smegmatis chassis was significantly more
efficient than the E. coli recombinant in terms of steroid bioconversion (Table 1).

3. Discussion

Microbial cytochrome P450 monooxygenases are widely used in various fields of
biotechnology and synthetic biology [23]. CYP102A1 was the third cytochrome P450 to be
isolated and characterized from Bacillus megaterium (syn. Priestia megaterium) [28], and is
therefore often referred to as P450 BM3 in the literature. This enzyme is currently recognized
as the most active among the known cytochromes P450, performing oxyfunctionalization
of inactive C-H bonds. Using protein engineering and directed evolution methods, various
enzyme variants have been obtained that exhibit activity against a wide range of organic
molecules, including steroids such as estradiol [29], testosterone and progesterone [25,30],
norandrostenedione [31], etc. In particular, mutant variants of CYP102A1 have been ob-
tained that effectively catalyze the hydroxylation of testosterone and progesterone at the
C2p and C15p positions [25]. The P450 BM3-LG23 mutant variant, which has 14 mutations
in the heme part of the enzyme, hydroxylated testosterone at the C7f3 position [26]. This
reaction was first detected using the triple mutant F87G/A328G/A330W (about 3% selectiv-
ity towards testosterone). This mutant served as the “starting template” in the construction
of the polymutant variant P450 BM3-LG23 [26]. The catalytic efficiency of its synthetic ana-
logue was demonstrated in the 73-hydroxylation of AD by the M. smegmatis recombinant
in vivo [27].

In this study, we focused on the unusual properties of CYP102A1-LG23. We demon-
strated the functional activity of the heterologous P450 BM3-LG23 in vivo in the biocon-
version of four steroid substrates (AD, ADD, TS, and DHEA) in recombinant E. coli and
M. smegmatis strains.

As we noted earlier [27] and confirmed in the present study, alongside the formation
of 73-OH-AD formed as the major product from AD, the accumulation of a compound that
we identified as 13-OH-AD was observed, as well as a 1$3,73-dihydroxylated derivative of
AD (Figure 3). This derivative had not previously been described for similar reactions.

It should be noted that the enzymatic introduction of a hydroxyl group into the apical
1B-position is a rather rare reaction. The formation of 13-OH-AD has only previously
been described for fungal cultures [32]. Selective 1p-hydroxylation of lithocholic acid has
been described for one of the CYP102A1 mutant variants [33], and 1B-hydroxytestosterone
has been identified as one of the monohydroxylated metabolites formed by P450 BM3
mutants from testosterone [30]. It is noteworthy that other P450 BM3 mutants, such as
MO1A82W and M11A82W 82W [34], as well as mutant 139-3, carried out hydroxylation
of AD at the stereoisomeric 1 position [35]. According to the authors’ study [35], the
introduction of a hydroxyl group at the 1« position depends on the presence of the native
amino acid residue Arg379 in the enzyme’s active centre, and mutation of this residue
(R379S) results in loss of this function. The obtained data indicate that including targeted
mutations into the heme part of cytochrome P450 BM3 changes the stereoposition of the
introduced hydroxyl groups.
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Figure 3. The hydroxylation of steroids by the P450 BM3-LG23 mutant in vivo in M. smegmatis
BD (pVP1): androstenedione (AD) (A), androstadienedione (ADD) (B), testosterone (TS) (C), dehy-
droepiandrosterone (DHEA) (D). Black continuous arrows indicate reactions carried out by P450
BM3-LG23; black dotted arrows indicate putative bioconversion pathways; red dotted arrows indicate
reactions carried out by the strain’s own enzymes—173-HSD and 1(2)-reductase; blue ovals indicate
the location of double bonds in the substrate molecule; red ovals indicate changes to the location of
double bonds in the product molecule; blue circles indicate the location of hydroxyl/keto groups in
the substrate molecule; red continuous circles indicate the sites of 3-hydroxylation in the substrate
molecule and the 3-OH group position in the product molecule; red dotted circles indicate the sites
of a-hydroxylation in the substrate molecule and the x-OH group position in the product molecule.
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Regio- and stereoselectivity of hydroxylation catalyzed by CYP102A1-LG23 depended
significantly on the structure of the steroid substrate (Figure 3) and on the microbial
recipient used for expression (Table 1).

Thus, during the hydroxylation of DHEA, which differs from AD by the presence
of a 33-hydroxyl group, along with a 73-hydroxylated derivative, its 7x-hydroxy isomer
was formed. The major product from DHEA was the 7o, 150-dihydroxylated derivative
(7,15x-diOH-DHEA) (Table 1, Figure 3), which is a valuable intermediate in the synthesis
of the popular drug—drospirenone. Previously, the ability to form this compound had
only been described for fungal hydroxylases [36,37], and the mono- and dihydroxylation of
DHEA by the mutant variant of P450 BM3 was demonstrated for the first time in this work
(Table 1, Figure 3).

The obtained data are inconsistent with those published for other P450 BM3 mutants,
ie., MO1A82W, M11A82W, and M01A82WS721 [34]. These three mutants hydroxylated
3-keto-4-ene steroids, such as testosterone and methyltestosterone but exhibited no activity
against 33-hydroxy-5-ene steroids, including DHEA.

The presence of an additional double bond (C1-C2) in the ADD molecule significantly
affected the selectivity of hydroxylation. In contrast to the hydroxylation of AD, the
metabolites identified included the 73-hydroxy derivative, as well as C6f3- and Cl1x-
alcohols (Table 1, Figure 3). The formation of 73-OH-ADD, 63-OH-ADD, and 11«-OH-
ADD using bacterial enzymes has not previously been described in the literature.

Unlike ADD and DHEA, testosterone is frequently used as a substrate in studies
assessing the steroid-transforming activity of P450 BM3 mutant variants. As in other
studies [26,30], the 7B-monohydroxylated derivative of testosterone was identified as a
metabolite of the mutant P450 BM3 LG23 (Table 1, Figure 3).

This study also provides the first comparative evaluation of using two different
bacterial chassis for expressing cyp102A1-LG23: E. coli and M. smegmatis. The use of
myecolicibacteria, which possess efficient steroid transport systems and carry out oxidative
degradation of sterol side chains, opens up prospects for the one-step production of valuable
hydroxylated steroids from readily available and inexpensive phytosterols. Zhao et al. [38]
first demonstrated the feasibility of this approach, showing that expressing a mutant
cyp102A1 in M. neoaurum allowed the production of 73-OH-AD from phytosterol.

Our results showed that expression of cyp102A1-LG23 in mycolicibacteria resulted in
the more efficient production of hydroxy derivatives than in E. coli (Table 1). For example,
the production of 7o, 15x-diOH-DHEA in M. smegmatis was 15 times higher than that in
E. coli. Overall, the efficiency of steroid transformation in recombinant mycolicibacteria
was 1.6-15 times higher (Table 1). The higher degree of steroid conversion in vivo in
mycolicibacteria appears to be due to more efficient steroid transport than in E. coli. This is
also confirmed by the high yield of hydroxylated products obtained through the in vitro
transformation of steroids by P450 BM3-LG23 in E. coli lysates.

Mycolicibacteria are known to have an ABC-like steroid transport system, which is
encoded by the mce4 operon genes. It is involved in the transport of cholesterol and closely
related compounds [39,40]. The cell wall of Mycolicibacterium contains mycolic acids (up
to 60% of its weight), making it highly hydrophobic [41], which allows these bacteria to
effectively oxidize a wide range of hydrophobic compounds [42,43].

The spectrum of metabolites produced by P450 BM3-LG23 in mycolicibacteria also
differed somewhat from that in E. coli (Table 1). Thus, during the bioconversion of ADD by
M. smegmatis BD (pVP1) 73-OH-AD was detected among the metabolites. This compound
is apparently formed by the reduction of the C1-C2 double bond in ADD, forming AD,
which is then 7p-hydroxylated using P450 BM3-LG23 (the ADD — AD — 73-OH-AD
route), but not via the 73-OH-ADD — 73-OH-AD route, as traces of AD were found in the
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culture broth (Figure 3). The presence of 1-ene reductase activity in mycolicibacteria has
been described previously [44].

In turn, during the bioconversion of TS by recombinant mycolicibacteria, the formation
of 13- and 73-OH-AD was observed, which was not observed in the recombinant E. coli
(Table 1). This may be due to the oxidation of the 17(3-hydroxy group of testosterone to AD,
which is then hydroxylated by the mutant P450 BM3-LG23 (TC — AD — 7(3/13-OH-AD)
(Figure 3). This is supported by the detection of trace amounts of AD in the medium during
TS bioconversion, and the absence of 13-OH-TS among the metabolites. The presence of
17B-hydroxysteroid dehydrogenase activity in mycolicibacteria and its reversibility are
well documented [44,45].

Presumably, P450 BM3-LG23 may also be involved in the oxidation of TC to AD
via a germinal diol intermediate, as described for 3-keto-5p3-cholanic acid [46], and as
supported by the presence of trace amounts of 13- and 73-OH-AD in an in vitro E. coli
cell homogenate reaction. A similar mechanism may be employed in the synthesis of
73-OH-AD from DHEA.

4. Materials and Methods
4.1. Chemicals

Androst-4-ene-3,17-dione (androstenedione, AD), androsta-1,4-diene-3,17-dione
(androstadienedione, ADD), 173-hydroxyandrost-4-ene-3-one (testosterone, TS), 3(3-
hydroxyandrost-5-ene-17-one (dehydroepiandrosterone, DHEA) and acetamide (AcA)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). 38,7x-Dihydroxyandrost-5-
ene-17-one (7a-OH-DHEA) was obtained from Schering AG (Berling, Germany); 33,73-
Dihydroxyandrost-5-ene-17-one (73-OH-DHEA) (over 97% purity)—from the Skryabin In-
stitute of Biochemistry and Physiology of Microorganisms RAS (IBPM RAS). Hygromycin,
yeast extract and peptone were purchased from Panreac (Castellar del Valles, Spain);
isopropyl-3-D-1-thiogalactopyranoside (IPTG)—from AppliChem GmbH (Darmstadt, Ger-
many), methyl-B-cyclodextrin (MCD)—from Wacker Chemie (Munich, Germany), Tween-
80—from Serva (Heidelberg, Germany), silica gel—from Fluka (Everett, WA, USA). Other
materials were of reagent grade and purchased from domestic companies.

4.2. Strains and Plasmids

Escherichia coli BL21 (DE3) and Mycolicibacterium smegmatis BD [47] were used to
express the cypl102A1-LG23 gene encoding the mutant P450 BM3-LG23. The nucleotide
sequences of the wild-type cyp102A1 gene were retrieved from KEGG (BG04_163) and
GenBank (ACCESSION ]04832, VERSION J04832.1). The amino acid sequence of the P450
BM3-LG23 heme fragment—from RCSB PDB (PDB ID: 6LY4). The target mutant gene was
synthesized by GenScript (Piscataway, NJ, USA) and ligated into the expression vectors
pET28a and pMyNTA [27] to produce the recombinant plasmids pETT1 and pVP1 [27], re-
spectively. For expression in the Micolicibacterium cells, the gene was codon-optimized. The
plasmids harboring the synthetic cyp102A1-LG23 gene were transferred into the competent
cells of E. coli and M. smegmatis by transformation and electroporation [48], respectively.
The transformants were selected on LB agar containing 50 ug/mL kanamycin and M3 agar
containing 75 ug/mL hygromycin, respectively.

4.3. Heterologous Expression

The recombinant E. coli BL21 (DE3) strain harboring the ETT1 plasmid was incubated
in a Luria-Bertani (LB) liquid medium supplemented with 50 pg/mL kanamycin. The
recombinant M. smegmatis BD strain with the VP1 plasmid was incubated in the M3 liquid
medium [47] with 50 ug/mL hygromycin. After incubation at 37 °C and 200 rpm for
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12-15 h, 1 mL of each culture was inoculated into 50 mL of suitable fresh medium. When
the E. coli strain reached an ODgq of 0.6 to 0.8, expression was induced with 0.2 mM IPTG.
When an ODg of the M. smegmatis strain reached 0.8-1, acetamide was added to a final
concentration of 2 g/L to induce expression. Cultivation was then continued at 25 °C for
24 or 48 h, respectively.

The cells were separated by centrifugation at 5000x g for 15 min, resuspended in a
cold potassium phosphate buffer (50 mM KH;POy4, 50 mM NaCl, pH 7.4) and disrupted by
sonication on ice. The crude enzyme was analyzed by SDS-PAGE.

4.4. Steroid Bioconversion

The seed cultures of the recombinant E. coli BL21 (DE3) (pETT1) and M. smegmatis BD
(pVP1) strains were grown at 37 °C and 200 rpm for 12-15 h in LB containing 50 pg/mL
kanamycin or the M3 medium containing 50 pg/mL hygromycin, respectively.

For steroids bioconversion by the E. coli BL21 (DE3) (pETT1) strain, the Terrific Broth
(TB) medium [49] with kanamycin (50 ng/mL) was used. Steroid transformation by the
recombinant M. smegmatis BD (pVP1) strain was performed in the M3 medium containing
hygromycin (50 pg/mL). The transformation media were inoculated with 2% (v/v) seed
culture of the corresponding strain. Expression induction was performed as described
above. Steroids (AD, ADD, TS or DHEA) were added as a suspension with MCD to a
final concentration of 1 g/L. The substrate/MCD molar ratio was 1:1.5-1:3, mol/mol.
Bioconversion was conducted aerobically at 25 °C and 200 rpm for 72 h and monitored by
HPLC as described below.

4.5. Thin Layer Chromatography (TLC)

The steroids were extracted with a double volume of ethyl acetate (EtOAc). The
extracts were applied onto an ALUGRAM SIL G/UV254 chromatographic plate (Macherey-
Nagel, Diiren, Germany), developed in a mixture of benzene-acetone (2:1, v/v) and vi-
sualized under UV-light (254 nm) on a CN-15MC UV Darkroom (Vilber Lourmat, Col-
légien, France). Additionally, to visualize hydroxylated steroids in UV light at 365 nm
the TLC plates were stained using a MnCl, reagent (MnCl, x 4H,0—0.2 g, H,O—30 mL,
ethanol—30 mL, HySO4 (97%)—2 mL (dropwise)) and heating to 110 °C for 10 min.

4.6. High Performance Liquid Chromatography (HPLC)

An aliquot of the culture liquid was diluted tenfold with a 50% aqueous acetonitrile
solution and centrifuged at 12,100 g for 8 min. The resulting supernatant was analyzed
using an Agilent Infinity 1260 chromatography system (Agilent Technologies, Santa Clara,
CA, USA) with a Symmetry RP-18 column (5 pm, 4.6 x 250 mm) and a Symmetry RP-
18 precolumn (5 pm, 3.9 x 20 mm) (Waters, Milford, MA, USA). The mobile phases
composition: (I) solution A, acetonitrile—THF (tetrahydrofuran)—water (10:10:80, v/v);
solution B, 100% acetonitrile; gradient elution (from 0 to 14 min: solution A—100; from
14 to 28 min: solution B—0-60%). (II) acetonitrile—water—acetic acid (52:48:0.01, v/v). The
flow rate was 1 mL/min; the column thermostat temperature was 50 °C. Steroids were
detected at 254 (I) and 200/240 (II) nm.

4.7. Steroid Isolation

A culture broth was centrifuged at 4 °C and 27,300x g for 1 h. After the super-
natant was extracted with EtOAc (70 mL) three times. The pooled ethyl acetate ex-
tract was evaporated under reduced pressure until dry. The steroids were separated
by column chromatography on silica gel (Silicagel 90, 0.2-0.5 mm) (Fluka, Everett, WA,
USA), and the steroid bioconversion products were isolated via stepwise elution with
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hexane—EtOAc—ethanol, as previously described [27]. The resulting fractions were evapo-
rated until dry, dissolved in 500 uL of EtOAc, and further purified via TCL.

4.8. Mass-Spectrometry (MS) and 'H NMR Spectroscopy

MS spectra were registered on a Thermo Finnigan LCQ Advantage MAX quadrupole
mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) in [M + H]* positive ion
mode at an evaporator and capillary temperatures of 350 and 170 °C, respectively. MS/MS
spectra were obtained using Normalized Collision Energy™ at a range of 20-40%.

'"H-NMR spectra were recorded using a Bruker Avance 400 spectrometer (Bruker, Bre-
men, Germany) at 400 MHz. Chemical shifts were measured relative to tetramethylsilane.
Only the characteristic signals of steroids in the !H-NMR are given.

The 'H-NMR spectral data of steroid bioconversion metabolites:

7B-Hydroxyandrost-4-ene-3,17-dione (7(3-hydroxyandrostenedione, 7(3-OH-AD):
'H NMR (CDCls) &: 5.78 (s, 1H, H-4), 3.60 (dt, ] = 10.3, 5.2 Hz, 1H, H-7«), 1.24 (s, 3H,
H-19), 0.95 (s, 3H, H-18).

1B-Hydroxyandrost-4-ene-3,17-dione (1p-hydroxyandrostenedione, 13-OH-AD):
'H NMR (CDCl3) &: 5.82 (d, ] = 1.1 Hz, 1H, H-4), 4.06 (dd, ] = 8.2, 7.6 Hz, 1H, H-1w),
1.27 (s, 3H, H-19), 0.93 (s, 3H, H-18).

1p3,73-Dihydroxyandrost-4-ene-3,17-dione (13,7 3-dihydroxyandrostenedione, 13,73-
diOH-AD): 'H NMR (CDCl3) &: 5.83 (br. s, 1H, H-4), 4.03 (dd, ] =9.2, 6.2 Hz, 1H, H-1«),
3.63-3.55 (m, 1H, H-7«), 1.30 (s, 3H, H-19), 0.95 (s, 3H, H-18).

63-Hydroxyandrosta-1,4-diene-3,17-dione (63-hydroxyandrostadienedione, 6 3-OH-ADD):
'H NMR (CDCl3) 8: 7.05 (d, ] = 10.2 Hz, 1H, H-1), 6.23 (dd, ] = 10.2, 1.9 Hz, 1H, H-2), 6.18
(d, ] =19 Hz, 1H, H-4), 4.60 (t, ] = 2.9 Hz, 1H, H-6c), 1.47 (s, 3H, H-19), 0.98 (s, 3H, H-18).

73-Hydroxyandrosta-1,4-diene-3,17-dione (73-hydroxyandrostadienedione, 73-OH-ADD):
'H NMR (CDCl3) &: 7.06 (d, ] = 10.2 Hz, 1H, H-1), 6.25 (dd, ] = 10.2, 1.9 Hz, 1H, H-2), 6.12 (br. 5,
1H, H-4), 3.58 (td, ] = 10.4, 5.4 Hz, 1H, H-7«), 1.30 (s, 3H, H-19), 0.97 (s, 3H, H-18).

11a-Hydroxyandrosta-1,4-diene-3,17-dione (11o-hydroxyandrostadienedione, 11-OH-
ADD): 'H NMR (CDCl3) é: 7.78 (d, ] = 10.3 Hz, 1H, H-1), 6.16 (dd, ] = 10.3, 1.9 Hz, 1H, H2),
6.10 (br. s, 1H, H-4), 4.12 (td, ] = 10.5, 5.1 Hz, 1H, H-11p), 1.34 (s, 3H, H-19), 0.97 (s, 3H, H-18).

6f3,11«-Dihydroxyandrosta-1,4-diene-3,17-dione (6f3,11x-dihydroxy androstadiene-
dione, 683,110-diOH-ADD): 'H NMR (CDCl3) §: 7.86 (d, ] = 10.3 Hz, 1H, H-1), 6.18
(d, J=2.0Hz, 1H, H-4), 6.15 (dd, | = 10.3, 2,0 Hz, 1H, H-2), 4.55 (t, ] = 2.8 Hz, 1H, H-
6x), 4.18-4.11 (m, 1H, H-118), 1.55 (s, 3H, H-19), 0.99 (s, 3H, H-18).

7B,17B3-Dihydroxyandrost-4-ene-3-one (7B-hydroxytestosterone, 73-OH-TS): 'H NMR
(CDCl3) b: 5.77 (br. s, 1H, H-4), 3.64 (t, ] = 8.7 Hz, 1H, H-17x), 3.50-3.42 (m, 1H, H-7«), 1.23
(s, 3H, H-19), 0.82 (s, 3H, H-18).

1583,173-Dihydroxyandrost-4-ene-3-one (153-hydroxytestosterone, 153-OH-TS): H
NMR (CDCl3) &: 5.75 (br. s, 1H, H-4), 4.23-4.17 (m, 1H, H-15«), 3.56 (t, ] = 8.7 Hz, 1H,
H-17x), 1.23 (s, 3H, H-19), 1.06 (s, 3H, H-18).

The MS/MS spectra are presented in Supplementary Figure S2.

Spectral data of DHEA hydroxylation products were obtained and described by us
earlier [50].

4.9. Statistical Data Processing

The experimental data were obtained in three biological replicates. The results are
presented as the mean =+ standard deviation.
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5. Conclusions

Sterol-transforming mycolicibacteria provide a convenient platform for expressing
genes encoding mutant variants of cytochrome P450 BM3, which allows for the more
efficient production of novel hydroxylated steroids than is possible with E. coli. Further-
more, combining the activity of heterologous mutant cytochrome P450 BM3 with the native
enzyme systems of mycolicibacteria opens up prospects for the one-step production of
valuable hydroxylated steroids from natural sterols.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ijms262110728 /s1.
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