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Introduction

Cytochrome P450s (CYPs) are well-known heme-containing
proteins found in all forms of life. CYPs have been widely
studied because of their ability to hydroxylate endogenous
and xenobiotic chemicals such as steroids, lipids, and several
secondary metabolite-related natural products [1–4]. To
catalyze these oxidative processes, the electrons commonly
derived from nicotinamide adenine dinucleotide (NAD(P)H)
are transferred to bacterial CYPs through electron transfer
partners acting in paired form, such as ferredoxin-ferredoxin
reductase (FDX-FDR) [5, 6].

The steroids used as substrates for the hydroxylation
reaction with CYPs play key roles in the biosynthesis of

cholesterol, control of blood pressure, and drug metabolism
in humans. They act as hormones, thereby regulating the
secretion of sex hormones, and also show anti-inflammatory
and anticancer activities [7–9]. The steroid hydroxylases
are rare proteins among bacterial CYPs, with only a few such
CYPs identified in various strains, including CYP106A1,
CYP106A2, and CYP109E1 from Bacillus megaterium [9–11],
CYP154C3 from Streptomyces griseus [12], CYP154C5 from
Nocardia farcinica [13], and CYP260A1 and CYP260B1 from
Sorangium cellulosum [14, 15]. In particular, CYP106A2
(BmCYP106A2) from B. megaterium ATCC 13368, a member
of the bacterial CYP106 family, was reported in the late
1970s [10], and has been shown to exhibit hydroxylation
activity not only on various types of steroids, including
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Bacterial cytochrome P450 (CYP) steroid hydroxylases are effectively useful in the
pharmaceutical industry for introducing hydroxyl groups to a wide range of steroids. We
found a putative CYP steroid hydroxylase (BaCYP106A2) from the bacterium Bacillus sp.
PAMC 23377 isolated from Kara Sea of the Arctic Ocean, showing 94% sequence similarity
with BmCYP106A2 (Bacillus megaterium ATCC 13368). In this study, soluble BaCYP106A2 was
overexpressed to evaluate its substrate-binding activity. The substrate affinity (Kd value) to
4-androstenedione was 387 ± 37 μM. Moreover, the crystal structure of BaCYP106A2 was
determined at 2.7 Å resolution. Structural analysis suggested that the α8–α9 loop region of
BaCYP106A2 is intrinsically mobile and might be important for initial ligand binding. The
hydroxyl activity of BaCYP106A2 was identified using in vitro enzyme assays. Its activity was
confirmed with two kinds of steroid substrates, 4-androstenedione and nandrolone, using
chromatography and mass spectrometry methods. The main products were mono-
hydroxylated compounds with high conversion yields. This is the second study on the
structure of CYP106A steroid hydroxylases, and should contribute new insight into the
interactions of bacterial CYP106A with steroid substrates, providing baseline data for
studying the CYP106A steroid hydroxylase from the structural and enzymatic perspectives.

Keywords: Bacillus sp., crystal structure, cytochrome P450, steroid hydroxylase, X-ray
crystallography 
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3-oxo-Δ2,4-steroids and 3-hydroxy-Δ5-steroids, but also on
terpenoids, including diterpenes and triterpenes [16].
CYP106A1 from B. megaterium DSM 319 was also reported
as a steroid hydroxylase with an activity profile different
from that of CYP106A2 [9, 16]. To date, these two CYP106
forms have been reported from only B. megaterium, suggesting
that members of the CYP106 enzyme family are likely
present in other Bacillus strains with high activity against
several steroids. Recently, some researchers have focused
on engineering methods of CYP106 for making more
hydroxylated steroids with pharmaceutical significance for
regioselectivity [17, 18].

Identification of the protein structure can help to determine
the active site and its interaction with various substrates.
The crystal structures of free-form and complex-form
CYP109E1 and CYP260B1 with steroids have been
determined, and the recent identification of the crystal
structure of BmCYP106A2 represents the first structural
determination of an enzyme in the CYP106 protein family,
which now allows for structural interpretation [11, 15, 19].
In the present study, the strain Bacillus sp. PAMC 23377
was isolated from Kara Sea of the Arctic Ocean, and we
found a new CYP106A2 (BaCYP106A2) with high sequence
identity (94%) to BmCYP106A2 at the amino acid level. We
further identified the crystal structure of BaCYP106A2 and
compared it with the previously determined BmCYP106A2
structure [19]. Biochemical activity analysis of BaCYP106A2
was also examined to characterize its hydroxylation activity
towards several steroids. These results can help us to identify
the enzymatic reaction mechanism and substrate specificity
of BaCYP106A2 that can be applied to biotechnological
engineering methods requiring steroid hydroxylation.

Materials and Methods

Materials and Solvents

The steroid substrates 4-androstenedione and nandrolone were
purchased from Tokyo Chemical Industry Co., Ltd. (Japan), and
isopropyl-1-thio-β-D-galactopyranoside (IPTG), 1,4-dithiothreitol,
and kanamycin were obtained from Duchefa Biochemie (Korea).
5α-Aminolevulinic acid (ALA), NADPH, spinach FDX, and spinach
FDR were obtained from Sigma-Aldrich (USA), and the restriction
enzymes, T4 DNA ligase, DNA polymerase, and dNTPs were
purchased from Takara Clontech (Korea); all other chemicals and
solvents were high-grade products obtained from commercially
available sources.

Cloning, Overexpression, and Purification of BaCYP106A2

The BaCYP106A2 gene is 1,236 bp in length, encoding a 411-
amino-acid protein. The gene was amplified by polymerase chain

reaction (PCR) using a pair of primers: forward primer, 5’-
GTCGACTCATGAAAGAAGTTATAGCAA-3’ (SalI sites underlined);
and reverse primer, 5’-AAGCTTTTATAGTGTACGGCATGCC-3’
(HindIII sites underlined). Genomic DNA from Bacillus sp. PAMC
23377 was PCR-amplified through 25 cycles after initial denaturation
at 94°C for 5 min. One cycle consisted of 95°C for 30 sec, 60°C for
30 sec, 72°C for 1.5 min, and 72°C for 5 min. After the PCR products
were digested with SalI and HindIII, they were ligated into the
pET28a(+) vector and integrated into Escherichia coli C41(DE3)
host cells for overexpression. Overexpression was carried out by
the addition of 1 mM ALA and 0.5 mM FeCl3 in Luria-Bertani
medium after the culture reached an optical density of 0.6–0.8 at
600 nm. After a 30-min incubation at 20°C, 0.5 mM IPTG was
added for induction. The cultures were incubated for 70 h at 20°C
with shaking at 200 rpm. After the cultures were harvested, the
samples were washed twice with 50 mM potassium phosphate
buffer (pH 7.4) and the cells were dissolved with ultrasonic
treatment. To obtain the soluble protein, the samples were
centrifuged at 13,000 ×g for 20 min at 4°C and mixed with metal
affinity Ni2+-NTA resin (Qiagen, Germany). The elution buffer
was 50 mM potassium phosphate buffer (pH 7.4) containing 10,
100, or 500 mM imidazole per buffer. The protein was purified by
trapping on an Amicon Ultra centrifugal filter (Ultracel-3K;
Millipore, USA) equilibrated with 50 mM potassium phosphate
buffer (pH 7.4). The enzyme concentration was calculated by the
difference in the UV spectra at 450 and 490 nm. The sample was
prepared in a saturated state to carbon monoxide reduction, using
the molar extinction coefficient of 91 mM-1cm-1 [20].

Substrate-Binding Activity

A BaCYP106A2 concentration of 2 μM was used in the entire
substrate-binding assay in 50 mM potassium phosphate buffer
(pH 7.4). The substrates were prepared in dimethyl sulfoxide and
titrated until reaching saturation (0–1,700 μM). The absorbance
of all samples was measured using a Biochrome Libra S35PC
UV/visible spectrophotometer in the range of 350–490 nm. The
absorbance difference (A390 - A420) was fit to a quadratic equation
and calculated using GraphPad 7.01 software [19, 21], where Aobs

is the absorbance difference at any ligand concentration, Amax is
the absorbance difference at ligand saturation, S is the substrate
concentration, E

t
 is the enzyme concentration, and Kd is the

dissociation constant for the enzyme–ligand complex.

Crystallization and Data Collection

Initial crystallization screening in a 96-well sitting-drop plate
(Emerald Bio, USA) was carried out using a mosquito crystallization
robot (TTP LabTech, UK) with commercial crystallization screening
kits (MCSG I-IV; Microlytic USA; Wizard Classic I-IV; Emerald
Bio). Crystallization droplets were mixed with a protein solution
(0.2 μl) and reservoir solution (0.2 μl), equilibrated against 80 μl
reservoir solution at 293 K. Optimal crystals were obtained from a
condition of 0.1 M sodium cacodylate:HCl (pH 6.5), 1.26 M
ammonium sulfate (MCSG2 #A6). A single crystal was harvested
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and soaked into Paratone-N oil (Hampton Research, USA) for
cryoprotection from a nitrogen-gas stream. X-ray diffraction data
containing 120 images were collected on a BL-5C beam line of the
Pohang Accelerator Laboratory (PAL, Pohang, Korea). The dataset
at a resolution of 2.7 Å was indexed, integrated, and scaled using
the HKL-2000 program [22]. The statistics of data collection are
given in Table 1.

Structure Determination and Refinement

The structure was solved by molecular replacement using
CYP106A2 from B. megaterium ATCC 13368 (PDB code 4YT3) as a
search model, with the MOLREP program from the CCP4 suite
[23, 24]. Iterative rounds of structure rebuilding and refinement
were carried out using the Coot program and REFMAC5. The
program phenix.refine from PHENIX was used for further
refinement [25, 26]. The final model had Rwork and Rfree values of
19.1% and 25.8%, respectively, and the model was validated using
the MolProbity program [27]. The detailed refinement statistics
are presented in Table 1. All structural figures were prepared
using PyMOL [28]. Atomic coordinates and structure factor data
of BaCYP106A2 have been deposited in the Protein Data Bank [29]
with the accession code 5XNT.

In Vitro Assay and Instrumental Analysis

For the in vitro assay, a final volume of 250 μl was constituted
with 10 μM of BaCYP106A2, 25 μg of FDX, 0.1 U of FDR, 100 μg/ml
of catalase, an NADPH-regeneration system (10 mM glucose-6-
phosphate, 1 U glucose-6-phosphate dehydrogenase, and 5 mM
MgCl2), and 100 μM of steroid substrates in 50 mM potassium
phosphate buffer (pH 7.4). The reaction was initiated when 1 mM
of NADPH was added, and proceeded for 2 h at 180 rpm and
30°C. When the reaction was terminated, the sample was extracted
twice with 500 μl of ethyl acetate and centrifuged at 12,000 ×g

for 10 min. The separated supernatants were dried and then
dissolved in the HPLC solvent, acetonitrile and water (60:40), for
HPLC and LC-MS. The products were analyzed by the Dionex
Ultimate 3000 UHPLC+ system (Thermo Fisher Scientific, Germany)
using a Mightysil reverse-phase C18 GP column (4.6 × 250 mm,
5 μm). The configuration of the HPLC system was an LPG-3400SD
pump, ACC-3000 autosampler column compartment, and DAD-3000
diode array detector. The mobile phase consisted of solution A (in
HPLC-grade water) and solution B (in HPLC-grade acetonitrile).
The flow rate was maintained at 1.0 ml/min, and the oven
temperature was kept at 30°C. To analyze the products, the gradient
system was operated in the following conditions: percentages of
solution B were increased from 15% to 50% (0–10 min), and then
increased to 70% (10–20 min), kept at 70% (20–25 min), and decreased
to 15% (25–30 min). UV detection was performed at 245 nm to
confirm the substrates and their products. The same reaction samples
were used to measure molecular weight with LC-electrospray
quadrupole-time-of-flight MS (ACQUITY UPLC) connected to a
SYNAPT G2-S system (Waters, USA) in positive-ion mode. The
mobile phase solution was the same as that used for HPLC.

Results and Discussion

Protein Overexpression, Purification, and Spectral

Characterization of BaCYP106A2

The 411-amino-acid sequence of BaCYP106A2 (G+C content
of 42%) showed high identity (~94%) with BmCYP106A2
[30] (data not shown). In our previous study, we found that
heterologous overexpression of a gene in E. coli C41(DE3)
allowed for efficient gene insertion and induction of a large
amount of a specific protein production [31, 32]. Thus, in
the present study, the overexpressed protein was purified
through Ni2+ resin, and 15% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis revealed a molecular
mass of about 48 kDa (Fig. 1A). In addition, the purified
protein concentration was calculated as 450.55 mg/ml. The
iron contained in BaCYP106A2 could be reduced by sodium
dithionite, and the addition of carbon monoxide resulted in
a shift in the ultraviolet (UV) spectra, with a peak shift
from 450 nm to 420 nm (Fig. 1B).

Substrate-Binding Activity of BaCYP106A2

The concentration of BaCYP106A2 was calculated by
determining the difference in absorbance at 450 nm and
490 nm; a reference sample was reduced with dithionite,
while the target sample was reduced with carbon monoxide
and dithionite (Fig. 2A). Substrate binding to the active site

Fig. 1. Characterization of the cytochrome P450 (BaCYP106A2)
purified from Bacillus sp. PAMC 23377.
(A) Purified BaCYP106A2 protein in 15% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. Lane 1, marker; Lane 2, BaCYP106A2.
(B) Ultraviolet spectra of three BaCYP106A2 forms: solid line, oxidized
form of BaCYP106A2; long dotted line, reduced form by the addition
of sodium dithionite; and short dotted line, addition of carbon monoxide
that shifted the spectrum with a peak at 420 nm.
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of CYP induces the high spin state called a type I shift, with
peak absorbance at 390 nm and the minimal absorbance
detected at 420 nm [33]. This characteristic of CYP is
essential in substrate screening for putative enzymes.
However, this general property does not necessarily
indicate that all substrates exhibit a high spin state. For
example, the steroid substrate nandrolone was reported to
not display this type I shift despite showing activity
against CYP106A2 [16]. Therefore, in the present study, we
conducted the binding assay with 4-androstenedione. The
equilibrium dissociation constant (Kd value) can be obtained
by expressing the affinity with the substrate as a numerical
value; the Kd value of 4-androstenedione was calculated to
be 387 ± 37 μM (Fig. 2B). Notably, this Kd value was ~5-fold
higher than those of other CYP106A proteins (CYP106A1
from B. megaterium DSM319 (Kd = 77 ± 2 μM) and CYP106A2
from B. megaterium strain ATCC 13368 (Kd = 81 ± 10 μM))
[34, 35].

Overall Structure of BaCYP106A2

The crystal structure of BaCYP106A2 was determined at
a resolution of 2.7 Å using the molecular replacement
method. The crystal structure of BmCYP106A2 (PDB code
4YT3) was used as a search model [19]. BaCYP106A2
showed high sequence similarity (94% sequence identity)
and structural similarity (DALI z-score of 59.6) with
BmCYP106A2. The BaCYP106A2 crystal belonged to space
group P6122 and contained one protomer in the asymmetric
unit. The final structural model included 392 amino acids,
31 water molecules, and one heme cofactor with bound

iron. The N-terminal region (residues 1–6) and the loop
region (residues 68–80) between α3 and α4 were disordered
because the electron density was too weak to be detected
for building a structural model in those regions. The crystal
structure of BaCYP106A2 displayed the canonical fold of the
helix-rich heme-dependent CYP monooxygenase, composed
of 15 α-helices and 8 β-strands with tightly bound heme
molecules (Fig. 3). A structural homology search using the
DALI server [36] showed that BaCYP106A2 has high
structural similarities with CYP106A2 from B. megaterium

(PDB code 4YT3) [19], CYP109E1 from B. megaterium (PDB
code 5L91) [11], EryK from Saccharopolyspora erythraea (PDB
code 2WIO) [37], CYP109B1 from Bacillus subtilis (PDB code
4RM4) [38], and CYP epoxidase from Streptomyces antibioticus

(PDB code 4XE3) [39] (Table 2).

Active Site of BaCYP106A2

In the BaCYP106A2 structure, the heme molecule is
located between the α12 helix and α17 helix and interacts
with several conserved residues. In detail, the O2D of heme
interacts with NH1 of Arg100 and NE of His96. The O1D of
heme makes a hydrogen bond with ND1 of His353. O1A
and O2A of heme interact with NH2 and NH1 of Arg296,
respectively. The central iron is coordinated with the side
chain of Cys355 (2.46 Å) on the proximal side. The putative
ligand-binding site of BaCYP106A2 is composed of Val82,
Leu239, Ala243, Phe289, Ile292, Leu294, and Ala395, forming
a hydrophobic pocket (Fig. 4). Structural superposition of
ligand-free BaCYP106A2 and BmCYP106A2 (PDB code 4YT3)
showed a root-mean-square deviation value of 0.833 Å for

Fig. 2. Substrate binding activity of the cytochrome P450 (BaCYP106A2) purified from Bacillus sp. PAMC 23377.
(A) Carbon monoxide-reduction spectrum of BaCYP106A2. (B) Type I shift spectra with increasing concentrations of the substrate 4-
adrostenedione, and the corresponding Kd values. The Type I spectra showed a peak at 390 nm and a trough at 420 nm. This analysis was based on
a substrate concentration ranging from 0 to 1,700 μM containing 10 μM BaCYP106A2 in 50 mM potassium buffer (pH 7.4). The binding activity
was calculated as the difference in binding affinity between 390 nm and 420 nm.
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Fig. 3. Crystal structure of cytochrome P450 (BaCYP106A2) from Bacillus sp. PAMC 23377 and multiple sequence alignment with
other CYPs.
(A) Ribbon diagram showing the overall structure of the apo form of BaCYP106A2. The orientation of the image on the right is rotated clockwise
at 90° along the Y-axis relative to that on the left. The N- and C-termini are indicated. The bound heme molecule is labeled and represented by a
magenta stick model. (B) Multiple sequence alignment between BaCYP106A2 and representative structural homologous sequences used in a DALI
search. The secondary structures obtained from the crystal structure of BaCYP106A2 are shown above the aligned sequences, which include
CYP106A2 from B. megaterium (PDB code 4YT3; UniProtKB code Q06069), CYP109E1 from B. megaterium (PDB code 5L91; UniProtKB code
D5DKI8), EryK from Saccharopolyspora erythraea (PDB code 2WIO; UniProtKB code P48635), and CYP109B1 from B. subtilis (PDB code 4RM4;
UniProtKB code O34374). The residues constituting putative substrate-binding pockets in BaCYP106A2 are indicated by black circles. The Phe173
residue of BmCYP106A2 is indicated by black triangles.
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332 C
α
 atoms [19]. Although the two structures have high

sequence similarity, there are clear structural differences in
the α8–α9 and β6–β7 loop regions (Fig. 5A). 

In the BmCYP106A2 structure, the α8–α9 loop region is
partially disordered, and the corresponding region displays
high average B factors in BaCYP106A2 (Fig. 5B). Structural
comparisons between BaCYP106A2 and abietic acid-
complexed BmCYP106A2 (PDB code 5IKI) showed the
largest structural difference in the α8–α9 loop region by
ligand binding (Fig. 5C) [19]. 

In the ligand-free BaCYP106A2 structure, the α8–α9 loop
region stretches outward from the substrate-binding site.
However, in the abietic acid-complexed BmCYP106A2
structure, the α8–α9 loop extends inward of the substrate-
binding site. Notably, the Phe173 residue of BmCYP106A2,
located in the α8–α9 loop region, has hydrophobic interaction
with abietic acid. This interaction likely results in re-
orientations of the α8 helix and a consequent conformational
change of the α8–α9 loop region. Similar changes at these
regions have been observed in other CYPs. Another example
is the conformational change found in the crystal structure
of CYP105P2 from Streptomyces peucetius (PDB code 5IT1;
30% sequence identity with BaCYP106A2) [31]. Upon binding
of the biphenyl derivative, the α8 region loop of CYP105P2
went through distinctive conformational changes (Fig. 5D).
These results confirmed that despite differences in the
ligand types and locations of ligand binding, these CYP
regions can be intrinsically mobile and altered by ligand
interactions. In conclusion, establishment of our ligand-free
BaCYP106A2 structure enabled identification of the
conformational changes that are likely responsible for the
open-to-closed transition of the α8–α9 loop region during
ligand binding in CYP106A2.

Table 2. Selected structural homologs of BaCYP106A2 from a DALI search (DALI-Lite servera).

Protein
PDB 
code

DALI 
score

Ligand

Sequence % ID with 
BaCYP106A2 

(aligned residue 
number/total 

residue number)

Reference

CYP106A2 from Bacillus megaterium 4YT3 59.6 NLb 94% (385/388) [19]

CYP109E1 from Bacillus megaterium 5L91 45.6 Corticosterone 41% (377/391) [11]

Cytochrome P450 Eryk from Streptomyces erythraea 2WIO 43.1 NLb 31% (363/393) [37]

CYP109B1 from Bacillus subtilis 4RM4 42.8 NLb 42% (357/364) [38]

Cytochrome P450 epoxidase from Streptomyces antibioticus 4XE3 42.8 Clotrimazole 31% (370/394) [39]

Cytochrome P450 MycG F286A mutant from Micromonospora griseorubida 3ZSN 42.7 Mycianmicin IV 32% (368/393) [40]

Cytochrome P450 Vdh from Pseudonocardia autotrophica 3A4G 42.6 PEG 6000 31% (370/395) [41]
aDaliLite ver. 3 server; http://ekhidna.biocenter.helsinki.fi/dali_server/.
bNL, no ligand molecule is bound.

Table 1. Data collection and refinement statistics.

Dataset BaCYP106A2

X-ray source PAL 5C beam line

Space group P6122

Wavelength (Å) 0.9795

Resolution (Å) 50.00–2.70 (2.75–2.70)

Total reflections 170,911

Unique reflections 14,704 (716)

Average I/σ (I) 40.2 (10.9)

Rmerge
a 0.123 (0.590)

Redundancy 11.6 (12.7)

Completeness (%) 99.4 (99.9)

Refinement

Resolution range (Å) 48.68–2.70 (2.77–2.70)

No. of reflections of the working set 13,914 (1026)

No. of reflections of the test set 714 (43)

No. of amino acid residues 392

No. of water molecules 24

Rcryst
b 0.191 (0.195)

Rfree
c 0.258 (0.351)

R.m.s. bond length (Å) 1.657

R.m.s. bond length (°) 0.0126

Average B value (Å2) (protein) 58.703

Average B value (Å2) (solvent) 41.971

PDB accession code 5XNT
aRmerge = ∑|<I> - I|/∑<I>.

bRcryst = ∑||Fo| - |Fc||/∑|Fo|.

cRfree calculated with 5% of all reflections excluded from refinement stages using

high-resolution data.

Values in parentheses refer to the highest resolution shells.
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HPLC and LC-MS Analysis for In Vitro CYP106A2

Hydroxylase Activity

4-Androstenedione and nandrolone have been reported
as steroidal substrates when bovine adrenodoxin and
adrenodoxin reductase were used for supplying electrons
to CYP from NAD(P)H [16]. CYP106A1, another steroid
hydroxylating CYP showing 65% sequence similarity with
BmCYP106A2, is proposed as a potential CYP with industrial
potential [10, 16]. Some studies have also demonstrated
activity using electron transfer partners such as FDX and
FDR or new electron transfer systems present in the
bacterium itself [9, 42]. Therefore, in this study, we used
FDX and FDR in an in vitro assay. Specifically, we sought
to identify the function of BaCYP106A2, which is similar to
that of BmCYP106A2, to determine whether there is
enzymatic activity. For this purpose, we performed an in
vitro assay with HPLC and LC-MS. HPLC analysis showed
almost 100% conversion of 4-androstenedione as a substrate,
where product P1 was found as a major peak along with
some other minor product peaks. Analysis of the reaction
mixture by LC-MS showed P1 with a mass value of m/z+

[M+H]+ 303.1958, for which the calculated mass for the
molecular formula C19H27O3

+ was 303.1960 (Fig. 6A). The S
peak represents the actual structure and the P1 peak is a
predicted structure based on the fact that 4-androstenedione
is mainly hydroxylated at the 15β position [16].

Interestingly, other subfamily enzymes exhibited different
regioselectivities toward 4-androstenedione. For instance,
using adrenodoxin and adrenodoxin reductase as redox
partners, CYP106A2 converted almost 100% of the substrate
into two main products, 15β-hydroxyandrostenedione and
7β,15β-dihydroxyandrostenedione, after a 30-min reaction.
In contrast, CYP106A1 produced hydroxylated metabolites
at positions 6β and 7β [16].

Similarly, nandrolone also showed almost 100% conversion,
where the major product P1 and some minor products
peaks were found. P1 was monohydroxylated at m/z+

[M+H]+ 291.1975, for which the calculated mass for the
molecular formula C18H27O3

+ was 291.1960 (Fig. 6B). The
position of hydroxylation for nandrolone has not been
reported previously, and thus the possible position of its
hydroxylation can now be suggested based on our results.

Conclusively, steroids have diverse properties with several
potential applications, including for human health, such as
anti-inflammatory and anticancer effects, and are therefore
important resources in the pharmaceutical industry. From
an industrial point of this view, it is inefficient to change
the substituent with traditional synthetic methods. Therefore,
there has been extensive research effort on the use of CYPs
for conducting more effective reactions [43, 44]. However,
the role of CYPs as steroid hydroxylases has been rarely
investigated; two such CYPs, CYP106A1 and CYP106A2,

Fig. 4. Putative substrate-binding site of cytochrome P450 (BaCYP106A2) from Bacillus sp. PAMC 23377. 
(A) Semi-transparent electrostatic surface view of BaCYP106A2. The putative substrate-binding pocket in BaCYP106A2 is shown within the dotted
circle, whereas the heme molecule is located at the bottom of this pocket. Notably, the putative substrate-binding pocket has hydrophobic surface
electrostatic properties. (B) Close-up view of the putative substrate-binding pocket of BaCYP106A2. The hydrophobic substrate pocket is
generated by the Val82, Leu239, Ala243, Phe289, Ile292, Leu294, and Ala395 residues.
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have been identified in the same CYP106A family [16]. In
the present study, we first identified BaCYP106A2 from
Bacillus sp. PAMC 23377 from the Arctic Ocean. The gene
was overexpressed, and the purified soluble protein was
used for a substrate-binding assay and in vitro assay. Our
results demonstrated that the newly identified BaCYP106A2
has hydroxylase activities similar to those of the previously
reported enzyme BmCYP106A2. The crystal structure of
BaCYP106A2 was also determined, and structural movements
in the active site were detected in comparison with
BmCYP106A2. Therefore, in future work, we aim to carry

out an in vitro assay with other substrates and to determine
the position of their hydroxylation. Our structural analysis
can help to select further substrates, and the potent activity
of CYP106A2 can be applied to biotechnology applications.
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