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a  b  s  t  r  a  c  t

In this  study  the ability  of CYP109E1  from  Bacillus  megaterium  to metabolize  vitamin  D3 (VD3) was  inves-
tigated.  In  an  in  vitro  system  using  bovine  adrenodoxin  reductase  (AdR)  and  adrenodoxin  (Adx4-108),
VD3 was  converted  by CYP109E1  into  several  products.  Furthermore,  a whole-cell  system  in  B. mega-
terium  MS941  was established.  The  new  system  showed  a  conversion  of 95% after  24  h.  By  NMR analysis
it  was  found  that  CYP109E1  catalyzes  hydroxylation  of VD3 at carbons  C-24  and  C-25,  resulting  in  the
formation  of  24(S)-hydroxyvitamin  D3 (24S(OH)VD3),  25-hydroxyvitamin  D3 (25(OH)VD3)  and  24S,25-
dihydroxyvitamin  D3 (24S,25(OH)2VD3). Through  time  dependent  whole-cell  conversion  of  VD3,  we
identified  that  the  formation  of 24S,25(OH)2VD3 by CYP109E1  is derived  from  VD3 via  the  intermediate
YP109E1
hole-cell conversion

itamin D3

5-Hydroxy-vitamin D3

ite-directed mutagenesis

24S(OH)VD3. Moreover,  using  docking  analysis  and site-directed  mutagenesis,  we identified  important
active  site  residues  capable  of  determining  substrate  specificity  and regio-selectivity.  HPLC  analysis  of  the
whole-cell  conversion  with the  I85A-mutant  revealed  an increased  selectivity  towards  25-hydroxylation
of  VD3 compared  with  the  wild  type  activity,  resulting  in an  approximately  2-fold  increase  of  25(OH)VD3

−1 −1) c −1 −1
production  (45  mg  l day

. Introduction

Cytochromes P450 (P450s) are heme-containing enzymes found
n all domains of life (Nelson, 2011). They are involved in many

etabolic processes, including the biosynthesis of steroids and
atty acids, the metabolism of drugs and the detoxification of
enobiotics (Bernhardt, 2006). P450 monooxygenases are gain-
ng importance as enzymes for industrial biotechnology since they
ave the ability to introduce oxygen into non-activated C H bonds
f various compounds in a regio- and stereo-selective manner
nder mild conditions (Bernhardt and Urlacher, 2014; Urlacher and
irhard, 2012).

Vitamin D3 (VD3) is a fat-soluble prohormone, which is synthe-
ized in the presence of ultraviolet radiation from the precursor

-dehydrocholestrol (Holick et al., 1979; Kametani and Furuyama,
987). The activation of VD3 is achieved by different P450s: the
itochondrial CYP27A1 mediates hydroxylation of VD3 at carbon

∗ Corresponding authors.
E-mail addresses: f.hannemann@mx.uni-saarland.de (F. Hannemann),

itabern@mx.uni-saarland.de (R. Bernhardt).

ttp://dx.doi.org/10.1016/j.jbiotec.2016.12.023
168-1656/© 2017 Elsevier B.V. All rights reserved.
ompared  to wild  type  (24.5 mg  l day ).
©  2017  Elsevier  B.V.  All  rights  reserved.

25, producing 25-hydroxyvitamin D3 (25(OH)VD3), which is then
further hydroxylated by CYP27B1 resulting in the most active form
of VD3, i.e., 1�,25-dihydroxyvitamin D3 (1�-25(OH)2VD3) (Prosser
and Jones, 2004; Schuster, 2011). It was  found that other P450s such
as the microsomal CYP2R1, CYP3A4 and CYP2J3 can also hydroxy-
late VD3 at C-25 (Cheng et al., 2014; Gupta et al., 2004).

The active form of VD3, 1�-25(OH)2VD3, is involved in the reg-
ulation of the calcium and phosphate metabolism, amongst other
physiological processes (Sakaki et al., 2005; Demay, 2006; Jurutka
et al., 2007). However, sufficient levels of the precursor 25(OH)VD3
are required for the regulatory action of 1�-25(OH)2VD3 (Di Rosa
et al., 2011). Moreover, 25(OH)VD3 represents the most abundant
VD3 circulating metabolite and, therefore, is used clinically as an
indicator for the VD3 status of patients (Hollis, 2005).

During the last years there has been a growing interest in the
biotransformation of VD3 to its active metabolites, 25(OH)VD3
and 1�-25(OH)2VD3. Thereby, recent research activity focused on
microbial P450s (Sakaki et al., 2011). However, only few bacte-

rial P450s are known to produce these active metabolites such as
CYP105A1 from S. griseolus (Sasaki et al., 1991) and CYP107 (Vdh)
from P. autotrophica (Fujii et al., 2009). Therefore, the identification

dx.doi.org/10.1016/j.jbiotec.2016.12.023
http://www.sciencedirect.com/science/journal/01681656
http://www.elsevier.com/locate/jbiotec
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbiotec.2016.12.023&domain=pdf
mailto:f.hannemann@mx.uni-saarland.de
mailto:ritabern@mx.uni-saarland.de
dx.doi.org/10.1016/j.jbiotec.2016.12.023
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Table 1
Oligonucleotides used in PCR to generate CYP109E1 mutants.

Primer name oligonucleotides

I85A-for 5′-ACGAGCCTAGCTAATATTGATCCGCCTAAG-3′

I85A-rev 5′-CTTAGGCGGATCAATATTAGCTAGGCTCGT-3′

I168A-for 5′-TCGGATATTGCCGTAGCCGGTCCTTCTAATAACGAACGT-3′

I168A-rev 5′-ACGTTCGTTATTAGAAGGACCGGCTACGGCAATATCCGA-3′

V169A-for 5′-GATATTATCGCAGCCGGTCCTTCTAATAACGAACGT-3′

V169A-rev 5′-ACGTTCGTTATTAGAAGGACCGGCTGCGATAATATC-3′

K187A-for 5′-CTCCAGCAAGAGGCAATGAAAGCAAATGATGAGC-3′

K187A-rev 5′-GCTCATCATTTGCTTTCATTGCCTCTTGCTGGAG-3′

I241A-for 5′-CTATTTTGCTACTGGCTGCTGGAAACGAAACAACCAC-3′
A. Abdulmughni et al. / Journal

f new microbial P450s with 1-� and/or 25-hydroxylation activity
owards VD3 is of great interest.

Recently, CYP109E1 from Bacillus megaterium DSM319 was
dentified and characterized in our group (Jóźwik et al., 2016). It was
hown that CYP109E1 has a 16�-hydroxylation activity towards
estosterone. In addition, the X-ray crystal structures of CYP109E1
ere solved for substrate-free protein and in complexes with

estosterone or corticosterone. In the absence of bound steroids,
YP109E1 contains a large, open active site pocket at the distal side
f the heme. The testosterone-bound CYP109E1 structure shows a
ifferent conformation, in which the active site pocket is more nar-
ow (closed state of CYP109E1) (Jóźwik et al., 2016), which likely
eflects the protein’s functionally relevant state and therefore was
pplied in this study for vitamin D3 docking calculations.

In this study, the substrate specificity of CYP109E1 was  inves-
igated for VD3. Herein, for the first time we present the results
emonstrating that CYP109E1 from B. megaterium exhibits hydrox-
lation activity towards VD3. In addition, whole-cell conversion
f VD3 was carried out using B. megaterium. Furthermore, site-
irected mutagenesis based on docking simulations of CYP109E1
nd VD3 was performed in order to optimize the regio-selectivity
f CYP109E1 towards 25-hydroxylation. The effect of the mutations
n the conversion of VD3 was examined in the whole-cell system.

. Materials and methods

.1. Chemicals

VD3, 25(OH)VD3, 1�-25(OH)2VD3, (2-hydroxypropyl)-�-
yclodextrin and saponin (from quillaja bark) were purchased
rom Sigma-Aldrich Chemie GmbH (Steinheim, Germnay). Iso-
ropyl �-d-1-thiogalactopyranoside (IPTG) and 5-aminolevulinic
cid were purchased from Carbolution chemicals (Saarbruecken,
ermany). Bacterial media were purchased from Becton Dickinson

Heidelberg, Germany). All other chemicals were from standard
ources and of highest purity available.

.2. Bacterial strains and plasmids

Cloning experiments were carried out with E. coli Top10 (Invit-
ogen, San Diego, USA). The E. coli strain C43 (DE3) for the
eterologous protein expressions was purchased from Lucigen
orporation (Wisconsin, USA). Whole-cell conversions were car-
ied out using B. megaterium MS941 (Wittchen and Meinhardt,
995; Stammen et al., 2010). pET17b (Merck Bioscience, Bad Soden,
ermnay) and pSMF2.1 (Bleif et al., 2012) were used for expression
urposes in E. coli and B. megaterium, respectively.

.3. Cloning of CYP109E1

The coding region for CYP109E1 (GenBank GeneID 9119265)
as amplified by polymerase chain reaction (PCR) using genomic
NA of B. megaterium MS941 as template. The coding region of
YP109E1 was cloned into the SpeI and KpnI restriction sites of
SMF2.1, yielding pSMF2.1.CYP109E1. The gene of CYP109E1 with

 hexahistidine tag at the C-terminus was cloned into NdeI and KpnI
estriction sites of pET17b, yielding pET17b.CYP109E1.

.4. Site-directed mutagenesis

The mutants of CYP109E1 were generated by the

uikChange site-directed mutagenesis method using the plasmid
SMF2.1.CYP109E1 as template and Phusion DNA polymerase
Thermo Fisher Scientific GmbH, Dreireich, Germany). The PCR
rimers (MWG-Biotech AG, Ebersberg, Germany) were designed
I241A-rev 5′-GTGGTTGTTTCGTTTCCAGCAGCCAGTAGCAAAATAG-3′

to introduce point mutation at the desired positions. The oligonu-
cleotide primers for mutagenesis are shown in Table 1. The
reactions were performed in a 50 �l volume using a gradient
cycler (PTC-200 DNA Engine cycler). 20 cycles were carried out
as follows: initial denaturation at 95 ◦C for 30 s, denaturation at
95 ◦C for 30 s, annealing at 58 ◦C for 30 s and extension at 72 ◦C for
4 min. Correct generation of the desired mutations was confirmed
by DNA sequencing, carried out by Eurofines-MWG (Ebersberg,
Germany).

2.5. Heterologous expression in E. coli and purification

To express CYP109E1 and its mutants, E. coli C43 (DE3) cells
were transformed with the corresponding expression plasmids
(pET17b.CYP109E1) and cultured overnight in Luria-Bertani (LB)
medium containing ampicillin (100 �g ml−1) at 37 ◦C and 140 rpm.
The seed culture was  used to inoculate a 200 ml  Terrific Broth (TB)
medium containing ampicillin 100 �g ml−1 (1:100 dilution) in a 2-
l baffled flask. The main culture was grown at 37 ◦C and 140 rpm.
When the OD600 reached 0.5, the expression was induced with
1 mM IPTG. 0.5 mM delta-aminolevulinic acid served as heme pre-
cursor. The cultures were shifted to 30 ◦C and 120 rpm for 24 h.
The E. coli cells were harvested by centrifugation at 4500 rpm for
30 min, and the cell pellets were stored at −20 ◦C until purifica-
tion. All purification steps were performed at 4 ◦C. The cell pellets
were resuspended in 50 mM potassium phosphate buffer (pH 7.4)
containing 300 mM NaCl and 20% glycerol. Phenylmethylsulphonyl
fluoride (PMSF) was added to a final concentration of 1 mM and the
suspension was  sonicated with a T13-sonotrode for 15 min with an
amplitude of 12% and consisted of repeated intervals of 15 s pulse
and 15 s pause. Cell free extract was  obtained by ultracentrifugation
at 30,000 rpm for 30 min. The supernatant was applied to an immo-
bilized metal ion affinity chromatography column (TALON, Takara
Bio Europe, Saint-Germain-en-Laye, France) that had been equili-
brated with 50 mM potassium phosphate buffer (pH 7.4) containing
300 mM NaCl and 20% glycerol. The column was washed with 5
column volumes of 50 mM potassium phosphate buffer (pH 7.4)
containing 300 mM NaCl, 20 mM imidazole and 20% glycerol. The
tagged protein was eluted with 50 mM potassium phosphate buffer
(pH 7.4) containing 300 mM NaCl, 150 mM imidazole and 20% glyc-
erol. The bovine Adx4-108 and AdR were expressed and purified as
described elsewhere (Sagara et al., 1993; Uhlmann et al., 1994).

2.6. Carbon monoxide (CO) difference spectroscopy

The reduced CO difference spectra of P450 were measured with
a double-beam spectrophotometer (UV-2101PC, Shimadzu, Japan).

The concentration of P450 was estimated using a molar extinction
coefficient of �450-490 = 91 mM−1 cm−1 referred to the method of
Omura and Sato (1964).
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.7. In vitro conversion of VD3

A reconstituted in vitro system containing CYP109E1 (1 �M),
dR (3 �M),  Adx4-108 (20 �M),  MgCl2 (1 mM), and a cofac-

or regenerating system with glucose-6-phosphate (5 mM)  and
lucose-6-phosphate dehydrogenase (1 U) was used in a final vol-
me  of 250 �l in potassium phosphate buffer (20 mM,  pH 7.4). The
ubstrate was dissolved in 2-hydroxypropyl-�-cyclodextrin (2.25%
/v) and added to a final concentration of 200 �M.  The reaction was

tarted by addition of 0.5 mM NADPH. After 1 h at 30 ◦C the reac-
ion was stopped and extracted twice with 2 vol of ethyl acetate.
he organic phases were combined, evaporated to dryness and
repared for analysis by high-performance liquid chromatography
HPLC).

.8. Whole-cell conversion of VD3

The whole-cell conversions were performed in B. mega-
erium MS941. The cells were transformed with the corre-
ponding pSMF2.1.CYP109E1 plasmid using the polyethylene
lycol-mediated protoplast transformation method (Barg et al.,
005). The seed culture was prepared with LB medium (10 �g/ml
etracycline). The main culture (50 ml  TB medium, 10 �g/ml tetra-
ycline) was inoculated with 500 �l of seed culture (dilution 1:100)
n 300 ml  baffled flasks and incubated at 37 ◦C, 140 rpm. The culture

as grown to OD578 of 0.4 and recombinant gene expression was
nduced with xylose (5 mg/ml). The culture was grown further at
0 ◦C for 24 h with shaking at 140 rpm.

For whole-cell conversion experiments, VD3 was dissolved in
5% 2-hydroxypropyl-�-cyclodextrin and 4% Quillaja Saponin as
embrane solubilizing agent. After 24 h of protein expression,

.5 ml  of the substrate solution were added to the 50 ml  culture.
 final substrate concentration of 200 �M was used for all conver-
ion experiments. Afterwards, the conversion was  performed for
he indicated time at 30 ◦C and 120 rpm in 300 ml  baffled flasks.
00 �l samples of the cultures were taken after defined time peri-
ds, extracted and prepared for HPLC analysis.

Large scale whole-cell conversions for purification of VD3
etabolites were performed in 2 l baffled flasks using 250 ml  of
ain culture. Cultivation of bacteria as well as the whole-cell con-

ersion and extraction were accomplished as mentioned above.
fter extraction, organic phases were dried using solvent evapo-
ator and stored at −20 ◦C under protection from UV light until
roduct purification by HPLC.

.9. High-performance liquid chromatography (HPLC)

The HPLC was carried out on a Jasco system (Pu-980 HPLC pump,
S-950 sampler, UV-975 UV/visible detector, LG-980-02 gradient
nit; Jasco, Gross-Umstadt, Germany) equipped with a Nucle-
dur 100-5 C18 column (125 × 4 mm;  Macherey-Nagel, Düren,
ermany). The column temperature was adjusted to 40 ◦C. The
amples were dissolved in 200 �l acetonitrile. The flow rate was

 ml/min with a linear gradient of 60–100% aqueous acetonitrile
or 15 min  followed by 100% acetonitrile for 15 min. The UV detec-
ion of the substrate and products was accomplished at 265 nm.  The
bsorption properties of the products did not differ from the sub-
trate and, therefore, the product formation was calculated from
he relative peak area (area%) of the HPLC chromatograms, dividing
ach respective product peak area by the sum of all peak areas.

.10. Product purification
Purification of the products was carried out with reversed-
hase HPLC using a preparative column VP 250/8 NUCLEODUR
00-5 C18ec (Macherey-Nagel, Düren, Germany). First, the dried
technology 243 (2017) 38–47

extract was dissolved in an acetonitrile/water mixture and filtered
through the Rotilabo syringe filters (0.22 �m,  Carl Roth GmbH,
Karlsruhe, Germany). For purification of product P2, a linear gra-
dient of 80–100% acetonitrile aqueous solution as a mobile phase
for 17 min  was  applied (UV detection: 265 nm; flow rate: 3.5 −
4 ml/min; column temperature: 40 ◦C). Products P4 and P5 were
purified isocratically using a 65% acetonitrile aqueous solution
as a mobile phase for 40 min (UV detection: 265 nm; flow rate:
2.5 ml/min; column temperature: 40 ◦C). Collected product frac-
tions were combined, evaporated to dryness and analyzed by NMR
characterization.

2.11. NMR characterization of the metabolites

The NMR  spectra were recorded in CDCl3 with a Bruker Avance
500 NMR  spectrometer at 298 K. The chemical shifts were relative
to CHCl3 at ı 7.26 (1H NMR) and CDCl3 at ı 77.00 (13C NMR) using
the standard � notation in parts per million. The 1D NMR  (1H and
13C NMR) and the 2D NMR  spectra (gs-HH-COSY and gs-HSQCED)
were recorded using the BRUKER pulse program library.

2.12. Molecular docking

Vitamin D3 (ligand) was  docked into the active site of CYP109E1
(receptor) in its closed conformation (PDB: 5L94, CYP109E1-TES)
with the use of Autodock Vina 1.1.2 (Trott and Olson, 2010). The
testosterone molecule and all waters were removed, and the result-
ing model was  used as a template for the docking experiments.
Coordinates for the ligand were taken form an available crystal
structure (PDB: 3VRM); six bonds were kept rotatable as con-
firmed by manual inspection in AutoDockTools 1.5.6. Hydrogens
and Gasteiger charges were also added in AutoDockTools 1.5.6. The
protein was kept rigid during docking. The simulation cell was lim-
ited to a grid box centered at the heme iron with sides adjusted to
cover the whole distal heme pocket (x:28 Å, y:34 Å, z:48 Å). Docking
simulations were done in triplicate and twenty docking poses were
generated for each simulation. The binding poses were analyzed
according to lowest binding energies and distances of the target
carbon atom (C-25) to the heme iron. Ligand binding residues were
identified by analysis done with LigPlot+ (Laskowski and Swindells,
2011) and further visualized with ViewDock tool in UCSF Chimera
(Pettersen et al., 2004).

3. Results

3.1. Bioconversion of vitamin D3 by CYP109E1

CYP109E1 from B. megaterium was previously cloned and char-
acterized in our laboratory (Jóźwik et al., 2016). In order to identify
new substrates for this enzyme, screening of a focused library
consisting of different steroids was  carried out. Hereby, VD3 was
identified as new substrate for CYP109E1. In an in vitro reconsti-
tuted system containing CYP109E1, AdR and Adx4-108, about 90% of
200 �M VD3 was  converted within 1 h into 7 products with the fol-
lowing distribution: 3%, 15%, 8%, 22%, 42%, 5% and 5% of product 1 to
product 7 (P1-P7), respectively (Fig. 1A). Over time, it was  observed
that the increase in the formation of P2 is related to a correspond-
ing decrease of P5. Therefore, we  assumed that P5 is converted

by CYP109E1 into P2. Through comparison of the retention time
(tR) of the detected products with that of available authentic stan-
dards, P1 (tR = 4.8 min) and P4 (tR = 11.6 min) were identified as
1�-25(OH)2VD3 and 25(OH)VD3, respectively (data not shown).
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Fig. 1. HPLC chromatogram of the CYP109E1 catalyzed VD3 conversion. (A) in vitro VD3 conversion, using bovine Adx4-108 (20 �M) and AdR (3 �M)  and CYP109E1 (1 �M).
The  reaction was  carried out in a final volume of 250 �l at 30 ◦C for 1 h. (B) CYP109E1-de
carried  out in 50 ml  TB medium for 24 h at 30 ◦C. Substrate was added at a final concen
(P1–P7)  and VD3, respectively. The authentic standard of 200 �M VD3 (grey) was detecte

Fig. 2. Product distribution of VD3 whole-cell conversion in B. megaterium. Reac-
tions were carried out in 50 ml  TB medium for 48 h at 30 ◦C. Samples of the cultures
were taken after defined time points (2, 4, 6, 8, 24 and 48 h) and analyzed by HPLC as
described in “Materials and methods“. Labeling of the products (P1–P7) corresponds
t
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The NMR  spectra of P5 revealed an additional secondary
o that in Fig. 1. The vertical bars indicate the standard deviation values of the mean
rom two independent experiments.

.2. Whole-cell conversion of VD3 in B. megaterium

After successful in vitro conversion of VD3, a whole-cell con-
ersion system was established. Fig. 1B shows an HPLC profile of
D3 whole-cell conversion in B. megaterium demonstrating a simi-

ar pattern as for the in vitro conversion. After 24 h, 95% conversion
f 200 �M substrate was achieved (Fig. 2). The product distribution
fter 24 h conversion was as follows: 6%, 37%, 14%, 33%, 6%, 2% and
% for products P1-P7, respectively.

For further characterization, we analyzed the time course of
roduct formation during whole-cell conversions, which showed
hat the product distribution changed over time (Fig. 2). In the first

 h of the reaction, P5 was found to be the main product with 44% of
otal share (40 mg  l−1 day−1). Afterwards, P5 constituted only 5% of

otal share (4.3 mg  l−1 day−1). Accompanied by the decrease of P5,
n increase of P2 was observed (Fig. 2). The results obtained thus
ndicate that P2 formation is dependent on the action of CYP109E1
pendent whole-cell conversion of VD3 in B. megaterium MS941. The reaction was
tration of 200 �M.  The peaks of detected products and substrate are labeled with
d with the same HPLC method.

on P5. Therefore, we  hypothesized that CYP109E1 has the potency
to hydroxylate VD3 at different positions. To further test, this we
decided to identify the main products by nuclear magnetic reso-
nance (NMR) spectroscopy.

3.3. Large scale conversion of VD3 and product identification

In order to obtain sufficient amounts of VD3 metabolites for fur-
ther characterization by NMR  spectroscopy, whole-cell conversions
with a total culture volume of 750 ml  were performed. Three prod-
ucts were obtained with sufficient purity and amounts (5–25 mg)
for structural characterization via NMR  spectroscopy.

In contrast to vitamin D3, its conversion product P4 showed res-
onances of an additional tertiary hydroxyl group in the 13C NMR
spectrum (�C 71.15) and the resonances of the methyl groups C-
26 and C-27 appeared both as singlets (�H 1.19 s, 6H) in the 1H
NMR  spectrum. This cleary indicated hydroxylation at position C-
25 and led to the structure of 25(OH)VD3 for P4. The data were in
accordance with those reported in literature (Helmer et al., 1985;
Mizhiritskii et al., 1996):

1H NMR  (CDCl3, 500 MHz): ı 0.52 (s, 3xH-18), 0.92 (d, J = 6.5 Hz,
3xH-21), 1.02 (m,  H-22a), 1.06 (m,  H-22b), 1.19 (s, 6H, 3xH-26 and
3xH-27), 1.20 (m,  H-23a), 1.24 (m,  H-16a), 1.28 (m,  H-17), 1.29 (m,
H-12a), 1.36 (m,  H-24a), 1.39 (m,  H-23b), 1.45 (m,  2H, H-11a and H-
24b), 1.51 (m,  H-20), 1.52 (m,  2H, H-11b and H-15a), 1.60 (m,  H-2a),
1.63 (m,  H-15b), 1.69 (m,  H-9a), 1.86 (m, H-16b), 1.94 (m,  H-14),
1.96 (m,  H-2b), 1.98 (m,  H-12b), 2.16 (dd, J = 13.5, 8.5 and 5.0 Hz, H-
1a), 2.26 (dd, J = 13.0 and 7.5 Hz, H-4a), 2.38 (ddd, J = 13.5, 7.5 and
4.6 Hz, H-1b), 2.55 (dd, J = 13.0 and 4.0 Hz, H-4b), 2.82 (m, H-9b),
3.92 (m,  H-3), 4.80 (d, J = 2.5 Hz, H-19a), 5.03 (m,  H-19b), 6.01 (d,
11.3 Hz, H-7), 6.21 (d, 11.3 Hz, H-6). 13C NMR  (CDCl3, 125 MHz): ı
11.99 (CH3, C-18), 18.81 (CH3, C-21), 20.82 (CH2, C-23), 22.24 (CH2,
C-11), 23.56 (CH2, C-15), 27.67 (CH2, C-16), 29.07 (CH2, C-9), 29.29
(CH3, C-26), 29.34 (CH3, C-27), 31.92 (CH2, C-1), 35.16 (CH2, C-2),
36.10 (CH2, C-22), 36.40 (CH, C-20), 40.53 (CH2, C-12), 44.39 (CH2,
C-24), 45.85 (C, C-13), 45.92 (CH2, C-4), 56.33 (CH, C-14), 56.53 (CH,
C-17), 69.21 (CH, C-3), 71.15 (C, C-25), 112.40 (CH2, C-19), 117.51
(CH, C-7), 122.45 (CH, C-6), 135.00 (C, C-5), 142.89 (C, C-8), 145.09
(C, C-10).
hydroxyl group (�H 3.34 m,  �C 77.41 CH). Its position at C-24 was
obvious by vicinal correlations of its proton to the isopropyl proton
H-25 (�H 1.69 m)  in the HHCOSY and to the methyls C-26 (16.69,
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H3) and C-27 18.93, CH3) in the HMBC. Comparison of the data
ith those of an authentic sample (Xi et al., 2014) supported these
ndings. Especially the chemical shifts of C-1 to C-19 fitted perfectly
o each other, whereas the resonances for the side chain slightly
iffered. This might originate from a different sterochemistry at C-
4 in our sample and its epimer from literature. Unfortunately the
uthors gave no hint to the stereochemistry at C-24 and our sample
ecomposed within one day in solution. Therefore, the assignment
f the absolute configuration at C-24 could not be solved by subse-
uent NMR  measurements, such as Mosherı́s method. But as was
ound for closely related 24-hydroxylated steroids the 24(R)- and
4(S)-isomers showed characteristic differences in the 13C NMR
Koizumi et al., 1979). Applying these observations to our problem
ed to the identification of the 24(S)-form for our molecule and to
he 24(R)-form for the epimer reported by Xi et al. (2014):

NMR  (CDCl3, 500 MHz): ı 0.57 (s, 3xH-18), 0.92 (d, J = 6.9 Hz,
xH-26), 0.95 (d, J = 6.9 Hz, 3xH-27), 0.97 (d, J = 6.5 Hz, 3xH-21), 1.08
m,  H-22a), 1.28 (m,  H-23a), 1.33 (m,  H-16a and H-17), 1.34 (m,  H-
2a), 1.43 (m,  H-20), 1.51 (m,  H-11a), 1.56 (m,  H-15a), 1.58 (m,
-23b), 1.59 (m,  H-11b), 1.64 (m,  H-22b), 1.68 (m,  H-2a), 1.69 (m,
-25), 1.70 (m,  H-15b), 1.72 (m,  H-9a), 1.93 (m,  H-16b), 1.96 (m,
-2b), 2.01 (m,  H-14), 2.03 (m,  H-12b), 2.20 (dd, J = 13.5, 8.5 and
.0 Hz, H-1a), 2.30 (dd, J = 13.0 and 7.5 Hz, H-4a), 2.42 (ddd, J = 13.5,
.8 and 4.6 Hz, H-1b), 2.60 (dd, J = 13.0 and 4.0 Hz, H-4b), 2.86 (m,
-9b), 3.34 (m,  H-24), 3.97 (m,  H-3), 4.86 (d, J = 2.5 Hz, H-19a), 5.07

dt, J = 2.5 and 1.3 Hz, H-19b), 6.06 (d, 11.3 Hz, H-7), 6.26 (d, 11.3 Hz,
-6). 13C NMR  (CDCl3, 125 MHz): ı 12.00 (CH3, C-18), 16.69 (CH3,
-26), 18.93 (CH3, C-27), 19.05 (CH3, C-21), 22.23 (CH2, C-11), 23.55
CH2, C-15), 27.62 (CH2, C-16), 28.99 (CH2, C-9), 30.74 (CH2, C-23),
1.91 (CH2, C-1), 32.16 (CH2, C-22), 33.15 (CH, C-25), 35.14 (CH2, C-
), 36.29 (CH, C-20), 40.50 (CH2, C-12), 45.84 (C, C-13), 45.90 (CH2,
-4), 56.30 (CH, C-14), 56.37 (CH, C-17), 69.20 (CH, C-3), 77.41 (CH,
-24), 112.44 (CH2, C-19), 117.51 (CH, C-7), 122.43 (CH, C-6), 135.07
C, C-5), 142.21 (C, C-8), 145.05 (C, C-10).

P2 was found to be a dihydroxylated conversion product of
itamin D3. The NMR  spectra revealed resonances for a supplemen-
ary secondary (�C 79.55 CH) and a tertiary (�C 73.15C) hydroxyl
unction. 2D NMR  HHCOSY, HSQCED and HMBC measurements
evealed their positions as immediate neighbours at C-24 and
-25. According to P5, C-24 in P2 was expected to be in (S)-
onfiguration. However, we wanted to prove this assumption in
n independent manner. Both epimers were known from litera-
ure but no comparative NMR  studies were available. Therefore, we
erformed a comparison of the NMR  data of their synthetic precur-
ors, the 24(R)- and 24(S)-forms of de-A,B-cholesta-8,24,25-triol
Pérez Sestelo et al., 2002). Analysis of the 13C NMR  data for the
ide chain of P2 and comparison with those of the C-24 epimeric
e-A,B-cholestanes gave a clear and unambiguous evidence for
4S,25(OH)2VD3 as structure for P2:

NMR  (CDCl3, 500 MHz): ı 0.55 (s, 3xH-18), 0.95 (d, J = 6.5 Hz,
xH-21), 1.04 (m,  H-22a), 1.14 (m,  H-23a), 1.17 (s, 3xH-26), 1.22
s, 3xH-27), 1.28 (m,  H-17), 1.29 (m,  H-16a), 1.31 (m,  H-12a), 1.41
m,  H-20), 1.49 (m,  2H, H-11a and H-11b), 1.54 (m,  H-15a), 1.57 (m,
-23b), 1.68 (m,  H-2a and H-15b), 1.69 (m,  H-9a), 1.77 (m,  H-22b),
.89 (m,  H-16b), 1.94 (m,  H-2b), 1.98 (m,  H-14), 2.00 (m,  H-12b),
.21 (m,  H-1a), 2.30 (dd, J = 13.0 and 7.5 Hz, H-4a), 2.41 (ddd, J = 13.5,
.8 and 4.6 Hz, H-1b), 2.58 (dd, J = 13.0 and 4.0 Hz, H-4b), 2.83 (m,  H-
b), 3.29 (d, J = 10.1 and 2.0 Hz, H-24), 3.94 (m,  H-3), 5.05 (dt, J = 2.5
nd 1.3 Hz, H-19b), 4.82 (d, J = 2.5 Hz, H-19a), 6.03 (d, 11.3 Hz, H-7),
.23 (d, 11.3 Hz, H-6). 13C NMR  (CDCl3, 125 MHz): ı 12.00 (CH3, C-
8), 18.94 (CH3, C-21), 22.23 (CH2, C-11), 23.17 (CH3, C-26), 23.54
CH2, C-15), 26.51 (CH3, C-27), 27.61 (CH2, C-16), 28.34 (CH2, C-23),

8.99 (CH2, C-9), 31.95 (CH2, C-1), 33.22 (CH2, C-22), 35.19 (CH2, C-
), 36.26 (CH, C-20), 40.51 (CH2, C-12), 45.83 (C, C-13), 45.94 (CH2,
-4), 56.28 (CH, C-14), 56.39 (CH, C-17), 69.20 (CH, C-3), 73.17 (C, C-
technology 243 (2017) 38–47

25), 79.55 (CH, C-24), 112.42 (CH2, C-19), 117.56 (CH, C-7), 122.33
(CH, C-6), 135.21 (C, C-5), 142.08 (C, C-8), 145.09 (C, C-10).

These results confirmed our assumption, that CYP109E1 can
hydroxylate VD3 at different positions. As shown above, the ratio of
P2 (24S,25(OH)2VD3) increased inversely proportional to the ratio
of P5 (24S(OH)VD3) over time, indicating that CYP109E1 has 25-
hydroxylation activity towards VD3 as well as 24S(OH)VD3. The
reaction pathway of VD3 conversion by CYP109E1 is shown in Fig. 3.

3.4. Molecular docking of VD3 to CYP109E1

Unfortunately soaking/co-crystallization trials to obtain the
structure of the CYP109E1-VD3 complex proved unsuccessful,
therefore docking of the VD3 molecule was  performed to identify
potential substrate-binding residues. A structural comparison of
CYP109E1 to other P450s converting VD3 found in the PDB, revealed
that the closed conformer of CYP109E1 (PDB: 5L94) is highly sim-
ilar to the closed state observed for CYP107 (Vdh) crystallized in
com plex with VD3 (PDB: 3A50, Yasutake et al., 2010, r.m.s.d of
1.23 Å for 347 C� atoms). Therefore, the closed conformation of
CYP109E1 likely reflects the functionally relevant conformational
state of the protein and was chosen in this study for the substrate
docking calculations. Among the calculated VD3 conformations, the
one showing a suitable distance of the C-25 atom to the heme iron
and the lowest predicted free energy of binding was chosen for fur-
ther analysis. The docked pose places the aliphatic side chain of VD3
close to the heme iron, productively for 25-hydroxylation (C-25-Fe
distance of 3.7 Å), and is well in agreement with the crystallo-
graphically observed VD3 binding mode in CYP107 (Vdh) (C-25-Fe
distance of 4.6 Å). The only hydrophilic group (3�-OH group at the
A-ring) of VD3 is solvent exposed, predicted not to interact with any
of the protein side chains; the rest of the VD3 molecule interacts
with hydrophobic residues lining the active site pocket, similarly as
in Vdh. Since VD3 hydroxylation is of outstanding importance for
sustainable biotransformation process of the production of active
VD3, we were interested to improve the yield of 25(OH)VD3. Four
amino acids predicted to interact with VD3 were mutated to ala-
nine to determine their roles in CYP109E1 activity and selectivity
towards VD3: I85 (BC-loop, substrate recognition site 1, SRS1), I168
and V69 (F-helix, SRS2) and I241 (I-helix, SRS4) Additionally, one
more residue was chosen for mutagenesis, K187 (SRS3), since its
mutation to alanine in CYP109E1 was  previously shown to cause a
slight decrease in testosterone conversion activity. Thus we consid-
ered the possibility that this flexible residue, located at the top of
the active site (G helix), might also take part in VD3 binding (Fig. 4).

3.5. Conversion of VD3 by CYP109E1 mutants

To investigate the effect of selected mutations on activity and
regio-selectivity of CYP109E1 towards VD3 directly in the whole-
cell system, B. megaterium cells were transformed with the plasmid
pSMF2.1.CYP109E1 containing the corresponding CYP109E1 muta-
tions. The results clearly showed that all CYP109E1 mutants still
maintained VD3 hydroxylation activity. However, activity or/and
selectivity of CYP109E1 was  affected by the amino acid replace-
ments (Fig. 5).

While the K187A mutant showed the same conversion ratio
(97%) as compared with wild type, the activity of CYP109E1 was
changed by selected mutations (Fig. 6). All other mutants showed
decreased activity in the first 8 h of the reaction. However, the activ-
ity in case of I85A, I168A, V169A and I241A mutants was  increased

afterwards. After 24 h conversion, the I168A mutant exhibited a
comparable conversion (96%) as the wild type and the I85A mutant
showed a maximum conversion of 87%. On the other hand, a sig-
nificant decrease of the activity was observed in case of V169A and
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Fig. 3. Reaction pathway of VD3 by C

Fig. 4. Docking model of VD3 in the active site of CYP109E1. The suitable confor-
mation of VD3 for 25-hydroxylation is shown (in magenta), and compared to the
crystallographically observed VD3 binding mode in CYP107 (Vdh) (in green). Heme
i
s
l

I
t

s
(

s  in red coloured sticks. Amino acids selected for site-directed mutagenesis are
hown in orange sticks. (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of this article.)

241A mutants, displaying only 76% and 54% conversion, respec-

ively.

Additionally, the effect of the point mutations on the regio-
electivity of CYP109E1-dependent VD3 conversion was  studied
Table 2). Compared to wild type, the formation of 24S(OH)VD3
YP109E1 from B. megaterium.

was decreased over time in case of the I85A and I168A mutants,
which, as a consequence, led to reduced amounts of the derived
product 24S,25(OH)2VD3. On the other hand, the 25-hydroxylation
activity towards VD3 was  strongly preferred in the reactions cat-
alyzed by the I85A and I168A mutants resulting in 63% and 49%
of total products, respectively (Table 2). Moreover, mutant I85A
displayed a significant reduction in the number of products Con-
sequently, an increase of the absolute 25(OH)VD3 production was
observed with these mutants, compared to the wild type (Fig. 7).
These results indicate that the side chains of amino acids I85 and
I168 are essential for determining the regio-selectivity of CYP109E1
towards VD3. Compared to wild type, the regio-selectivity of the
K187A mutant was also slightly changed towards 25-hydroxylation
(Table 2). Furthermore, it was observed that the 24S,25(OH)2VD3
production decreased in the whole-cell conversion with the K187A
mutant, compared to wild type. In contrast to the decrease in the
24S,25(OH)2VD3 production, an accumulation of 24S(OH)VD3 was
observed, suggesting that the K187A mutant has less specificity
towards 24S(OH)VD3, compared to wild type.

Furthermore, significant changes of the specificity and regio-
selectivity of CYP109E1 were determined in whole-cell conversions
with the V169A and I241A mutants. Compared to the wild
type, it was observed that reactions of variant V169A showed a
decreased 25-hydroxylation activity of 24S(OH)VD3, whereas the
25-hydroxylation of VD3 was enhanced (Table 2). In addition, no
formation of P1, P3 and P7 was  observed with this mutant. In
whole-cell conversions with the V169A mutant, the product dis-
tribution was  as follows: 24S(OH)VD3 (40%), 25(OH)VD3 (47%),

24S,25(OH)2VD3 (3%) and P6 (10%). It was further observed that
the substitution of I241 to alanine shifts the regio-selectivity of
CYP109E1 towards 24-hydroxylation (60% of total products). In
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Fig. 5. HPLC chromatograms of VD whole-cell conversions by B. megaterium expressing different variants of CYP109E1. The reactions were carried out in 50 ml  TB medium
f thent

c
o
o
d

3

or  24 h at 30 ◦C. The substrate was added at a final concentration of 200 �M.  The au

ontrast, a decrease of 24S,25 (OH)2VD3 was observed (only 3%
f total products) indicating that the 25-hydroxylation activity

f this mutant of CYP109E1 towards 24S(OH)VD3 is dramatically
ecreased.
ic standard of 200 �M VD3 (grey) was detected with the same HPLC method.

4. Discussion
During the past years bioconversion processes, including
specific hydroxylations, have gained increasing interest, since
chemical synthesis often requires complex procedures and envi-
ronmentally unfriendly conditions. The ability of P450s to
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Table  2
Comparison of products distribution of 24 h whole-cell conversions of VD3 by different variants of CYP109E1.

Enzyme variant Conversion [%] Number of products Major product(s) [%]a

Wild type 95 7 24S,25(OH)2VD3 (37%)
25(OH)VD3 (33%)

I85A  87.3 3 25(OH)VD3 (63%)
I168A 94 7 24S,25(OH)2VD3 (20%)

25(OH)VD3 (49%)
V169A 75.4 3 25(OH)VD3 (47%) 24S(OH)VD3

(42%)
K187A  96.8 7 25(OH)VD3 (45%) 24S(OH)VD3

(22%)
I241A  53.8 4 25(OH)VD (27%) 24S(OH)VD

a Only products with a ratio of ≥20% of total products are defined here as major produ

Fig. 6. Effect of selected mutations in CYP109E1 on the conversion of VD3. Reac-
tions were performed using B. megaterium MS941 in 50 ml  TB medium at 30 ◦C. The
substrate was  added at a final concentration of 200 �M.  Samples of the cultures
were taken after defined time points (2, 4, 6, 8, 24 and 48 h) and analyzed by HPLC
as described in “Materials and methods“. The vertical bars indicate the standard
deviation values of the mean from three independent whole-cell experiments.

Fig. 7. Production of 25(OH)VD3 in B. megaterium overexpressing different variants
of CYP109E1. Reactions were performed in 50 ml  TB medium for 24 h at 30 ◦C. The
substrate was added at a final concentration of 200 �M.  The amount of 25(OH)VD3

was  measured by HPLC as described in “Materials and methods“. The vertical bars
indicate the standard deviation values of the mean from three independent whole-
cell experiments.
3 3

(58%)

cts.

hydroxylate a broad range of compounds makes them suitable as
versatile biocatalysts (Bernhardt, 2006; Bernhardt and Urlacher,
2014).

It is known that VD3 is activated in kidneys and liver by different
P450s such as mitochondrial cytochromes CYP27A1 and CYP27B1
as well as the microsomal enzymes CYP2R1, CYP3A4 and CYP2J3.
However, low activity and stability of mammalian P450s compared
with those of bacterial origin are important factors limiting their
industrial applications (Julsing et al., 2008). As a result of such lim-
itation, bacterial P450s constitute an attractive alternative for the
industrial production of different valuable products, including VD3
metabolites. Until now, only a few studies have reported the usage
of bacterial P450s for the production of VD3 metabolites such as
CYP105A1 and CYP107 (Vdh) (Sakaki et al., 2011). Therefore, the
identification of new bacterial P450s with hydroxylation activity
towards VD3 is of a great interest for the industry. In particular, B.
megaterium offers a great potential, both as a source and expression
host, for such new bacterial P450s. It has been used since many
decades for the production of different industrial enzymes (Vary
et al., 2007; Korneli et al., 2013). It offers an advantage that replica-
tive plasmids are stable and maintained (Stammen et al., 2010). In
addition, B. megaterium lacks external alkaline proteases and, there-
fore, is suitable for heterologous protein expression. Moreover, B.
megaterium can grow on simple media utilizing a broad spectrum
of carbon sources (Vary, 1994).

Therefore, the establishment of B. megaterium-based whole
cell system using a bacterial P450 as biocatalyst for the pro-
duction of active VD3 metabolites, such as 25(OH)VD3, is an
interesting alternative for the industrial production. Recently, B.
megaterium was used in our laboratory for the conversion of the
steroid hormone precursor cholesterol to pregnenolone and for
the hydroxylation of 11-keto-�-boswellic acid (KBA) (Gerber et al.,
2015; Bleif et al., 2012; Brill et al., 2014). Moreover, a CYP27A1-
based whole-cell system was  established in B. megaterium
allowing efficient production of valuable pharmaceuticals such
as 27-hydroxycholesterol, 26/27-hydroxy-7-dehydrocholesterol,
25(OH)VD3 and 25-hydroxy-7-dehydrocholesterol (Ehrhardt et al.,
2016).

In this study, we  demonstrated for the first time the conversion
of VD3 by a member of the CYP109 family, namely CYP109E1 from
B. megaterium DSM319. We  showed that CYP109E1 can convert
VD3 into different products, in both enzyme-based and whole-
cell-based assays. The new whole-cell system converts more than
90% of the added substrate (200 �M)  within 24 h supporting its
promising potential as VD3 hydroxylase. The two main products
of CYP109E1-dependent conversion of VD3 were identified by
NMR  analysis as 25(OH)VD3 (33%) and 24S, 25 (OH)2VD3 (37%)

with yields of 24.5 mg  l−1 day−1 and 28.6 mg  l−1 day−1, respec-
tively. In addition, the product P5 was  identified by NMR  analysis
as 24S(OH)VD3. For further characterization of product formation,
time-dependent whole-cell conversions were performed. It was



4  of Bio

s
t
i
m
w
w
p
o
2
s
a

o
S
s
b
b
t
e
t
d
a
1
h
W
2
a
k
t

o
t
t
i
s
a
C
c
r
w
c
2
i
a
t
b
w
e
2
t
a
C
o
i

I
t
e
w
r
w
t
w
t
2
h

6 A. Abdulmughni et al. / Journal

hown that both, 24S(OH)VD3 (P5) and 25(OH)VD3 (P4), are ini-
ially detected as major products (Fig. 3). Nevertheless, a decrease
n the 24S(OH)VD3 ratio was observed in correlation with the for-

ation of 24S,25(OH)2VD3 (P2). In contrast, the ratio of 25(OH)VD3
as relatively constant over time (30–33% of total products). Thus
e conclude that the formation of 24S,25(OH)2VD3 from VD3
roceeds via the intermediate 24S(OH)VD3. This is to the best
f our knowledge a novel reaction pathway of VD3 leading to
4S,25(OH)2VD3 via 24S(OH)VD3. In addition, these results demon-
trate that CYP109E1 has a 25-hydroxylation activity towards VD3
s well as 24S(OH)VD3.

It is known that the hydroxylation of VD3 at C-25 is the first step
f the VD3 activation (Prosser and Jones, 2004; Sakaki et al., 2005;
chuster, 2011). 25(OH)VD3 is the best indicator of the nutritional
tatus of VD3 in the circulation (Hollis, 2005). This compound has
een gaining importance in recent years as it was shown to be a
etter therapeutic agent for several diseases than VD3 itself, due
o its direct biological effect and better intestinal absorption (Jean
t al., 2008; Leichtmann et al., 1991). It was found that supplemen-
ation of 25(OH)VD3 has a preventive, therapeutic effect against
iseases such as hyperglycemia, chronic kidney disease, Crohn’s
nd cholestatic liver disease (Jean et al., 2008; Leichtmann et al.,
991). In addition to applications of this metabolite for human
ealth, it is used as supplement in animal feed (Soares et al., 1995).
hereas specific biological activities for the natural VD3 metabolite

4R,25(OH)2VD3 were identified (Norman et al., 1983; St-Arnaud
nd Glorieux, 1998; Yamato et al., 1989), so far no functions are
nown for its unnatural epimer 24S,25(OH)2VD3, which was iden-
ified here in the CYP109E1-based whole cell conversion of VD3.

Our aim in the next step of this study was the enhancement
f the 25(OH)VD3 production yield by CYP109E1. Since the crys-
al structure of a VD3-bound CYP109E1 complex is not available,
he putative substrate-binding residues were predicted with dock-
ng simulations. It is anticipated that VD3 binds with its aliphatic
ide chain close to the heme iron and the C-25 atom is in a suit-
ble distance for hydroxylation (Fig. 4). High similarity of the
YP109E1-VD3 model with the experimental CYP107 (Vdh)-VD3
rystal structure gives credence to the reliability of our docking
esults. A similar set of hydrophobic residues is predicted to interact
ith VD3 in CYP109E1, including I85, I241, I168 and V169, which

orrespond to I88, I235, L171, and V172 in Vdh (Yasutake et al.,
010). To test their potential role in VD3 binding and conversion

n CYP109E1, these four residues were targeted for mutation to
lanines. In addition, residue K187 was chosen for mutagenesis,
o test whether this flexible residue may  play a role in substrate
inding by interacting with the 3�-OH group of VD3. Previously, it
as shown that mutation of this residue to an alanine slightly low-

rs the conversion rate of testosterone by CYP109E1 (Jóźwik et al.,
016). However, our results show that considering VD3 hydroxyla-
ion, the mutation of K187 to alanine does not influence CYP109E1
ctivity (Fig. 6). Thus, residue K187 plays no role in VD3 binding by
YP109E1, in accordance with the docking results and with the lack
f substrate binding interactions by the equivalent residue (K180)
n the VD3-bound crystal structure of Vdh.

Mutagenesis of the other four residues (I85, I168, V169 and
241) ultimately yielded an improved regio-selectivity of CYP109E1
owards VD3. It has been found that all mutants, except I241A,
xhibited a higher selectivity towards 25-hydroxylation than the
ild type (Table 2). This enhancement of the regio-selectivity

esulted in an increase of the 25(OH)VD3 production upon
hole-cell conversion of VD3 (Fig. 7). Compared to the wild

ype, approximately a 2-fold increase of the 25(OH)VD3 yield

as achieved with the I85A mutant, 45 mg  l−1 day−1 compared

o 24.5 mg  l−1 day−1. In the literature, the conversion yield of
5(OH)VD3 by the most widely investigated P450 for vitamin D3
ydroxylation, CYP105A1, had been initially very low and was
technology 243 (2017) 38–47

later significantly improved by protein engineering (Sasaki et al.,
1991). The most productive mutant of CYP105A1 (R73A/R84A) is
reported to produce 8.3 mg  l−1 day−1 of 25(OH)VD3 (Hayashi et al.,
2010; Sakaki et al., 2011). Residue I85 of CYP109E1, as mentioned
above, is located in SRS1, in the close vicinity of the heme, and is
one of the most investigated residues in P450s. The correspond-
ing position in different P450s was described to interact with the
P450s ligands and, therefore, to affect the activity and selectiv-
ity of the enzyme (Gricman et al., 2015). The importance of this
position was  observed in case of CYP102A1 as the substitutions of
F87 caused improved selectivity towards propylbenzene and ter-
pene substrates, among others (Gricman et al., 2015; Li et al., 2001;
Seifert et al., 2009). In addition, the substitution of S122 to thre-
onine in CYP1A1 (corresponding position to I85 in CYP109E1 and
F87 in CYP102A1) improved the 7-methoxy- and 7-ethoxyresorufin
O-dealkylase activity (Liu et al., 2004).

Furthermore, our results showed that the substitution of V169
or I241 to alanine residues significantly diminished the conversion
of the 24S(OH)VD3 intermediate into 24S,25(OH)2VD3, as com-
pared to reactions with the wild type enzyme. The functional
importance of V169 and I241 was also previously determined for
testosterone conversion by CYP109E1 (Jóźwik et al., 2016). It was
shown that by substituting either residue to an alanine the activity
of CYP109E1 towards testosterone is completely abolished. There-
fore, we suggest that V169 and I241 of CYP109E1 are substrate
specificity-determining residues.

5. Conclusions

This study describes the identification of a new VD3 hydroxy-
lase from B. megaterium, CYP109E1, with 25- and 24-hydroxylation
activity. The established B. megaterium-based whole-cell system for
the conversion of VD3 has a promising potential for the biotechno-
logical production of the valuable metabolite 25(OH)VD3.

In addition, further investigations on CYP109E1 were performed
in order to increase the production of 25(OH)VD3. Based on docking
studies, site-directed mutagenesis was performed at selected posi-
tions in the active site of the enzyme. We  were able to demonstrate
the importance of selected active site residues for VD3 conver-
sion. A change of the regio-selectivity and substrate specificity was
observed for most of the mutants. A considerable increase of the
production of the valuable metabolite 25(OH)VD3 was achieved
with the I85A mutant. In addition, two novel metabolites of VD3,
24S(OH)VD3 and 24S,25(OH)2VD3, have been identified, whose
potential for further drug development needs to be investigated.
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