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Abstract In the present study, the use of Rhodococcus
erythropolis mutant strain RG9 expressing the cytochrome
P450 BM3 mutant M02 enzyme has been evaluated for
whole-cell biotransformation of a 17-ketosteroid,
norandrostenedione, as a model substrate. Purified P450
BM3 mutant M02 enzyme hydroxylated the steroid with
>95 % regioselectivity to form 16-3-OH norandrostenedione,
as confirmed by NMR analysis. Whole cells of R. erythropolis
RGY expressing P450 BM3 M02 enzyme also converted
norandrostenedione into the 16-p-hydroxylated product,
resulting in the formation of about 0.35 g/L. Whole cells of
strain RGY itself did not convert norandrostenedione, indicat-
ing that metabolite formation is P450 BM3 MO02 enzyme
mediated. This study shows that R. erythropolis is a novel
and interesting host for the heterologous expression of highly
selective and active P450 BM3 M02 enzyme variants able to
perform steroid bioconversions.
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Introduction

The application of biocatalysts in synthetic chemistry has
become indispensable for expanding the organic toolbox for
chemists (Clouthier and Pelletier 2012). Enzymes catalyze
oxidation reactions with high selectivity, which is difficult to
achieve by conventional chemical methods (Hollmann et al.
2011; Ran et al. 2008; Schmid et al. 2001). Cytochrome P450
mono-oxygenases constitute an important group of oxidizing
enzymes that are capable of inserting an oxygen atom in a
highly regio- and or stereoselective manner (Bernhardt 2006;
Julsing et al. 2008). Although human P450s are widely known
for their biotransformation of xenobiotic compounds, their use
at preparative scale is limited because of their low stability and
membrane bound nature (Chefson and Auclair 2006). Over
the past decades, several bacterial P450 mono-oxygenases
have gained importance for biotransformation reactions
(Urlacher et al. 2004). P450 BM3 is a widely studied bacterial
P450 enzyme from Bacillus megaterium, which has one of the
highest P450 activities ever reported. It is a soluble
protein with the catalytic domain fused in a single poly-
peptide with the reductase domain, thereby making the
electron transfer very efficient (Munro et al. 2002;
Whitehouse et al. 2012). Protein engineering by rational,
semi-rational, or directed evolution approaches have been
successfully used in tailoring the P450 BM3 enzymes for
different regio- and stereoselectivities towards a variety
of substrates ranging from linear alkanes, alkenes, fine
chemicals, and drug-like compounds (Whitehouse et al.

@ Springer


http://dx.doi.org/10.1007/s00253-014-6281-7

4714

Appl Microbiol Biotechnol (2015) 99:4713-4721

2012). P450 BM3 mutants capable of selective hydrox-
ylation of steroids have also been reported (Kille et al.
2011; Rea et al. 2012; Venkataraman et al. 2012a).
Engineered P450 BM3 mutants are therefore promising
candidates for biocatalysis.

Biotransformation reactions using either isolated P450
enzymes or whole cells have been widely described
(Urlacher and Girhard 2011). For industrial scale reac-
tions, the use of whole-cell catalysis systems is pre-
ferred because of the availability of the P450 co-factor
under native conditions (Ishige et al. 2005). Escherichia
coli is widely used as the recombinant host for expres-
sion and whole-cell biocatalysis using P450s (Fasan
et al. 2011; Gudiminchi et al. 2012; Schewe et al.
2009; Siriphongphaew et al. 2012; Yim et al. 2010;
Zehentgruber et al. 2010b). Various other micro-
organisms also have been explored as potentially suitable
hosts for whole-cell biocatalysis (Bleif et al. 2012; Donova
and Egorova 2012; Dragan et al. 2005; Kolar et al. 2007,
Petric et al. 2010; Zehentgruber et al. 2010a).

The genus Rhodococcus belongs to the nocardioform
actinomycetes, with many strains acting as catabolic
powerhouses, involved in numerous mineralization pro-
cesses in natural environments (Martinkova et al. 2009;
McLeod et al. 2006). Rhodococcus strains are well
known for their robustness and solvent tolerance, pos-
sess a range of P450 enzymes, naturally metabolize a
wide variety of hydrophobic substrates, including ste-
rols/steroids, and possess active systems for their uptake
into the cell (Mohn et al. 2008; van der Geize and
Dijkhuizen 2004). These combined properties make
rhodococci interesting candidates for whole-cell indus-
trial biotransformation (P450) processes (Hughes et al.
1998; Plaggenborg et al. 2006). However, members of
the Rhodococcus genus have not been targeted yet for
the heterologous expression of bacterial P450 enzymes
for steroid transformations. The use of Rhodococcus
strains as biocatalyst for steroid synthesis also has been
limited by the fact that they are able to completely
degrade steroids (van der Geize and Dijkhuizen 2004).

Detailed targeted gene inactivation studies in
Rhodococcus erythropolis strain SQ1 have led to the
identification of 3-ketosteroid Al-dehydrogenase
(KSTD) and 3-ketosteroid 9x-hydroxylase (KSH) genes
involved in steroid ring degradation pathway (van der
Geize et al. 2002a; van der Geize et al. 2001; van der
Geize et al. 2002b; van der Geize et al. 2000). A triple
gene deletion mutant of R. erythropolis SQ1, strain RG9,
was unable to degrade 4-androstene-3,17-dione due to
inactivation of the kstD, kstD2, and kshAl genes, which
encode key enzymatic steps in steroid ring opening (van
der Geize et al. 2002b). Mutant strain R. erythropolis RG9
therefore was selected by us to examine expression of
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steroid modifying P450 enzymes and to study its whole-
cell biotransformation potential.

In the present study, hydroxylation of norandrostenedione
(NAND) has been characterized in vitro using purified BM3
mutant M02 enzyme and in vivo using whole cells of strain
RGY expressing the BM3 M02 enzyme. P450 BM3 mutant
MO2 has been shown to be very active in the biotransforma-
tion of steroids and other drug-like compounds (Damsten et al.
2008; de Vlieger et al. 2010). The results show that the
R. erythropolis mutant strain RG9 itself does not degrade or
convert NAND but is efficient in whole-cell biotransforma-
tions of NAND when expressing P450 BM3 mutant M02
enzyme activity.

Materials and methods
Materials

All chemicals were of analytical grade and purchased from
Sigma unless otherwise mentioned.

Bacterial strains and growth conditions

R. erythropolis (ATCC4277) strain SQ1 (Quan and Dabbs
1993) and mutant strain RG9 were cultivated at 29 °C and
180 rpm. Mutant strain RG9 (kstD, kstD2, kshA1 mutant) was
previously described (van der Geize et al. 2002a, b). Pre-
cultures of Rhodococcus were grown in LBP medium con-
taining 1 % (wt/vol) Bacto peptone (Difco), 0.5 % (wt/vol)
yeast extract (Difco), and 1 % (wt/vol) NaCl (Taguchi et al.
2004). Whole-cell bioconversions in Rhodococcus were per-
formed in terrific broth (TB) medium supplemented with
chloramphenicol (34 pg/mL).

Expression and purification of BM3 mutant M02 enzyme

The cytochrome P450 BM3 mutant M02 enzyme was pro-
duced using E. coli BL21 DE3 cells transformed with pET28-
MO2 vector and purified using nickel affinity chromatography
as described previously (Damsten et al. 2008).

Determination of dissociation constant and coupling
efficiency

The binding of NAND to P450 BM3 mutant M02 protein was
analyzed by optical titrations using a Shimadzu UV-2501PC
spectrophotometer (Shimadzu Duisburg, Germany) as de-
scribed previously. The coupling efficiency was determined
as the ratio of the total product formed to the amount of
NADPH consumed expressed as percentage (Venkataraman
et al. 2012b).
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Product isolation and NMR analysis

Large-scale incubations were performed with 1 uM of
purified BM3 mutant M02 enzyme, 1 mM of
norandrostenedione in a volume of 25 mL in 100 mM
potassium phosphate buffer (pH 7.4). The reaction was
initiated with a NADPH regenerating system containing
0.2 mM NADPH, 1 mM glucose 6-phosphate, and 0.4 U/
mL of glucose 6-phosphate dehydrogenase. The reaction
was allowed to proceed for 3 h after which the products
were extracted using 2x50 mL dichloromethane. The
organic layers were collected in a round-bottom flask
and evaporated using a rotary evaporator. The dried
residue was dissolved in 1 mL methanol and applied
by manual injection onto a semi-preparative high-perfor-
mance liquid chromatography (HPLC) Luna 5 um CI18
(2) column (250 mmx 10 mm i.d.) from Phenomenex. An
isocratic flow rate of 2 mL/min of eluent containing
60 % methanol/40 % water was used to separate
norandrostenedione and metabolites. Metabolites were
detected using UV detection (254 nm) and collected
manually. Collected fractions were first analyzed for
purity by the HPLC method described below. The sam-
ples were evaporated to dryness under nitrogen stream
and dissolved in 500 puL of methyl alcohol-d4. Structural
identification of the metabolite was performed by 'H-
and 'H-"H-correlation spectroscopy (COSY) NMR ex-
periments. NMR spectra were recorded at room temper-
ature on a Bruker Avance 500 instrument (Fallanden,
Switzerland), equipped with a cryoprobe operating at
500.13 MHz.

Samples were also analyzed by liquid chromatography-
mass spectrometry (LC-MS) using an Agilent 1200
Series Rapid resolution LC system connected to a time-
of-flight (TOF) Agilent 6230 mass spectrometer
equipped with electrospray ionization (ESI) source and
operating in the positive mode. The MS ion source
parameters were set with a capillary voltage at 3500 V.
Nitrogen was used as drying gas (10 L/min) and nebu-
lizing gas (pressure 50 psig) at a constant gas tempera-
ture of 350 °C. MS spectra were acquired using the
Agilent TOF system. Data analysis was performed using
the Agilent MassHunter Qualitative analysis software.

Cloning and heterologous expression of P450 BM3 mutant
MO2 enzyme in R. erythropolis strain RG9

The gene encoding P450 BM3 mutant MO2 of plasmid pT1-
P450BM3MO02 (van Vugt-Lussenburg et al. 2007) was ampli-
fied with forward primer 5'-gcgcgccatggcaattaaagaaatgcectcagec-
3" containing an Ncol restriction site and reverse primer 5'-
ggccgcetcgageccageccacacgtettttgegtatcgg-3' containing an
Xhol restriction site. The 3165-bp PCR product was digested

with Neol/Xhol and ligated into the Ncol/Xhol sites of pTip-
QC1 (Nakashima and Tamura 2004). The resulting construct,
pTip-QC1_P450BM3 MO02, was transformed to R. erythropolis
RGY by electroporation (van der Geize et al. 2000).

In vivo biotransformation of NAND

In vivo biotransformation experiments with R. erythropolis
strain RGY9 were performed (in triplicate) in 250-mL
shaking flasks in 25 mL TB supplemented with chloram-
phenicol (34 pg/mL) at 29 °C and 180 rpm. Expression
of P450 BM3 mutant M02 in strain RG9 was induced in
exponentially growing cultures (ODgoo of 12—15) by the
addition of thiostrepton (1 pg/mL) (Nakashima and
Tamura 2004). NAND (1 g/L) was added immediately
after induction, and bioconversion was followed for 48 h.
Samples (2 mL) were taken at 0, 15, 22, 28, 39, and
48 h after induction. NAND bioconversion experiments
with R. erythropolis wild type were performed (in tripli-
cate) in 250-mL shaking flasks in 25 mL TB at 29 °C
and 180 rpm. NAND (1 g/L) was added in exponentially
growing cultures (ODgpp of 12—15). From the wild-type
cultures, 2-mL samples were taken at 0, 5, 9, and 22 h.
For HPLC analysis, samples were diluted ten times with
80 % methanol/20 % water and filtered (0.2 pm). HPLC
analysis was performed on a Luna 5 um C18 column
(250 mmx4.6 mm i.d.) from Phenomenex using a mobile
phase (0.5 mL/min) consisting of 60 % methanol/40 %
water. Steroid amounts were calculated based on a cali-
bration curve of NAND. Representative samples were
analyzed by the LC-MS method described above.

Results

In vitro biotransformation of NAND by P450 BM3 M02
using purified P450 BM3 M(2

Incubations were performed with NAND and purified
BM3 mutant M02 enzyme followed by identification of
the products formed. The biotransformation of NAND
by purified P450 BM3 mutant M02 resulted in 60 %
conversion of initial substrate concentration (1 mM)
with a total turnover number of 600. LC-MS analysis
showed formation of one major metabolite with m/z
value of 289, indicating that the product is mono-hy-
droxylated. The structure of the metabolite was eluci-
dated by 'H NMR and COSY analysis (Fig. 1). The
signal at 3.97 ppm with a triplet multiplicity pattern was
assigned to H-16. The characteristic fingerprint pattern
at 3.97 ppm indicated that a group containing oxygen is
geminal to H-16 (Kirk et al. 1990). Moreover, both the
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F1 Chemical Shift (ppm)

4.0 3.5 3.0 2.5 2.0 1.5 1.0
F2 Chemical Shift (ppm)

Fig. 1 COSY spectrum of the major metabolite formed during in vitro
biotransformation of NAND by P450 BM3 mutant M02 enzyme. Both H-
15 protons are connected to a single H-16. Moreover, the chemical shift of
3.97 ppm indicates that a group containing oxygen is geminal to H-16

H-15 protons were coupled to a single H-16 (Fig. 1).
The stereoselectivity was assigned based on prior stud-
ies in which P450 BM3 mutant M02 was shown to
hydroxylate steroids exclusively on the beta-face of the
steroid (de Vlieger et al. 2010). Therefore, the major
hydroxylated product of BM3 mutant M02 with NAND
was assigned as 16-3-OH NAND (Fig. 2).

The binding of NAND to the P450 BM3 mutant M02
protein was studied by UV-VIS spectroscopy. Binding
of the substrate resulted in a typical type I protein
spectrum with a peak at 393 nm and trough at
420 nm. This is indicative for displacement of a water
molecule by substrate with a decrease in the low spin
character of the haem iron and increase in the high spin
content (Fig. 3). The dissociation constant Ky was mea-
sured to be 4.2 uM (Fig. S1), indicating that NAND
has high affinity for binding to P450 BM3 mutant M02
protein. The coupling efficiency for the oxidation of
NAND to its product was found to be about 33 %

P450 BM3 M02
.

o]

Norandrostenedione

16B-OH-norandrostenedione

Fig. 2 In vitro biotransformation product of NAND into 16-3-OH
NAND by P450 BM3 mutant M02
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Fig. 3 Substrate-induced spin state shift of P450 BM3 mutant M02
protein. The solid line represents the resting state of the enzyme (ligand
free). The dashed line represents the absolute absorbance spectrum of
BM3 mutant M02 in the presence of NAND (100 uM). Arrows show the
decrease in low spin (420 nm) and an increase in high spin (393 nm) after
addition of substrate

(Table 1). This reflects the fact that the coupling effi-
ciency of wild-type P450 BM3 for natural substrates
(arachidonic acid) is high (100 %), but significantly
lower for non-natural substrates (e.g., steroids) (Li
et al. 2001).

In vivo biotransformation of NAND in R. erythropolis
wild-type and RG9 cells

The wild-type R. erythropolis strain rapidly degraded
NAND (Fig. 4). After 5 h, more than 80 % of the
initial concentration of NAND was degraded. LC-MS

Table1 In vitro characterization of the biotransformation of NAND by

cytochrome P450 BM3 mutant M02

Enzyme NADPH Product Coupling  Dissociation
oxidation® formation®  efficiency  constant (Ky)°

BM3 M02 3554+£21.2 120.4+£8.1 33.8£2.8 4.2+0.8

*Rates of NADPH oxidation were measured over 60 s at 340 nm as
nanomole NADPH consumed/minute/nanomole enzyme. The reaction
contained purified P450 BM3 mutant M02 (200 nM), NADPH
(200 pM), and NAND (200 pM) in methanol (2 %) and potassium
phosphate buffer (100 mM, pH 7.4)

®Rates of product formation were measured over 60 s as nanomole of
total product formed/minute/nanomole enzyme under the same condi-
tions as above. Coupling efficiency is reported in percentage

¢ Dissociation constants (M) were determined by UV-VIS spectroscopy
from two independent experiments using 1 pM enzyme in 100 mM
potassium phosphate buffer, pH 7.4, titrated with a solution of NAND
dissolved in methanol. Type I binding spectrum with a peak at 390 nm
and trough at 420422 nm was observed
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Fig. 4 Bioconversion of NAND by wild-type R. erythropolis. Experi-
ments were performed (in triplicate) in 250-mL shaking flasks in 25 mL
TB at 29 °C and 180 rpm. Legend: solid line, NAND conversion; dotted
lines, biomass measured as optical densities of the cultures with NAND
(squares) and without NAND (#riangles) at 600 nm

analysis of a representative sample showed that NAND
was converted to a mono-hydroxylated product (m/z
289) and a dehydrogenated product (m/z 271) (Fig. 5).
Wild-type R. erythropolis is known to possess 3-
ketosteroid 9a-hydroxylase and 3-ketosteroid dehydro-
genase activity (van der Geize and Dijkhuizen 2004),
and therefore, the degradation products are most likely
9x-OH NAND and 1,4-estradiene-3,17-dione (NANDD).

Fig. 5 Overview of degradation
of NAND by the Rhodococcus
erythropolis wild-type strain and
conversion of NAND to the
desired product by mutant strain
RGY expressing P450 BM3
mutant M02

4-estrene-3,17-dione (NAND)

m/z 273

16B-hydroxy-4-estrene-3,17-dione
(160H-NAND) m/z 289

—_—

After 12 h, almost all the 9a-OH NAND had disap-
peared again, indicating that catabolic enzymes present
in the wild-type strain further degrade this initial
product.

In view of the high product specificity of BM3
mutant M02 towards hydroxylation of NAND observed
in vitro, the applicability of R. erythropolis RG9 as a
suitable host for P450 BM3 mutant M02-mediated ste-
roid biotransformation in vivo was further evaluated.
Control cultures of mutant strain RG9 cells harboring
the null vector pTip-QC1 incubated with NAND were
unable to degrade the steroid (Fig. 6a). No significant
decrease in the NAND peak was seen over an incuba-
tion period of 48 h. Next, we heterologously expressed
P450 BM3 mutant M02 in R. erythropolis strain RG9 to
study selective 16{3-hydroxylation of NAND by whole-
cell biotransformation.

Heterologous expression of P450 BM3 mutant
MO02 at a level of approximately 0.2 uM active P450
was achieved with thiostrepton-induced recombinant
R. erythropolis RG9 cell cultures carrying pTip-QCl1
P450 BM3 mutant M02. P450 BM3 mutant M02 pro-
tein production did not improve when expression was
performed at different growth temperatures, i.e., 18 or
25 °C, or when using additives (&-aminolevulinic acid
(heme precursor), thiamine, iron (III) chloride, and trace
elements) known to stimulate P450 protein expression
in E. coli cells (data not shown).

Wildtype strain

9a-hydroxy-4-estrene-3,17-dione
(9OH-NAND) my/z 289
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Fig. 6 Representative HPLC chromatograms of NAND bioconversions.
a Rhodococcus erythropolis strain RG9 cells without P450 BM3 mutant
MO2 after incubation for 22 h (see Fig. 7). b Strain RG9 cells with
heterologously expressed P450 BM3 mutant M02 after incubation for
22 h (see Fig. 7). ¢ In vitro profile of purified BM3 mutant M02 enzyme

Biotransformation was studied at a NAND concentra-
tion of 1 g/L. R. erythropolis strain RG9 cells carrying
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15.0 17.5 20.0 225 25.0 27.5 min

after incubation for 3 h. Substrate NAND and its major metabolite 16-(3-
hydroxy norandrostenedione (16-3-OH NAND) have retention times of
17 and 7.5 min, respectively. Single asterisk, PA50-BM3 mutant M02
enzyme-mediated metabolite peak; double asterisks, metabolite peak
found in whole-cell reactions

vector pTip-QC1 P450 BM3 mutant M02 converted
NAND into the same mono-hydroxylated product
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(16-3-OH NAND) (Fig. 6b) as observed in in vitro
incubations with purified P450 BM3 mutant M02 pro-
tein (Fig. 6¢). Given that strain RG9 cells containing
the null vector pTip-QCI did not show product forma-
tion (Fig. 6a), 16-3-OH NAND product formation from
NAND is clearly P450 BM3 mutant M02 enzyme
dependent.

Whole-cell bioconversions started with 1 g/LL NAND
and yielded about 0.35 g/L of 16-3-OH NAND within
20 h. With about 1.2 mM product formed, the total
turnover number for 16-3 hydroxylation achieved by
whole-cell bioconversion was tenfold higher (6000)
compared to that observed under in vitro conditions,
thus indicating the efficiency of the whole-cell reaction.
Further conversion was not observed after 22 h (Fig. 7)
and maybe due to the fact that the enzyme had become
inactivated.

Discussion

Bioconversion of NAND with the heterologously
expressed P450 BM3 mutant MO02 enzyme in
R. erythropolis mutant strain RG9, blocked in NAND
degradation, clearly was successful. The whole-cell bio-
conversion yielded 16-3-OH NAND, the same mono-
hydroxylated product as the in vitro biotransformation
of NAND using purified P450 BM3 MO02 enzyme.
Whole-cell bioconversions with 1 g/ NAND yielded
about 0.35 g/L of 16-3-OH NAND; formation of 16-3-
OH NAND thus was not stoichiometric with substrate

1.2 20

16

o
D
(wu 009) ssewoiq

steroid concentration (g/I)
(=}
()]

0 a- & A & & A 0

time (h)

Fig. 7 Bioconversion of NAND by R. erythropolis RG9 expressing
BM3 mutant M02 protein (circles) and R. erythropolis RG9 containing
the null vector pTip-QC1 (triangles). Experiments were performed (in
triplicate) in 250-mL shaking flasks in 25 mL TB supplemented with
chloramphenicol (34 pg/mL) at 29 °C and 180 rpm. Legend: solid lines,
NAND conversion; dashed lines, steroid product formation; dotted lines,
biomass measured as optical densities of the cultures at 600 nm

disappearance. This may be due to the degradation of the
product by residual ketosteroid dehydrogenase and/or
hydroxylase activity. The structure of the steroid scaffold
may also play a significant role in inducing synthesis of
other catabolic enzymes in R. erythropolis. Strain RG9 is
unable to degrade androstenedione, but completely de-
graded its P450 BM3-dependent product, 16-3-OH-
androstenedione (Rostoniec 2010). This 16-3-OH-AD
degradation was possibly due to other catabolic enzymes
that are still present in this host, e.g., 3-ketosteroid Al-
dehydrogenase KSTD3 and 3-ketosteroid 9oc-hydroxylase
KshA2 (Knol et al. 2008; van der Geize et al. 2008).
Apparently, 16-3-OH-AD is able to induce such addi-
tional catabolic enzymes in strain RG9; most likely also
163-OH NAND acts as an inducer but to a lesser extent.
Alternatively, quantification of product was based on the
parent steroid calibration curve which may have resulted
in inaccurate estimation of the product concentration.

Achieving a higher expression level of P450 enzymes
in Rhodococcus mutant strains completely blocked in
product degradation may improve the total yield of
steroid products. The P450 BM3 mutant M02 enzyme
expressed in R. erythropolis mutant strain RG9 achieved
excellent steroid turnover numbers already. E. coli is
commonly used as a host for biocatalysis as it lacks
endogenous P450 enzymes and therefore provides a
clean system. However, substrate uptake is also an
important factor for the selection of a host organism
in whole-cell biocatalysis. In E. coli, the uptake of
hydrophobic substrates, like steroids, is relatively ineffi-
cient (Urlacher and Girhard 2011). Rhodococcus strains
on the other hand are highly efficient in steroid sub-
strate uptake due to a (more) accessible cell wall and
the presence of active transporters (Mohn et al. 2008).
Relatively high concentrations of hydrophobic substrates
therefore can be used in whole-cell catalysis with
Rhodococcus strains as host organisms.

In conclusion, the potential use of R. erythropolis strain
RGY expressing the P450 BM3 mutant M02 enzyme has
been evaluated for whole-cell biocatalysis using a 17-
ketosteroid as model compound: norandrostenedione. To
our knowledge, the current study is the first report about
whole-cell biotransformation of a heterologously
expressed P450 BM3 enzyme in Rhodococcus. The com-
bination of this P450 BM3 mutant enzyme with a genet-
ically engineered Rhodococcus strain blocked at the level
of steroid ring degradation provides a promising option
for biocatalysis to further expand the range of possible
steroid products formed.
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