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Abstract

Background: Human mitochondrial CYP11B1 catalyzes a one-step regio- and stereoselective 113-hydroxylation of
11-deoxycortisol yielding cortisol which constitutes not only the major human stress hormone but also represents a
commercially relevant therapeutic drug due to its anti-inflammatory and immunosuppressive properties. Moreover,
it is an important intermediate in the industrial production of synthetic pharmaceutical glucocorticoids. CYP118B1
thus offers a great potential for biotechnological application in large-scale synthesis of cortisol. Because of its nature
as external monooxygenase, CYP11B1-dependent steroid hydroxylation requires reducing equivalents which are
provided from NADPH via a redox chain, consisting of adrenodoxin reductase (AdR) and adrenodoxin (Adx).

Results: We established an Escherichia coli based whole-cell system for selective cortisol production from 11-
deoxycortisol by recombinant co-expression of the demanded 3 proteins. For the subsequent optimization of the
whole-cell activity 3 different approaches were pursued: Firstly, CYPT11B1 expression was enhanced 3.3-fold to

257 nmol*L~" by site-directed mutagenesis of position 23 from glycine to arginine, which was accompanied by a
2.6-fold increase in cortisol yield. Secondly, the electron transfer chain was engineered in a quantitative manner by
introducing additional copies of the Adx cDNA in order to enhance Adx expression on transcriptional level. In the
presence of 2 and 3 copies the initial linear conversion rate was greatly accelerated and the final product concentration
was improved 14-fold. Thirdly, we developed a screening system for directed evolution of CYP11B1 towards higher
hydroxylation activity. A culture down-scale to microtiter plates was performed and a robot-assisted, fluorescence-
based conversion assay was applied for the selection of more efficient mutants from a random library.

Conclusions: Under optimized conditions a maximum productivity of 0.84 g cortisol*L™"*d ™" was achieved, which
clearly shows the potential of the developed system for application in the pharmaceutical industry.
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Background

Cortisol, the major human glucocorticoid, plays a crucial
role in the physiological adaption to stress, the regula-
tion of energy mobilization and immune response [1].
Its anti-inflammatory and immunosuppressive effects
render it a powerful agent for the abatement of classical
inflammatory symptoms like pain or swelling that occur in
the course of acute and chronic inflammatory or auto-
immune diseases. Moreover, cortisol serves as an inter-
mediate in the production of synthetic glucocorticoids,
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which can exhibit even greater glucocorticoid effects
but less mineralocorticoid side effects. Prednisolone,
for example, is derived from cortisol by a microbial 1,2-
dehydrogenation [2]. The hydroxyl group in position
11B of the cortisol molecule and its synthetic deriva-
tives is the key functionalization that provides its gluco-
corticoid effects. It is the same functionalization that is
the most difficult one to be introduced chemically or
microbially in the preparative synthesis of cortisol. In
current industrial production it is carried out as the
final step of a hemi synthesis by microbial transform-
ation of 11-deoxycortisol with fungal cultures of the
genus Curvularia in a scale of about 100 tons per year
[3] by taking advantage of the organism’s endogenous
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steroid 11B-hydroxylase activity [4]. However, this
process suffers from poor selectivity. Purification and
characterization of the responsible enzyme revealed
low regioselectivity as 11B-hydroxylation of the sub-
strate is accompanied by 14a-hydroxylation [5,6]. Con-
secutively, it is of great interest to develop alternative
biocatalysts for a more selective and efficient introduction
of the 11B-hydroxyl group into synthetic glucocorticoids.

In the human adrenal cortex, which represents the
principal tissue for the biosynthesis and secretion of
gluco- and mineralocorticoids, cortisol is formed select-
ively from 11-deoxycortisol by the 11B-hydroxylase
CYP11B1 (human steroid 11B-hydroxylase) (Figure 1)
[7-10]. Hence, in the context of cortisol production
CYP11B1 also constitutes an attractive candidate for a
biotechnological application.

CYP11B1 belongs to the evolutionary highly conserved
superfamily of cytochromes P450 (P450). P450s catalyze
versatile biotransformations of a wide range of substrates
in all domains of life. It is mainly their capability to acti-
vate molecular oxygen and to incorporate one oxygen
atom into a substrate molecule leading to a regio- and
stereoselective hydroxylation that vests them a tremen-
dous biotechnological potential in the synthesis of phar-
maceuticals and fine chemicals [11-14]. Due to their
nature as external monooxygenases, P450s require an
external electron donor, which is in general NAD(P)H,
and an electron delivering system composed of one or
more additional proteins [15]. In case of CYP11Bl,
which represents a mitochondrial P450, the respective
electron transfer chain is constituted of AdR, an NADPH-
dependent flavoprotein, and Adx, a [2Fe-2S]-cluster
protein that interacts with the P450. Such complexity of
P450 systems along with the necessity of a costly cofactor
is so far one of the determining factors that restrict the
employment of P450 catalysts in a larger scale. The most
promising approach to overcome these limitations is the
employment of whole-cell systems that offer cofactors
from their metabolism and a cellular environment for the
support of protein stability and do not require time-
consuming purification steps [12,16]. The current state of
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molecular biology and recombinant protein expression
enables the exploitation of different microbial hosts for
application of biotechnologically interesting enzymes.
CYP11B1 could already be applied in engineered yeast
strains (Saccharomyces cerevisiae and Schizosaccharo-
myces pombe) that convert 11-deoxycortisol to cortisol
[17-19] or even accept simple carbon sources as substrate
when additional sterol providing and modifying genes are
engineered and introduced [20]. However, optimization of
these systems towards a relevant scale is a great challenge.
Our laboratory previously reported the first expression of
CYP11BI in a bacterial host (Escherichia coli, E. coli) for
purification and enzymatic characterization [21]. Subse-
quently, we decided to use this fast-growing and genetically
amenable microorganism, which does not possess any en-
dogenous, by-product generating P450s, and established
the first bacterial whole-cell system for application of
CYP11B1 in cortisol preparative scale biosynthesis. The
entire redox chain consisting of AdR, Adx and the P450
was introduced into E.coli. For optimization, CYP11B1
expression was enhanced by site-directed mutagenesis, the
co-expression of Adx was quantitatively adjusted on tran-
scriptional level and CYP11B1 was engineered by molecular
evolution towards higher activity.

Results

Establishment of a CYP11B1 based whole-cell system for
cortisol synthesis in E. coli

In order to employ human CYP11B1 for steroid hydrox-
ylation in E. coli, we created the plasmid Twin_11B1
which is based on the pET-17b vector and carries the
¢DNAs of human CYP11B1 including the modifications
described in the Material and methods section, bovine
AdR and bovine Adx in a tricistronic transcription unit
separated by ribosomal binding sites. This enables the
reconstitution of a functional P450 system in the host
organism. The E. coli strain C43(DE3), which has previ-
ously been reported as advantageous for the synthesis of
membrane proteins [22], was co-transformed with the
new plasmid and the chaperone encoding plasmid
pGrol2 [23]. Chaperone synthesis supports the proper
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Figure 1 Scheme of the CYP11B1-catalyzed 11f-hydroxylation of 11-deoxycortisol yielding cortisol. Electrons are transferred from NADPH
via AdR and Adx to CYP11B1, which activates molecular oxygen and incorporates one oxygen atom into the steroid substrate by means of a
hydroxylation in a regio- and stereoselective manner, while the other oxygen is reduced to water.
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folding of membrane proteins in the prokaryotic host
[21,24-26]. Protein production was carried out in a com-
plex medium and could be confirmed by Western Blot
analysis with primary antibodies raised against CYP11B1,
AdR and Adx, respectively.

Subsequent transformation of 11-deoxycortisol was con-
ducted with non-growing cells in buffer supplemented
with glycerol as carbon source to ensure a sufficient avail-
ability and regeneration of NADPH for the P450 reaction
[27]. Thereby, a fixed cell density of 25 gu.w/L was
adjusted in all experiments. HPLC analysis of extracts
from the resting cells demonstrates a selective CYP11B1
dependent 11p-hydroxylation of 11-deoxycortisol yielding
cortisol (Figure 2). Steroids were identified via their reten-
tion times in comparison with standards from commercial
sources.

As the solubilty of steroidal compounds can be a limit-
ing factor for their bioconversion [12], we subsequently
evaluated the effect of different dissolving agents for the
addition of 11-deoxycortisol on the activity of the new
whole-cell system. Each agent was added to a final con-
centration of 6% (vol/vol). While the employment of
ethanol lead to the lowest cortisol yield and cyclodex-
trines and a 1:1 mixture of EtOH and PEG-400 slightly
improved the final yield, the best results were obtained
with DMSO, which was consecutively used for substrate
supply in all subsequent experiments.

Optimization of CYP11B1 expression
In order to improve the CYP11BI1 expression in E. coli
and thus the activity of the recombinant system, we
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Figure 2 HPLC chromatogram of the CYP11B1 dependent
conversion of 11-deoxycortisol to cortisol by recombinant E.
coli. Chromatograms were obtained from extracted samples of E.
coli cultures after 0 h (dotted line) and 24 h (solid line) of incubation
after transfer into potassium phosphate buffer and addition of

1.2 mM substrate. Substance peaks obtained with an acetonitrile/
water gradient represent cortisol with a retention time of 9.0 min
and 11-deoxycortisol with a retention time of 14.3 min.
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performed site-directed mutagenesis in position 23 of
the E. coli adapted sequence. Glycine, which corresponds
to the published wildtype amino acid in that position
[28,29], was replaced by the hydrophilic amino acid ar-
ginine. An analogous replacement from glycine to argin-
ine, which was introduced into human CYPI9 when
performing N-terminal replacements with related se-
quences from other P450s by Kagawa et al. [30], was re-
ported to significantly enhance the expression in E. coli.
The corresponding residue in human CYP11B1 was
identified by primary sequence alignment. The expres-
sion level of the 2 CYP11B1 variants was estimated by
CO-difference spectroscopy (Figure 3). The introduction
of the arginine residue could succesfully enhance
CYP11BI level from 79 to 257 nmol*L™" and no signifi-
cant reduction over the conversion period could be
observed.

Cortisol formation by both enzyme variants in the
whole-cell system was monitored in a time-dependent
manner. In general, the system exhibited a linear volu-
metric productivity in an initial phase of at least 12 h.
Afterwards the velocity of cortisol formation decreased
and a final product concentration was reached after
30 h. The deployment of CYP11B1 G23R for the whole-
cell conversion of 11-deoxycortisol increased the final
cortisol yield after 30 h by a factor of 2.6 compared with
the G23 variant from 239 to 631 mg+L ™" (Figure 4). The
initial linear productivity was enhanced in the same
range from 11 to 27 mg*L’l*hfl. Therefore, CYP11B1
G23R is applied for all further experiments and will be
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Figure 3 Expression level of CYP11B1 enzyme variants carrying
either glycine (G23) or arginine (G23R) in position 23. Recombinant
E. coli cultures expressing either wild type or mutant were harvested
after the expression period (white bars) or at the end of substrate
conversion (grey bars) under the conditions described in Material
and methods. P450 concentration was determined by CO-difference
spectroscopy with the supernatant of the cell lysate after
ultracentrifugation. Values represent the mean of three experiments

with the respective standard deviation.




Schiffer et al. Microbial Cell Factories (2015) 14:25

Page 4 of 12

1000
900 _e— G23R
800
700
600
500
400
3004
200
100

]

Cortisol [mg/L]

0 4 8 1I2 1I6 2I0 2I4 218 312
Time [h]
Figure 4 Comparison of the whole-cell cortisol formation by
CYP11B1 enzyme variants carrying either glycine (G23) or
arginine (G23R) in position 23 in recombinant E. coli. Reactions
were performed after a 21-h expression period in TB medium with
resting cells in the presence of 6% DMSO and 3 mM 11-deoxycortisol.
Extracted steroids were analyzed by RP-HPLC. Values represent the
mean of three conversion experiments conducted in parallel with
respective standard deviation.

termed Pal (Parent generation 1) in the following mo-
lecular evolution studies.

Influence of Adx copy number
As electron supply frequently constitutes the limiting
step in the efficiency of P450 systems [31-33], our next
approach for improving the whole-cell activity of
CYP11B1 was an increase of the amount of Adx in the
system, in order to enhance electron transfer to
CYP11B1. For that, we constructed variants of the ex-
pression plasmid Twin_11B1 with up to 4 copies of the
Adx cDNA by successively integrating additional copies
including a 5'-ribosomal binding site at the end of the
trancription unit according to Blachinsky et al. [34]. The
relative increase of Adx expression was estimated by
Western Blot (Figure 5) and evaluation of the Adx signal
with an imaging software. With the introduction of a
second cDNA copy Adx expression was increased ap-
proximately 2.4-fold and a maximum of Adx expression
(3.3-fold increase) was reached with the insertion of a
third copy which could not be further augmented by a
fourth copy. No influence on CYP11BI expression was ob-
served by CO-difference spectroscopy, when 2 or 3 copies
of Adx were present on the expression vector. With the
insertion of a fourth Adx copy, the CYP11B1 titer was,
however, reduced by 50% to approximately 120 nmol*L™
and the construct was thus not further investigated.
Subsequent whole-cell conversions conducted with 2
and 3 Adx copies increased the final product concentra-
tion from 631 mg+L ™" for the initial system with 1 Adx
to 877 and 828 mg+L™', respectively (Figure 6).
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Figure 5 Western blot analysis of Adx expression by recombinant
E. coli cells. Lane T shows purified bovine Adxs_igg (~11,8 kDa). lane 2
shows a pre-stained protein marker with molecular weights indicated
on the left of the picture. Lanes 3 to 6 represent the lysate of £ coli cells
expressing the CYP11B1 redox system from variants of the Twin_11B1
plasmid carrying 1 to 4 copies of bovine Adx;_;pg (~12,0 kDa).
Adx detection was carried out with polyclonal antibodies and a
peroxidase-based color reaction. The relative expression level of
Adx was determined by measuring the band intensity with the
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Image Lab software.

Although both plasmids enabled a comparable final
yield, the presence of 2 Adx copies also greatly enhanced
the initial productivity over the first 12 h from 27 to
52 mg+L '«h™!, while a third copy diminished this rate
again to 37 mg*L "*h™! but exhibited a longer phase of
linearity in time-dependent product formation leading to
a comparable final yield.

Development of a screening system for CYP11B1 activity
For further improvement of the CYP11B1 activity using
molecular evolution, we adapted the biotransformation
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Figure 6 Comparison of the cortisol formation by recombinant
E. coli transformed with different versions of the P450 system
encoding plasmid Twin_11B1 with 1 (circles), 2 (squares) or 3
(triangles) copies of the Adx cDNA. Reactions were performed after
a 21-h expression period in TB medium with resting cells in the presence
of 6% DMSO and 3 mM 11-deoxycortisol. Extracted steroids were
analyzed by RP-HPLC. Values represent the mean of three conversion
experiments conducted in parallel with respective standard deviation.
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with the E. coli whole-cell system and its subsequent
evaluation to a microtiter plate format which enables a
high and robot-assisted throughput. Culture size was
scaled down to 1 mL and substrate conversion was car-
ried out in TB medium with inoculation, induction of
protein expression and addition of the substrate 11-
deoxycortisol at the same time in order to reduce work-
ing steps to a minimum. For evaluation of enzyme activity,
we employed a fluorescence assay, which makes use of the
fluorescence developed by steroids with an intensity in de-
pendence on the substitution of the steran scaffold
[35-37]. As cortisol exposes a higher fluorescence than 11-
deoxycortisol due to the additional hydroxyl group that is
introduced in position 11(, enzyme variants with an in-
creased hydroxylation activity can easily be selected. In
order to ensure optimal conditions for the detection of
mutants with improved activity, conversion with the par-
ental enzyme variant Pal (CYP11B1 G23R) was tested
with different substrate concentrations and the fluores-
cence was determined after 48 h of incubation in compari-
son with control cultures that were incubated with the
respective 11-deoxycortisol concentration but without in-
duction of protein expression. A clear difference between
unspecific and steroid specific fluorescence could be
observed as well as a significant increase of the relative
fluorescence by a factor of more than 3 upon induction
of protein expression, which proofs the presence of an
active P450 system and thus the applicability of the sys-
tem for monitoring 11-deoxycortisol conversion to cor-
tisol (Figure 7).
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Figure 7 Relative fluorescence developed by recombinant E.
coli cultures after incubation with different 11-deoxycortisol
concentrations. Cells were transformed with Twin_11B1 and
pGro12 and incubated with 11-deoxycortisol for 48 h in TB medium
containing 1 mM &-Ala (white bars) that has been additionally
supplemented with 1 mM IPTG and 4 mg/mL arabinose for induction
(grey bars). Steroid specific fluorescence was generated by the
described assay and measured in relative units (R.F.U.) at Aey

485 nm and A, 535 nm. Values represent the mean of triplicates
with standard deviations.
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Higher substrate concentrations result in an increased
activity, which is displayed by an increased fluorescence
signal and which was confirmed by HPLC analysis. Ste-
roids were identified by their retention time and relative
quantification depicted 20.2 +2.9% conversion of 11-
deoxycortisol to cortisol at a concentration of 400 pM,
which was subsequently chosen for the selection of ac-
tivity improved mutants.

Generation and screening of a CYP11B1 mutant library

A random CYP11B1 mutant library was created by
epPCR applying the sequence of CYP11B1 Pal as a tem-
plate. The emerged sequence variants were cloned into
the Twin plasmid and C43(DE3) E. coli cells were co-
transformed with the mutant Twin_11B1 plasmid library
as well as pGrol2 and were spread on agar plates. Se-
quencing of 10 randomly picked clones revealed a muta-
tional frequency of 2.83 base exchanges per kilobase.
Approximately 1000 clones were screened with the
fluorescence assay for enhanced hydroxylation activity
towards 11-deoxycortisol. From these, 53 clones, which
exhibited an at least 1.5-fold higher fluorescence signal
than the CYP11B1 Pal control incubated on the same
plate, were re-screened in triplicates. For 3 mutants,
which still showed an average increase of the fluores-
cence signal by more than the 1.5-fold, an activity in-
crease between the 1.7- and 2.4-fold under screening
conditions could be confirmed by HPLC. Sequencing
identified the amino acid replacements H171L, Q166R/
L271M and S168R/M2861/Q315E, respectively, for the
selected clones. For the identification of the residues
which cause the increased activity in case of the double
and triple mutant all observed exchanges were intro-
duced separately into CYP11B1 Pal by site-directed mu-
tagenesis and analyzed for their whole-cell activity in
microtiter plates using HPLC. Their activities regarding
cortisol formation in comparison with the CYP11B1 Pal
enzyme are shown in Figure 8.

The amino acid exchange Q166R, which occurred in the
double mutant Q166R/L271M, reduced the CYP11B1 ac-
tivity to about 50% when introduced individually. The re-
moval of this unfavorable exchange leading to the single
mutant L271M increased activity of CYP11B1 Pal ap-
proximately 3.4-fold. Two of the exchanges of the triple
mutant, S168R and Q315E, did not show any or only a
slightly beneficial effect on product formation, while the
third exchange, M2861, alone enhanced product formation
by a factor of 2.7 compared with CYP11B1 Pal, which
represents an additional slight increase compared with the
parental triple mutant. The best mutant, L271M, was
chosen for subsequent experiments. No significant differ-
ences in expression level in the microtiter plate were ob-
served between CYP11B1 Pal and L271M, which were
synthesized with 57 and 69 nmol+L ™", respectively. This
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Figure 8 Relative cortisol formation of CYP11B1 enzyme
variants in microtiter plates evaluated by HPLC. Mutants H171L,
Q166R/L271M and S168R/M2861/Q315E were selected in the
fluorescence based screening of a random mutant library. All other
mutants were created by site-directed mutagenesis. Conversion took
place for 48 h as described under Material and methods with 400 pM
11-deoxycortisol and cortisol formation was evaluated by HPLC and is
presented in a relative manner as mean of triplicates with respective
standard deviation. Product formation of CYP11B1 Pal was assigned as 1.

excludes enzyme stability as underlying cause for the en-
hanced product yield.

Large-scale cortisol production by the selected CYP11B1
mutant

In order to verify the reliability of the microtiter plate
screening for activities in larger scale, mutant L271M
was analyzed for its time-dependent capacity of cortisol
formation with resting cells in shaking flasks as de-
scribed in Material and methods. As expected, the mu-
tant turned out to be more productive than its parent
CYP11B1 Pal and its application enabled an increase of
the final product concentration from 631 to 777 mg+L ™"
(Figure 9). The expression level of L271M in shaking
flasks was ascertained as approximately 240 nmol+L ™
and is thus comparable to the expression level of
CYP11B1 Pal. Moreover, we combined the mutant in a
plasmid with 3 Adx copies, as this number maximized
Adx synthesis in the preceding experiments. This com-
bination revealed an additive effect during the initial
phase of the reaction and the productivity of L271M
over the first 12 h was stimulated by the enhanced Adx
availability in a dimension comparable to the effect of 3
Adx copies on CYP11B1 Pal, leading from 38 to
48 mg+L"xh™! (Figure 9).

Discussion

CYP11B1, which synthesizes cortisol from 11-deoxycortisol
in the human adrenal cortex, also exposes a great potential
as biocatalyst in the industrial synthesis of cortisol, a
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Figure 9 Time-dependent whole-cell cortisol formation by the
parental CYP11B1 enzyme (Pa1) and the selected mutant
L271M in shaking flasks. Pa1 (black circles) was expressed from
the Twin_11B1 plasmid carrying 1 Adx copy, while L271M was
expressed from plasmids with either 1 Adx (grey cirlces) or 3 Adx
(grey triangles) copies. Reactions were performed after a 21-h expression
period in TB medium with resting cells in presence of 6% DMSO and

3 mM 11-deoxycortisol. Extracted steroids were analyzed by RP-HPLC.
Values represent the mean of three conversion experiments conducted
in parallel with respective standard deviation.

Cortisol [mg/L]

pharmaceutically and thus commercially important steroid
due to its anti-inflammatory and immunosuppressive ef-
fects. In this work, the successful reconstitution of a
CYP11B1 system in a recombinant E. coli whole-cell biocat-
alyst, which is capable of forming cortisol from 11-
deoxycortisol by 11p-hydroxylation, is presented. Because
of the selectivity of 11-deoxycortisol hydroxylation by
CYP11B1 in combination with a high volumetric productiv-
ity and the absence of side-product formation by E. coli, the
developed system provides distinct advantages over other
bioprocesses that have been established for cortisol produc-
tion. Current industrial synthesis from 11-deoxycortisol by
means of an 11B-hydroxylation via biotransformation by
the fungus C. lunata [4] is accompanied by side-product
formation [6], while alternative systems in recombinant
yeast suffer from poor efficiencies [17-20]. Figure 10
compares the volumetric productivities [mg+L '+d™!]
of publically accessible systems for cortisol production
by CYP11B1 dependent biotransformation. Our new E.
coli based system, which enabled a maximum volumet-
ric productivity of 843 mg+L™'+d ™", exhibits a product-
ivity which is nearly one order of magnitude higher
than the best value published. In order to realize this,
strategies have been developed to successfully target
factors which frequently limit the application of P450s
in industrial biocatalysis.

Recent studies hint at a favorable effect of N-terminal
replacements of hydrophobic amino acids by positively
charged ones for the expression and stability of
eukaryotic P450s in E. coli [30,38]. The introduction of a
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Figure 10 Comparison of the volumetric productivities of
publically available CYP11B1 dependent whole-cell biocatalysts
for cortisol production. The respective publications as well as the
host organisms and the substrates are indicated.

hydrophilic amino acid near the N-terminus of CYP11B1
by site-directed mutagenesis of position 23 from glycine
to arginine greatly enhanced the expression level, while
maintaining catalytic activity, and thus improved initial
productivity as well as the final product yield by a factor
of 2.6.

After successfully increasing CYP11B1 expression, our
second aim was an optimization of the electron flux
from cellular NADPH towards CYP11B1 by engineering
the redox chain which is reconstituted in E. coli by co-
expressing AdR and Adx with the P450 from a tricistro-
nic plasmid. Especially the electron transfer from Adx to
the P450 is known to be an activity limiting step in P450
catalysis, which can be at least partially rescued by trun-
cation and mutagenesis of Adx [31,32] or by increasing
the Adx availability in the system which could already be
demonstrated for CYP11B1 in in-vitro experiments with
purified enzymes [21,39], as well as in recombinant cell
cultures [40] and yeast [19]. In-vitro studies proof a de-
pendency of CYP11B1 activity on Adx concentration fol-
lowing the Michealis-Menten equation at a stable AdR
concentration [21] and describe that upon excess of Adx
the maximum CYP11B1 hydroxylation activity is already
achieved at molar ratios of AAR/CYP11B1 lower than 1
[41-43]. Additionally, investigations of a class I P450
system reconstituted in E. coli show a ratio for P450:
ferredoxin:reductase of 1:6:1 under expression conditions
optimized for substrate hydroxylation with CYP105A1
[44]. Therefore, we decided to engineer the ratio of
CYP11BI to Adx expression and introduced additional
copies of the Adx cDNA into the polycistronic expression
unit in order to enhance Adx expression on transcrip-
tional level and to reduce the rate-limiting factor of Adx
availability in the E. coli biocatalyst. The approach suc-
ceeded to improve the productivity to a maximum
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possible within the polycistronic transcriptional strategy.
Initial productivity was greatly accelerated and the final
product concentration was increased by a factor of 1.4 at
the maximum Adx level. This indicates that the limita-
tions of the whole-cell activity caused by a reduced Adx
availability were successfully overcome by the presented
approach. Moreover, the high Adx concentration might
have a general positive effect on the viability of the whole-
cells as the [2Fe-2S]-cluster can function as a scavenger by
trapping reactive oxygen species [45] which can be formed
in the course of the P450 catalytic cycle [11].

In a parallel approach for the optimization of the whole-
cell activity, new CYP11B1 variants with an increased ac-
tivity of cortisol formation from 11-deoxycortisol were
generated. Directed evolution, which consists of one or
several cycles of enzyme mutagenesis, screening for the
desired enzyme properties and selection of favorable mu-
tants, represents a classical tool for such kind of enzyme
engineering towards improved catalytic efficiencies, re-
duced uncoupling, altered selectivity or substrate specifi-
city [46]. However, the crucial step in the establishment of
a system for directed evolution is the development of a
screening assay which enables a sensitive and accurate se-
lection of the desired enzyme features with a high
throughput. In order to meet these criteria, we performed
a down-scale of the steroid-converting E. coli system to
microtiter plates and employed a fluorescence based activ-
ity assay [35] in a robot-assisted manner. This assay has
already been successfully applied for the improvement of
the catalytic activity of CYP106A2 from Bacillus megater-
ium towards its steroidal substrates 11-deoxycortisol and
progesterone [37,47]. It is premised on the fluorescence
developed by steroids in an acidic, hygroscopic environ-
ment whose intensity can vary between substrate and
product of a hydroxylation reaction. This is true for the
transformation of 11-deoxycortisol to cortisol in the pre-
sented E. coli system with increasing fluorescence intensity
upon formation of cortisol which proofs the applicability
of the assay for the detection of activity enhanced mutants.
Because of the little information about structure-activity
relation of adrenocortical P450s in the literature, we con-
ducted a random PCR mutagenesis of the entire CYP11B1
gene and examined the arising mutant library with the
fluorescence screening test. We were able to select 3 mu-
tants, H171L, Q166R/L271M and S168R/M2861/Q315E,
that exhibited an approximately 2-fold increased activity
in the microtiter scale and retained selectivity as shown by
HPLC measurements. The activity improvements mea-
sured via fluorescence screening in the microtiter plates
were supported by HPLC analysis underlining reliability of
the screening procedure. The predicted localizations of
mutated residues are summarized in Table 1.

The subsequent individual analysis of amino acid ex-
changes from the double and triple mutant revealed
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Table 1 Localization of amino acid exchanges of CYP11B1
mutants with increased activity

Amino acid exchange Localization

H171L E'-helix, protein surface
Q166R E*-helix, protein surface
L271M H-helix, protein surface
S168R E'-helix, protein surface
M286l I-helix

Q315E J-helix, protein surface

Localization of the respective residues discovered during the screening of a
random CYP11B1 library for mutants with increased 11B-hydroxylation activity
towards 11-deoxycortisol was deduced from the latest homology model of
CYP11B1 [25].

activity impairing effects of mutations that introduce a
positive charge into the E’-helix (S168R, Q166R), while
the elimination of a potentially positively charged resi-
due (H171L) increases the CYP11B1 activity. The re-
moval of the unfavorable mutations further enhanced
cortisol formation up to 3.4-fold compared with Pal,
when using L271M or M2861. L271M, a conservative ex-
change which is predicted to be localized in the H-helix
on the protein surface (Figure 11), was identified as the
exchange that contributes most efficiently to CYP11B1
activity. As the H-helix represents the link between the
I-helix which traverses the active site and the mobile
F/G-loop, which is involved in substrate access to the
active site [48], the slight alteration in the residue’s
physicochemical properties might positively influence
the flexibility of CYP11B1. M286I, the second activity
increasing amino acid replacement, resides in the I-
helix (Figure 11). It is not part of the active site pocket
but can be assumed to strengthen structural integrity

M286I

Figure 11 Localization of amino acid exchanges of CYP11B1
that increase hydroxylation activity towards 11-deoxycortisol.
L271M is located on the protein surface in the H-helix, while M286I
resides in the I-helix. Helices are labeled with their eponymous letter.
The structure represents the latest homology model [25] and figures
were created with PyMOL Builds. Mutated amino acids and the
heme are highlighted in black.

L271M  ©
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of this core element. Q315E leads to the introduction
of a charged group in the J-helix on the protein surface
and does not have significant impact on the CYP11B1
activity which identifies M286I as determining muta-
tion for the selection of the triple mutant. An upscale
of the system from microtiter plates to shaking flasks
using the most efficient mutant, L271M, could suc-
cessfully reproduce the improvement of the whole-cell
activity and enhanced the initial productivity as well as
the final product concentration in comparison to
CYP11B1 Pal. The proposed screening procedure can
thus be regarded as reliable for the optimization of
large-scale processes by laboratory evolution. The mu-
tagenesis approach can be combined with the strategy
of engineering the redox partner co-expression leading
to additive effects (Figure 9). However, the activity of
all systems flattens after approximately 24 h and can-
not be rescued with the approaches presented in this
work. This points at the necessity of further optimization
on the levels of process and strain engineering.

Conclusions

Taken together, we report the establishment of an E. coli
based biocatalyst for cortisol production by a heterol-
ogous CYP11B1 system, which enables a maximum
productivity of 0.84 g+L™'*d™' under simple shaking
flask conditions and thus clearly meets efficiency re-
quirements for potential application in the pharmaceutical
industry [49,50]. In total, our optimization approaches
could increase the cortisol yield by a factor of 3.7. The pre-
sented strategy to overcome activity limits due to low pro-
tein ratios of Adx to CYP11B1 can be transferred to other
biotechnologically interesting P450 redox chains in whole-
cell application as Adx represents an efficient electron
transfer partner not only for mitochondrial but also for
microsomal and bacterial P450s [31,51]. The successful es-
tablishment of an accurate and fast screening system for
CYP11B1 activity in combination with new structure-
activity insights from the first mutant generation can be
used for further directed evolution of the enzyme [52].
The system might additionally be applicable for the
screening of CYP11B1 inhibitors, which can be important
drugs for the treatment of for example Cushing’s syn-
drome [53].

Material and methods

Chemicals and enzymes

All chemicals and reagents were purchased from stand-
ard sources in the highest purity available. Restriction
enzymes were obtained from New England Biolabs
(Ispwich, MA, USA), Pfu polymerase from Promega
(Madison, WI, USA), and FastLink Ligase from Epi-
centre Biotechnologies (Chicago, IL, USA).
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Bacterial strains and cultivation

Plasmid construction was performed with E. coli
TOP10F (F-mcrA (mrrhsdRMS-mcrBC) f80lacZDM15
DlacX74 deoR recAl araD139 (ara-leu)7697 galll galK
rpsL (StrR) endA1 nupG). All experiments involving pro-
tein expression and steroid conversion were conducted
with E. coli C43(DE3) (F- ompT gal hsdSB (rB- mB-)
dcm Ion ). Transformation was carried out by electro-
poration and transformed cells were stored on agar
plates supplemented with the appropriate antibiotics
(100 pg/mL ampicillin and/or 50 pg/mL kanamycin) at
4°C.

Plasmid construction and mutagenesis

All methods of molecular biology were performed ac-
cording to standard protocols described by [54]. The
plasmid Twin_11B1 served as template for the prepar-
ation of all further plasmids. It is based on the pET-17b
expression vector (MerckMillipore Novagen, Darmstadt,
Germany), which enables a selection on ampicillin con-
taining medium, and carries the cDNAs of human
CYP11B1 cloned into the vector via Ndel/HindIII, bo-
vine AdR via HindIII/Kpnl and bovine Adx;_jog via
Kpnl/EcoRI in a polycistrionic transcription unit [55].
CYP11B1 was modified for expression in E. coli as de-
scribed by [21]. Additionally, residue 29 in the E. coli
adapted sequence (corresponding to residue 52 in the
full length sequence) is mutated from leucine to methio-
nine taking previous activity studies in recombinant fis-
sion yeast [19] into account. All utilized primers are
shown in Additional file 1: Table S1.

Insertion of additional gene copies

In order to consecutively insert additional copies of the
Adx cDNA into the Twin_11B1 plasmid behind the pre-
existing copy, the following strategy, which takes advan-
tage of restriction site compatibility of EcoRI and Mfel,
was pursued referring to [34]. In a first step, Twin_11B1
was used as a template to amplify the Adx ¢cDNA by
PCR including its ribosomal binding site and to intro-
duce Mfel and Xhol restriction sites at the 5" and 3’
end, respectively. The PCR product was then digested by
Mfel and Xhol and ligated into the EcoRI/Xhol digested
Twin_11B1 plasmid resulting in a plasmid carrying 2
Adx copies. In additional cycles of restriction and
ligation further copies were inserted. In subsequent
cloning attempts inserts of different Adx copy numbers
could then be introduced into new plasmids by restric-
tion and ligation via Kpnl and EcoRI.

Site directed mutagenesis of CYP11B1
Targeted exchange of single amino acids was undertaken
by QuikChange® mutagenesis with Pfu polymerase
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following manual instructions form Agilent Technolo-
gies (Santa Clara, USA).

Random mutagenesis of CYP11B1

Random mutagenesis of CYP11B1 was conducted by
error prone PCR employing the GeneMorph II random
mutagenesis kit (Stratagene, La Jolla, CA, USA).
pET17b_hCYP11B1, which contains the modified cDNA
of human CYP11B1 between the Ndel and HindII re-
striction sites of its multiple cloning site, was used as a
template for the amplification of CYP11B1 with the
standard primers T7 and T7term. Parameters for an
average mutation frequency of 0-3 mutations per kb
were chosen according to the manufacturer’s protocol.
The PCR product was digested by Ndel and HindIII and
ligated into the likewise digested Twin_11B1 plasmid.

Whole-cell biocatalysis in shaking flasks

Protein expression

The synthesis of CYP11B1, AdR and Adx in E. coli took
place as co-expression with the chaperone genes GroEL
and GroES to ensure proper folding. Protein synthesis
was carried out in 2 L Erlenmeyer flasks containing
150 mL TB medium (24 yeast extract technical, 12 g
peptone, 4 mL glycerol, 4,62 g KH,PO,, 25 g K;HPO,
and distilled water ad. 1 L) supplemented with 100 pg/mL
ampicillin and 50 pg/mL kanamycin. The main culture
was inoculated from an overnight culture of E. coli C43
(DE3), that had been freshly co-transformed with the re-
spective variant of Twin_11B1 and the chaperone vector
pGrol2 (kanamycin resistance and arabinose inducible
promoter) [23], and was grown at 37°C and 210 rpm
(Excella 25 shaker incubator, New Brunswick Scientific,
Eppendorf, Ensfield, CT, USA). When an ODggg m of 0.5
was reached expression was induced by addition of 1 mM
IPTG, 4 mg/mL arabinose, 1 mM of the heme precursor
d-aminolevulinic acid and 50 pg/mL ampicillin. Cultures
were further incubated at 27.5°C and 200 rpm for 21 h.

Steroid conversion with resting cells

Subsequent to the expression period cultures were har-
vested by centrifugation (3200 g, 10 min, 18°C) and cells
were washed in 50 mM potassium phosphate buffer
(pH 7.4). Steroid conversion took place at 27.5°C and
170 rpm in 300-mL baffled flasks using 25 mL of a cell
suspension of 25 g wet cell weight (wcw) per L in
50 mM potassium phosphate buffer (pH 7.4) supple-
mented with 1 mM IPTG, 4 mg/mL arabinose, 1 mM &-
aminolevulinic acid, 50 ug/mL ampicillin and 2% glycerol.
The substrate 11-deoxycortisol (17,21-dihydroxypregn-4-
ene-3,20-dione) was added from a stock solution in
either EtOH, DMSO, 22.5% (m/vol) 2-hydroxypropyl--
cyclodextrin or a 1:1 (vol:vol) mixture of EtOH and
polyethyleneglycol-400. Each agent was added to the
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culture in a final concentration of 6% (vol/vol). Samples
were taken at defined time points.

Reversed phase HPLC analysis

For product quantification via HPLC, samples were ex-
tracted twice with one volume of chloroform. After
evaporation of the organic solvent remaining steroids
were suspended in acetonitrile and separated on a Jasco
reversed phase HPLC system of the LC900 series (Jasco,
Grof3-Umstadt, Germany) using a 4.6 mx 125 mm
NucleoDur C18 Isis Reversed Phase column (Macherey-
Nagel, Diiren, Germany) with an acetonitril/water gradi-
ent (Phase A: 10% acetonitrile, Phase B: 100% acetonitril;
0 min 20% B, 5 min 20% B, 13 min 40% B, 20 min 80%
B, 21 min 80% B, 22 min 20% B, 30 min 20% B) at 40°C
and a flow rate of 0.8 mL/min. Steroid pattern was mon-
itored by an UV/Vis detector (UV-2 075 Plus, Jasco) at
240 nm.

Screening for improved CYP11B1 activity in microtiter
plates

Protein expression and steroid conversion in microtiter
plates as well as a fluorescence assay for the selection of
CYP11B1 mutants with an improved hydroxylation ac-
tivity towards 11-deoxycortisol was performed as previ-
ously reported [36], but TB medium was additionally
supplemented with 50 pg/mL kanamycin and 4 mg/mL
arabinose to ensure chaperone synthesis from pGrol2
and did not contain a salt solution.

Analysis of protein expression

Cell lysis

For the analysis of CYP11B1 expression levels cells were
harvested by centrifugation (4500g, 20 min, 4°C), sus-
pended in lysis buffer (50 mM potassium phosphate buffer
(pH 7.4), 500 mM sodium-acetate, 0.1 mM EDTA, 1.5%
sodium-cholate, 20% glycerol, 1.5% Tween 20, 0.1 mM
phenylmethylsulfonylfluorid and 0.1 mM dithioerythritol)
and disrupted with an ultrasonic homogenizer (Sonopuls
HD 3200, Bandelin, Berlin, Germany). Cell debris were re-
moved by ultracentrifugation (30000 g, 30 min, 4°C; hinac
CP75, Hitachi, Tokyo, Japan) and the supernatant was sur-
veyed for recombinant proteins.

Determination of cytochrome P450 concentration

P450 concentration was determined by CO-difference
spectroscopy using a molar extinction coefficient of
91 mM ! cm™! as described by [56].

Western blot analysis of Adx synthesis

Cell pellets from 90 pL of the 25g,,..,/L cell suspension
were suspended in 100 pL of SDS loading buffer (1 M
Tris—-HCl (pH 6.8), 40% glycerol, 20% SDS, 8% p-
mercaptoethanol, 0.1% bromphenol blue) and boiled for
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10 min in a water bath. Aliquots of 12 pL were separated
by SDS-PAGE according to [57]. 8 puL of a 5 uM solution
of purified bovine Adxy_j0s in SDS loading buffer were
applied as positive control and Protein Marker IV from
PEQLAB (Erlangen, Germany) served as molecular
weight standard. Proteins were blotted onto a hybond™
ECL™ nitrocellulose membrane (Amersham, GE Health-
care, UK) with the help of a semi-dry transfer system
(Trans-Blot SD, Bio-Rad, Munich, Germany) and the
membrane was blocked by incubation with 3% milk
powder in TBS (50 mM Tris—Cl pH 7.4, 200 mM NaCl,
0.1% Tween 20) overnight. The membrane was washed
3 times for 10 minutes in fresh TBS and was incubated
for 2 h with the respective polyclonal antiserum from
rabbit diluted in TBS. Subsequent to 3 further washing
steps in TBS the membrane was incubated for 2 h with
a dilution of the horseradish peroxidase-linked goat
anti rabbit IgG secondary antibody (Dako, Glostrup,
Denmark) in TBS. After washing the membrane 3 times
for 5 minutes with PBS (10 mM potassium phosphate
buffer pH 7.4, 150 mM NaCl) staining of the antigen-
antibody-complexes took place by adding 5 mg 4-chloro-
1-naphtol dissolved in 2 mL ethanol and 10 pL 30% H,O,
in 25 mL PBS. Relative intensity of the protein bands was
measured with Image Lab 3.0 from BioRad (Miinchen,
Germany).

Additional file

Additional file 1: Table S1. Primers used in this work with sequence
and purpose of application. Restriction sites are marked with bold letters,
introduced nucleotide exchanges are underlined.

Abbreviations
AdR: Adrenodoxin reductase; Adx: Adrenodoxin; CYPT1B1: 113-hydroxylase; E.
coli: Escherichia coli.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

LS carried out the presented experiments and drafted the manuscript. SA
established the whole-cell steriod conversion and screening conditions. AH
constructed the tricistronic expression plasmids. FH participated in the
design of the study, interpretation of the results and manuscript drafting.
NK established the expression of CYP11B1 in E. coli. RB participated in the
interpretation of the results and assisted in manuscript drafting. All authors
read and approved the final manuscript.

Acknowledgements
The authors are grateful to the German Academic Exchange Service (DAAD)
for a grant to NK and the StudienStiftungSaar for grants to SA and LS.

Received: 19 November 2014 Accepted: 18 February 2015
Published online: 25 February 2015

References

1. Clark JK Schrader WT, O'Malley BW. Mechanism of steroid hormones. In:
Wilson JD, Foster DW, editors. Williams textbook of endocrinolog.
Philadelphia: WB Sanders Co; 1992. p. 35-90.


http://www.microbialcellfactories.com/content/supplementary/s12934-015-0209-5-s1.doc

Schiffer et al. Microbial Cell Factories (2015) 14:25

20.

21.

22.

23.

24.

25.

26.

27.

Sambamurthy K, Kar A. Pharmaceutical biotechnology. New Delhi: New Age
International (P) Ltd. Publishers; 2006.

Van Beilen JB, Duetz WA, Schmid A, Withold B. Practical issues in the
application of oxygenases. Trends Biotechnol. 2003;21:170-7.

Petzoldt K, Annen K, Laurent H, Wiechert R. Process for the preparation of
11-beta-hydroxy steroids. Berlin, Germany: US Patent 1982, Schering
Aktiengesellschaft; 1982.

Janig G-R, Pfeil G, Muller-Frohne M, Riemer H, Henning M, Schwarze W,

et al. Steroid 11f3-Hydroxylation by a fungal microsomal cytochrome P450.
J Steroid Biochem Mol Biol. 1992;43:1117-23.

Suzuki K, Sanga K-, Chikaoka Y, Itagaki E. Purification and properties of
cytochrome P-450 (P-450,,,,,) catalyzing steroid 113-hydroxylation in
Curvularia lunata. Biochim Biophys Acta. 1993;1203:215-23.

Bureik M, Lisurek M, Bernhardt R. The human steroid hydroxylases CYP11B1
and CYP11B2. Biol Chem. 2002;383:1537-51.

Curnow KM, Tusie-Luna MT, Pascoe L, Natarajan R, Gu JL, Nadler JL, et al.
The product of the CYP11B2 gene is required for aldosterone biosynthesis
in the human adrenal cortex. Mol Endocrinol. 1991;5:1513-22.

Denner K, Doehmer J, Bernhardt R. Cloning of CYP11B1 and CYP11B2 from
normal human adrenal and their functional expression in COS-7 and V79
Chinese hamster cells. Endocr Res. 1995;21:443-8.

Lisurek M, Bernhardt R. Modulation of aldosterone and cortisol synthesis on
the molecular level. Mol Cell Endocrinol. 2004;215:149-59.

Bernhardt R. Cytochromes P450 as versatile biocatalysts. J Biotechnol.
2006;124:128-45.

Bernhardt R, Urlacher VB. Cytochromes P450 as promising catalysts for
biotechnological application: chances and limitations. Appl Microbiol
Biotechnol. 2014;98:6185-203.

Sakaki T. Practical application of cytochrome P450. Biol Pharm Bull.
2012;35:844-9.

Urlacher VB, Girhard M. Cytochrome P450 monooxygenases: an update on
perspectives for synthetic application. Trends Biotechnol. 2012;30:26-3.
Hannemann F, Bichet A, Ewen KM, Bernhardt R. Cytochrome P450 systems -
biological variations of electron transport chains. Biochim Biophys Acta.
2007;1770:330-44.

Schmid A, Dordick JS, Hauer B, Kiener A, Wubbolts M, Witholt B. Industrial
biocatalysis today and tomorrow. Nature. 2001;409:258-68.

Dragan C-A, Zearo S, Hannemann F, Bernhardt R, Bureik M. Efficient
conversion of 11-deoxycortisol to cortisol (hydrocortisone) by recombinant
fission yeast Schizosaccharomyces pombe. FEMS Yeast Res. 2005;5:621-5.
Dumas B, Cauet B, Lacour T, Gegryse G, Laruelle L, Ledoux C, et al. 1163~
Hydroxylase activity in recombinant yeast mitochondria. Eur J Biochem.
1996,238:495-504.

Hakki T, Zearo S, Dragan C-A, Bureik M, Bernhardt R. Coexpression of redox
partners increases the hydrocortisone (cortisol) production efficiency in
CYP11B1 expressing fission yeast Schizosaccharomyces pombe. J Biotechnol.
2008;133:351-9.

Szczebara FM, Chandelier C, Villeret C, Masurel S, Bourot S, Duport C, et al.
Total biosynthesis of hydrocortisone from a simple carbon source in yeast.
Nature Biotechnol. 2003;21:143-9.

Z6lIner A, Kagawa N, Waterman MR, Nonaka Y, Takio K, Shiro Y, et al.
Purification and functional characterization of human 113-hydroxylase
expressed in Escherichia coli. FEBS J. 2008;275:799-810.

Miroux B, Walker JE. Over-production of proteins in Escherichia coli: mutant
hosts that allow synthesis of some membrane proteins and globular
proteins at high level. J Mol Biol. 1996;260:289-98.

Nishihara K, Kanemori M, Kitagawa M, Yanagi H, Yura T. Chaperone
coexpression plasmids: differential and synergistic roles of DnaK-DnaJ-GrpE
and GroELGroES in assisting folding of an allergen of Japanese cedar pollen,
Cryj2, in Escherichia coli. Appl Environ Microbiol. 1998,64:1694-9.

Arase M, Waterman MR, Kagawa N. Purification and characterization of
bovine steroid 21-hydroxylase (P450c21) efficiently expressed in Escherichia
coli. Biochem Biophys Res Commun. 2006;344:400-5.

Hobler A, Kagawa N, Hutter MC, Hartmann MF, Wudy SA, Hannemann F,
et al. Human aldosterone synthase: recombinant expression in E. Coli and
purification enables a detailed biochemical analysis of the protein on the
molecular level. J Steroid Biochem Mol Biol. 2012;132:57-65.

Kagawa N, Hiri H, Waterman MR, Yoshioka S. Characterization of stable
human aromatase expressed in E. coli. Steroids. 2004;69:235-43.

Walton AZ, Stewart JD. Understanding and Improving NADPH-Dependent Re-
actions by Nongrowing Escherichia coli Cells. Biotechnol Prog. 2004;20:403-11.

28.

29.

30.

32.

33.

34,

35.

36.

37.

38.

39.

40.

42.

43.

45.

46.

47.

48.

49.

50.

52.

53.

Page 11 of 12

Kawamoto T, Mitsuuchi Y, Toda K, Miyahara K, Yokoyama Y, Nakao K; et al.
Cloning of cDNA and genomic DNA for human cytochrome P-450;+5. FEBS
Lett. 1990,269:345-9.

Mornet E, Dupont J, Vitek A, White PC. Characterization of Two genes
encoding human steroid 11@-hydroxylase (P-450;,p). J Biol Chem.
1989;35:20961-7.

Kagawa N, Cao Q, Kusano K. Expression of human aromatase (CYP19) in
Escherichia coli by N-terminal replacement and induction of cold stress
response. Steroids. 2003;68:205-9.

Ewen KM, Kleser M, Bernhardt R. Adrenodoxin: The archetype of vertebrate-
type [2Fe-2S] cluster ferredoxins. Biochim Biophys Acta. 1814;2011:111-25.
Grinberg AV, Hannemann F, Schiffler B, Mdller J, Heinemann U, Bernhardt R.
Adrenodoxin: structure, stability, and electron transfer properties. Proteins.
2000;40:590-612.

Renault H, Bassard J-E, Hamberger B, Werck-Reichhardt D. CytochromeP450-
mediated metabolic engineering: current progress and future challenges.
Curr Opin Plant Biol. 2014;19:27-34.

Blachinsky E, Marbach |, Cohen R, Grably MR, Engelberg D. Procedure for
controlling number of repeats, orientation, and order during cloning of
oligonucleotides. Biotechniques. 2004;36:933-6.

Appel D, Schmid RD, Dragan C-A, Bureik M, Urlacher VB. A fluorimetric assay
for cortisol. Anal Bioanal Chem. 2005;383:182-6.

Hannemann F, Virus C, Bernhardt R. Design of an Escherichia coli system for
whole cell mediated steroid synthesis and molecular evolution of steroid
hydroxylases. J Biotechnol. 2006;124:172-81.

Virus C, Bernhardt R. Molecular Evolution of a Steroid Hydroxylating
Cytochrome P450 Using a Versatile Steroid Detection System for Screening.
Lipids. 2008:43:1133-41.

Chen CK, Leung SSF, Guilbert C, Jacobson MP, McKerrow JH, Podust LM.
Structural Characterization of CYP51 from Trypanosoma cruzi and Trypanosoma
brucei Bound to the Antifungal Drugs Posaconazole and Fluconazole. PLoS
Negl Trop Dis. 2010,6:€651.

Strushkevich N, Gilep AA, Shen L, Arrowsmith CH, Edwards AM, Usanov SA,
et al. Structural insights into aldosterone synthase substrate specificity and
targeted inhibition. Mol Endocrinol. 2013;27:315-24.

Cao P-R, Bernhardt R. Interaction of CYP11B1 (cytochrome P-450;;g) with
CYP11AT (cytochrome P-450,) in COS-1 cells. Eur J Biochem. 1999,262:720-6.
Lambeth JD, Seybert DW, Lancaster JR, Salerno JC, Kamin H. Steroidogenic
electrone transport in adrenal cortex mitochondria. Mol Cell Biochem.
1982;45:13-31.

Seybert DW, Lambeth JD, Kamin H. The participation of a second molecule
of adrenodoxin in cytochrome P-450-catalyzed 11R-hydroxylation. J Biol
Chem. 1978,253:8355-8.

Seybert DW, Lancaster JR, Lambeth JD, Kamin H. Participation of the
membrane in the side chain cleavage of cholesterol. J Biol Chem.
1979;254:12088-98.

Janocha S, Bernhardt R. Design and characterization of an efficient
CYP105A1-based whole-cell biocatalyst for the conversion of resin acid
diterpenoids in permeabilized Escherichia coli. Appl Microbiol Biotechnol.
2013,97:7639-49.

Imlay JA. Iron-sulphur clusters and the problem with oxygen. Mol Microbiol.
2006;59:1073-82.

Gillam EMJ. Engineering Cytochrome P450 Enzymes. Chem Res Toxicol.
2008;21:220-31.

Nguyen KT, Virus C, Glinnewich N, Hannemann F, Bernhardt R. Changing
the Regioselectivity of a P450 from C15 to C11 Hydroxylation of
Progesterone. ChemBioChem. 2012;13:1161-6.

Peterson JA, Graham SE. A close family resemblance: the importance of
structure in understanding cytochromes P450. Structure. 1996;6:1079-85.
Julsing MK, Cornelissen S, Buhler B, Schmid A. Heme-iron oxygenases:
powerful industrial biocatalysts? Curr Opin Chem Biol. 2008;12:177-86.
Straathof AJJ, Panke S, Schmid A. The production of fine chemicals by
biotransformations. Curr Opin Biotechnol. 2002;13:548-56.

Pechurskaya TA, Harnastai IN, Grabovec IP, Gilep AA, Usanov SA.
Adrenodoxin supports reactions catalyzed by microsomal steroidogenic
cytochrome P450s. Biochem Biophys Res Commun. 2007;353:598-604.
Valetti F, Gilardi G. Improvement of biocatalysts for industrial and
environmental purposes by saturation mutagenesis. Biomolecules.
2013,3:778-811.

Hakki T, Bernhardt R. CYP17- and CYP11B-dependent steroid hydroxylases as
drug development targets. Pharmacol Ther. 2006;111:27-52.



Schiffer et al. Microbial Cell Factories (2015) 14:25 Page 12 of 12

54.  Sambrook J, Russel DW. Molecular cloning. 3rd ed. New York: Cold Spring
Harbor Laboratory Press; 2001.

55. Ringle M, Khatri Y, Zapp J, Hannemann F, Bernhardt R. Application of a new
versatile electron transfer system. for cytochrome P450-based Escherichia coli
whole-cell bioconversions. Appl Microbiol Biotechnol. 2013;97:7741-54.

56.  Omura T, Sato R. The carbon monoxide-binding pigment of liver microsomes.
J Biol Chem. 1964;239:2379-85.

57.  Laemmli UK. Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature. 1970,227:680-5.

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

www.biomedcentral.com/submit

Submit your manuscript at ( BioMled Central




	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Establishment of a CYP11B1 based whole-cell system for cortisol synthesis in E. coli
	Optimization of CYP11B1 expression
	Influence of Adx copy number
	Development of a screening system for CYP11B1 activity
	Generation and screening of a CYP11B1 mutant library
	Large-scale cortisol production by the selected CYP11B1 mutant

	Discussion
	Conclusions
	Material and methods
	Chemicals and enzymes
	Bacterial strains and cultivation

	Plasmid construction and mutagenesis
	Insertion of additional gene copies
	Site directed mutagenesis of CYP11B1
	Random mutagenesis of CYP11B1
	Whole-cell biocatalysis in shaking flasks
	Protein expression

	Steroid conversion with resting cells
	Reversed phase HPLC analysis
	Screening for improved CYP11B1 activity in microtiter plates
	Analysis of protein expression
	Cell lysis

	Determination of cytochrome P450 concentration
	Western blot analysis of Adx synthesis

	Additional file
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	References

