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Summary
The successful application of redox enzymes is closely connected to the balanced application and
expression of all protein components required for the catalytic step, the regeneration of co-factors
and/or the transfer of the redox potentials between reaction partners. Following the concept of
bidirectional expression a variety of plasmids with different promoter combinations was generated
for the co-expression of Baeyer-Villiger monooxygenases (BVMOs) and an NADPH recycling
dehydrogenase in Escherichia coli and for the co-expression of human P450s and their associated
reductase in Pichia pastoris. Moreover the expression of the polycistronic ahpGHI operon
encoding the CYP153A6 monooxygenase, the ferredoxin reductase and ferredoxin was
characterized in E. coli and an innovative strategy based on the bidirectional expression of the
monooxygenase and the redox partners was developed to optimize production yields. Alcohol
dehydrogenase (ADH) and BVMO co-expression was achieved by the generation of novel fusion
enzymes. The co-expression strategies presented here may be used to optimize the production of
all sorts of enzyme partners.
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Introduction
The main focus of the work presented here lies on the improvement of the expression levels of
enzyme partners in whole cell biocatalysts (active production, balanced expression in case of multicomponent systems, increased expression levels) and on the improvement of interdependent
enzymes by enzyme engineering.

Results and discussion
Bidirectional expression of CYP153A6 in E. coli (TUG)
The monooxygenase CYP153A6 from Mycobacterium sp. strain HXN1500 catalyzes the terminal
hydroxylation of aliphatic alkanes (C6-C11) with regiospecificities >95% (Funhoff, Bauer, GarcíaRubio, Witholt, & van Beilen, 2006) as well as the formation of anti-cancerogenic perillyl alcohol
from limonene (Beilen et al., 2005). In its natural context the P450 monooxygenase CYP153A6
and its redox partners, ferredoxin reductase (FdR) and ferredoxin (Fdx), are expressed from a
polycistronic operon (ahpGHI operon). Expression engineering of CYP153A6 was performed
using different bidirectional promoters to fine-tune the levels of the monooxygenase and the redox
partners. Bidirectional promoters drive the expression of two adjacent genes coded on opposite
strands with the 5’ ends oriented towards each other. This expression strategy has two main
advantages. Firstly, antibiotic selection markers can be spared by having a vector system that
allows placing two open reading frames on one plasmid. Secondly, the protein titers for a
biocatalytic reaction can be easily optimized by shuffling the bidirectional promoters. Balanced
protein titers of two or more enzymes involved in a biocatalytic synthesis are crucial to avoid
bottlenecks and increase yields as for example in the case of human cytochrome P450 enzymes
and their corresponding reductase (Geier, Braun, Emmerstorfer, Pichler, & Glieder, 2012).

Vector design and construction
A versatile vector system called pBSYBiE21 for the bidirectional expression of proteins in E. coli
was obtained by the company bisy e.U. (Austria). As shown in Figure 1 and Table 1, the
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pBSYBiE21 plasmids (also called pBIDI here) always combine two promoters with different
properties like strength and regulation (inducible, repressed or constitutive) to one bidirectional
promoter. An ampicillin resistance cassette (bla) allows selection and the pUC ori autonomous
replication in E. coli. For the regulation of the inducible promoters repressor cassettes were
introduced. We used lacI to repress the transcription from lacO containing IPTG- or lactoseinducible promoters and araC as the repressor for the arabinose-inducible pBAD promoter. The
rrnBT1 transcriptional terminator flanks the regulator-bla-pUC ori segment of the vector to insulate
it from the remaining parts governing bidirectional expression. In addition, to avoid accidental
transcriptional read-through at the repressor or bla genes, which could interfere with the expression
of the genes of interest (GOIs), these parts are flanked by hairpin forming sequences (hp1-3).

Figure 1: Schematic representation of the pBIDI plasmids. The vector consists of an ampicillin resistance
cassette for selection, a pUC ori, the regulators lacI and araC, T7 transcriptional terminator, rrnBT1
transcriptional terminator and three hairpin forming structures (hp1-3). The bidirectional promoters consist
of two promoters pointing in opposite direction with different strengths and regulation mechanisms. The
transcription of the two genes of interest can be controlled individually.
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Table 1: pBSYBiE21 vectors series for the expression of gene pairs in E. coli. The plasmids were obtained from
the company bisy e. U. (Austria).
Plasmid name

Promoter P1

Promoter P2

Regulation P1

Regulation P2

pBIDI111

PlacZ

PlacI

IPTG/lactose

constitutive

pBIDI131

PlacZ

PtacI

IPTG/lactose

IPTG/lactose

pBIDI132

PlacI

PT7

constitutive

IPTG *

pBIDI133

PlacZ

PT7

IPTG/lactose

IPTG *

pBIDI134

PlacZ

PtacII

IPTG/lactose

IPTG/lactose

pBIDI231

Ptrp

PtacI

pBIDI241

Ptrp

ParaB

pBIDI141

PlacZ

ParaB

IPTG

arabinose

pBIDI341

PtacI

ParaB

IPTG

arabinose

pBIDI342

PT7

ParaB

IPTG

arabinose

tryptophan
depletion
tryptophan
depletion

IPTG/lactose

arabinose

The pBSYBiE21 vectors were used for the bidirectional expression of a terminal alkene
hydroxylase CYP153A6 from Mycobacterium sp. HXN-1500 (Gudiminchi et al., 2012). The
CYP153A6 monooxygenase was under control of one promoter, and a bicistronic construct of its
corresponding redox partners, ferredoxin-reductase (FdR) and ferredoxin (Fdx), was under control
of a second promoter. The pBIDI plasmids contain two stuffer fragments with SapI restriction sites
for the integration of the gene of interests (GOIs). In a one-pot assembly the two stuffer fragments
were removed and the two insert fragments – CYP153A6 and FdR-Fdx – were integrated (Bellin,
Ferrarini, & Delledonne, 2011). Additionally to the constructs with the bidirectional expression
strategy another construct was generated: it contains the whole operon (CYP153A6, FdR and Fdx)
as it exists in the genome of Mycobacterium sp. HXN-1500 and was placed under the control of
the tac promoter. This “operon” construct served as a benchmark for the generated bidirectional
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constructs. As negative control the empty pBIDI231 plasmid was used. All generated constructs
are listed in Table 2.
Table 2: CYP153A6 plasmid variants generated during this study (1-9) and the controls (10: empty vector
control, M1: polycistronic operon under the control of PtacI).
Nr.

plasmid

Insert 1

Promoter 1

Insert 2

Promoter 2

1 pBIDI131

CYP153A6

PlacZ

FdR-Fdx

PtacI

2 pBIDI131

CYP153A6

PtacI

FdR-Fdx

PlacZ

3 pBIDI134

CYP153A6

PlacZ

FdR-Fdx

PtacII

4 pBIDI134

CYP153A6

PtacII

FdR-Fdx

PlacZ

5 pBIDI231

CYP153A6

Ptrp

FdR-Fdx

PtacI

6 pBIDI231

CYP153A6

PtacI

FdR-Fdx

Ptrp

7 pBIDI341

CYP153A6

PtacI

FdR-Fdx

ParaB

8 pBIDI342

CYP153A6

ParaB

FdR-Fdx

PT7

9 pBIDI342

CYP153A6

PT7

FdR-Fdx

ParaB

10 pBIDI231
M1 pD441-SR

Negative control (empty vector control)
Operon (under control of PtacI)

Cultivation of E. coli expressing CYP153A6 under the control of various bidirectional
promoters
The constructs were transformed into E. coli BL21(DE3) and cultivated in 400 ml TB/Amp + 100
µL trace element solution + 50 µL MgCl2 (1M) with a start of OD 0.05 in non-baffled 2 L flasks
at 37°C and 120 rpm. At OD 0.6 the flasks were transferred to 4°C for 1 h, then induced with 0.1
mM IPTG (PtacI, PT7, PtacII), 0.2% arabinose (ParaB) and 0.5 mM δ-aminolevulinic acid. The
cells were incubated at 120 rpm and 28°C for 24 h.
Samples were taken before induction and 24 h after induction. In order to control protein expression
SDS-PAGE was performed (Figure 2). The CYP153A6 monooxygenase is a 46.6 kDa protein and
7

the ferredoxin reductase domain has 47 kDa. This makes them difficult to distinguish. When using
the plasmids 2, 6 and 9 for the expression of CYP153A6/FdR/Fdx a strong band at the correct size
(red arrow) was obtained.

Figure 2: SDS-PAGE of whole cells expressing CYP153A6. 0.075 OD600 units of cells were centrifuged and the
pellet heated in 37.5 µl ddH2O and 12.5 µl 4x SDS loading dye. 7.5 µl of the homogenate were loaded on an
12.5% SDS gel (NuPAGE) and the gel was run for 35 min at 200 V. The gel was stained with Coomassie brilliant
blue and destained overnight. Abbrevations: ni = not induced, i = 24 h after induction, M = PAGERuler
prestained; the red arrow marks the correct protein size of the CYP153AP (46.6 kDa) as well as of the ferredoxin
reductase domain (47 kDa);

8

CYP153A6 biotransformations of n-octane
To determine whether CYP153A6/FdR/Fdx can be functionally produced, and to identify the most
suitable promoters for their expression, biotransformations with n-octane as substrate were
performed (see reaction scheme Figure 3A). The biotransformations were performed according to
Funhoff et al. (2006), and product formation was observed by GC analysis. Different assay
parameters such as substrate concentration, addition of dithiothreitol (DTT) and the use of cell free
lysates and lyophilized cells were evaluated. The results of these experiments are shown in Figure
3B-E.

Figure 3: Biotransformations of different CYP153A6 constructs with n-octane as substrate. A: Proposed
reaction scheme. CYP153A6 catalyzes the terminal hydroxylation of n-octane. Octanoic acid is most probably
formed by an endogenous E. coli enzyme. B-E: 1 ml cell-free lysate or 100 OD units of lyophilized cells
resuspended in 1 ml PS buffer were incubated with 2.5 mM NADH for 40 h at 28°C and 110 rpm shaking. The
reaction mixture was extracted with ethylacetate and analyzed via GC. The product peak areas were normalized
to the internal standard (n-tetradecane). Different substrate concentrations, the addition of DTT and the use of
cell free lysates and lyophilized cells were evaluated.
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For the bioconversions shown in Figure 3B the best constructs from previous experiments were
used. Construct 6 was not only cultivated in the earlier mentioned TB medium, but also in M9
medium containing casamino acids lacking tryptophan since the trp promoter is stronger in medium
without tryptophan. Construct 9 was also induced with 0.4% (w/v) arabinose instead of the usually
used 0.2% (w/v) to see whether a higher expression of the reductase domain is beneficial for noctane conversion. Constructs 6, 6(M9), 9 and 9(+0.4% ara) all show higher activities than the
operon control. The operon control serves as a benchmark and expresses the operon (CYP153A6,
FdR and Fdx) as it exists in the genome of Mycobacterium sp. HXN-1500 (non-codon optimized)
under the control of the E. coli tac promoter. Construct 6 cultivated in M9 medium shows the
highest activity of all constructs and about 10% of the substrate was converted to octanoic acid.
Table 3 shows the product concentrations and conversion rates of all bioconversions in Figure 3B.
Table 3: Product concentrations of n-octane (6 mM) bioconversions with cell-free lysates from Figure 3B.
Construct

Octanoic acid

Conversion in %

conc. [mM]
1

0.15

2.54

4

0.16

2.73

5

0.19

3.14

6

0.43

7.13

6 (M9)

0.63

10.49

9

0.43

7.13

9 (+0.4 % ara)

0.35

5.86

neg.

0.00

0.00

Operon

0.31

5.11

For bioconversions using lyophilized cells first 6 mM n-octane was used as substrate concentration.
However, no product could be detected. Therefore, the bioconversions were repeated with 330 µl
n-octane (Figure 3C). 1-octanol as well as octanoic acid could be detected. Construct 5 shows the
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highest enzyme activity and produced 8.19 mM octanoic acid and 4.74 mM 1-octanol. Constructs
4, 5 and 9 all show higher activities than the benchmark operon construct.
As a next step we evaluated the dependency of the product formation (1-octanol and/or octanoic
acid) on the substrate load using cell-free lysate of construct 6 (Figure 3D). Interestingly, low
substrate concentrations resulted in the formation of octanoic acid, which is probably achieved by
the conversion of 1-octanol to octanoic acid by endogenous E. coli enzymes. The substrate addition
of more than 100 µl (600 mM) resulted in octanoic acid as well as 1-octanol. Apparently, small
substrate amounts lead to a fine dispersion of the n-octane in the reaction mixture, which facilitates
the conversion to octatonic acid. However, larger amounts of n-octane lead to the formation of a
biphasic system, thereby presumably trapping some of the produced octanol in the organic phase.
Finally, the necessity of dithiothreitol (DTT) for the reaction was evaluated. DTT is used in many
P450 purification and storage protocols (Funhoff et al., 2006 for CYP153A6). Although some
P450s require thiol stabilization, it also can act as a competitive inhibitor at the active site (Phillips,
Shephard, & Ortiz de Montellano, 2013). Figure 3E shows the GC results of n-octane
bioconversion with cell-free lysates of construct 6 with three different n-octane concentrations,
with or without 1 mM DTT. For the bioconversion of 1 µl octane the addition of DTT lowers the
conversion of n-octane. Possibly DTT is harmful to the converting enzymes. With 250 µl substrate
the addition of DTT leads to a higher octanoic acid production and without DTT to a higher octanol
production. With 330 µl octane the addition of DTT is overall beneficial for the product formation.
Obviously, the (beneficial) effect of DTT has to be evaluated for the reaction condition used.
CO difference spectra assay
The CO difference spectra assay is used to determine the concentration of correctly folded
cytochrome P450 enzymes. The heme moiety of the CYP450 enzyme is able to bind a CO molecule
and when saturated with CO and in its reduced form it exhibits an absorption maximum at 450 nm.
This maximum shifts to 420 nm, when the CYP450 enzyme is denatured (Otey, 2003).
For the CO difference spectra assay the CYP153A6 expressing strains were cultivated in a 96DWP with400 µL/well TB-media mixed with the additives 125 µl/l MgCl2, 250 µl/l trace elements,
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0.1 mM IPTG (PtacI, PT7, PtacII), 0.2% (w/v) arabinose (ParaB), 0.5 mM δ-aminolevulinic acid
and 100 mg/l ampicillin. The cultivation conditions were as followed: 320 rpm, 28°C for 24 hours.
Cells were harvested via centrifugation at 3000 x g and at 4°C for 15 minutes, the cell pellets
resuspended in 220 µl 0.1 M PPB (pH 7.4) and stored at -20°C. The CO difference spectra assay
was performed as described by Guengerich et al. (2013). The UV-Vis spectra of all CYP153A6
constructs reduced with Safranine T and KCN and complexed with carbon monoxide can be seen
in Figure 4. The constructs 9, 6 and 5 showed the highest peak at 450 nm. The absorbance
difference between A450 andA490 was used to quantify the CYP content by applying the formula
below and the resulting concentrations are shown as well in Figure 4 in the table on the right side.
(

−

)

0.091

1
∗μ

− (

−

∗ 0.596 [

]

)

=μ

0.596

= thickness of the 96-well plate [cm]

0.091

= extinction coefficient [1/(µM*cm)]

450

Figure 4: Left: UV-Vis spectra of all CYP153A6 constructs reduced with Safranine T and KCN and complexed
with carbon monoxide. Right: CYP concentrations according to CO-difference spectra assay in µM with
addition of KCN.

12

Expression of CYP153A6 monooxygenase, ferredoxin reductase and ferredoxin on separate
plasmids
To gather a more detailed understanding of the CYP153A6 3-component system from
Mycobacterium sp., the monooxygenase, the ferredoxin reductase and ferredoxin were cloned
separately under control of the tacI promoter (3 different plasmids). The result can be seen in Figure
5. The CYP153A6 monooxygenase tends to form inclusion bodies. Both the ferredoxin reductase
and ferredoxin appear to be expressed at much lower levels. Codon optimization for the expression
host E. coli might solve this problem to some extent. A better understanding of the required protein
dosage can now be determined from the single component lysates or purified fractions thereof.

27 Monooxygenase

28
Ferredoxin
reductase

29
Ferredoxin

Figure 5: Cell-free extracts and pellet fraction of the CYP153A6 components expressed from the tacI promoter
in auto-induction medium at 25 °C. PPC0027 (monooxygenase) is expected at 47.8 kDa. PPC0028 (ferredoxin
reductase) has a calculated MW of 45.4 kDa. The ferredoxin migrates at 11.4 kDa. The 28+29 lanes show the
polycistronic expression of the ferredoxin reductase and the ferredoxin compartment.

Conclusions for CYP153A6 expression in E. coli
The bidirectional expression strategy yielded higher amounts of active enzyme and higher product
titers compared to polycistronic expression. Strong inductive expression of the monooxygenase
and the redox partners was beneficial. The highest product levels (using cell free lysates) were
obtained, if stronger promoters were used for the expression of the monooxygenase compared to
the redox partners (6/pBIDI231 and 9/pBIDI342). The single components of the CYP153A6
complex were successfully expressed and can support a closer analysis in the near future.
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Enzyme fusions for ADH/BVMO co-expression in Escherichia coli (RUG)
Co-expression of ADHs with a BVMO was performed using fusion constructs. Fusion constructs
were created either using traditional restriction enzyme cloning or a so called Golden Gate cloning
strategy. For the latter, an entry vector based on pBAD was created. The vector contained BsaI
restriction sites after a segment coding for an N-terminal 6x His tag as well as after a placeholder
gene (stuffer) in such an orientation that the gene (stuffer) as well as the restriction sites are excised
upon treatment with BsaI. The resulting linearized vector fragment has two sticky ends that can be
ligated with any number of digested PCR amplified DNA fragments that include complementary
overhangs. This is achieved by amplifying insert sequences with primers that introduce BsaI sites
on both ends in the opposite direction compared to the vector and with the same overhangs. The
reaction scheme is shown in Figure 6. The main advantage is that with this cloning strategy, no
scars are introduced in the final construct; since BsaI cuts outside its recognition sequence, the
restriction site is not present after the ligation step. This also facilitates the cloning procedure,
because cutting and ligating can be performed at the same time, in one pot. The golden gate
assembly mix therefore contains the standard entry vector (prepared by RUG), any desired number
of target genes with flanking BsaI sites created by PCR, the BsaI restriction enzyme and a ligase.
This mix is then subjected to a thermal cycling protocol (alternating between the BsaI restriction
enzyme and the ligase temperature optimum) and then E. coli is directly transformed with the
reaction mix. RUG has subsequently also created a variant of this vector where the gene encoding
a phosphite dehydrogenase (PTDH) is stably integrated between the His tag and the first BsaI site.
Using this entry vector, genes can be directly fused to PTDH, which is a common NADPH
recycling enzyme. Several BVMOs fused to PTDH have been created using this approach.
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Figure 6: Scheme of the golden gate cloning strategy to create fusion enzymes. The example shows how to
construct a vector with two gene fusions, but the method is also suitable to insert multiple fragments.

Fusion constructs were generated that enabled co-expression of an alcohol dehydrogenase (ADH)
with a Baeyer-Villiger monooxygenase (BVMO). The expressed ADHs, AdhA (van der Oost et al.
(2001)), TbsAdh (Lamed and Zeikus (1981)) and AdhMi (Aalbers and Fraaije, unpublished data),
and BVMO fusion enzymes were soluble and active. From a 50 ml culture, 5-10 mg of protein
could be purified. The two genes were cloned into pBAD vectors, with an intervening linker region,
in two orientations: ADH-BVMO and BVMO-ADH. Three ADH genes were cloned with one
BVMO gene (TmCHMO), resulting in a total of 6 constructs (Table 4). These constructs were used
to transform competent E. coli NEB 10-β cells.
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Table 4: ADH/BVMO fusion constructs.

Enzyme

N-terminal

Linker

C-terminal

Mw (kDa)

1a

AdhA

Glycine-rich

TmCHMO

90

1b

TmCHMO

Glycine-rich

AdhA

90

3a

AdhMi

Glycine-rich

TmCHMO

91

3b

TmCHMO

Glycine-rich

AdhMi

91

4a

TbSADH

Glycine-rich

TmCHMO

102

4b

TmCHMO

Glycine-rich

TbSADH

102

Each fusion construct also contained a His-tag at the N-terminal side.
Molecular weight of each fusion is based on predicted size and SDSPAGE. Glycine-rich linker amino acid sequence: SGGSGGSGGSAG.

To express the enzymes, a 250 ml baffled flask with 50 ml of TB containing ampicillin (50 µg/ml)
and 0.02% arabinose was inoculated with an overnight preculture (5 ml LB with ampicillin), and
incubated for 40 hours (24 °C, 135 rpm). The expression resulted in soluble and active fusion
enzymes, which could be purified using the N-terminal His-tag and affinity chromatography
(Figure 8). Between 5-10 mg could be purified from the 50 ml cultures. This approach was also
used to clone ADH-NAD(P)H oxidase (NOX) fusion constructs, which can be used to express selfsufficient ADH enzymes for oxidations of alcohols and lactols (Figure 7).
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Figure 7: Reactions catalyzed by alcohol specific dehydrogenases with two kinds of NAD(P) + recycling systems.
Top: ADH/NOX system. Bottom: redox self-sufficient ADH/BVMO double oxidation system.

Figure 8: SDS-PAGE of the purification of five fusion constructs. L = ladder (Prestained PageRuler). Numbers
expressed in kDa. The eluted fractions correspond to the estimated fusion protein sizes (see Table 4).
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Co-expression of different BVMOs and an NADPH recycling dehydrogenase
under the control of bidirectional promoters (DSM & TUG)
BVMOs catalyze the transformation of linear, cyclic and aromatic ketones to the corresponding esters or
lactones. The enzymes require NADPH as co-factor, which is recycled by an NADP +-dependent dehydrogenase

GDH

D-glucose

D-gluconolactone

NAD(P)H + H+

O
R

1

R

2

+ O2

NAD(P)+

O
R

BVMO

R

1

2

O

+ H2O

(

Figure 9). Such recycling system can be a phosphite dehydrogenaseas as described above or
alternatively a glucose dehydrogenase (Figure 11). The co-expression of an NADPH recycling
dehydrogenase with two different BVMOs under the control of 17 different promoters was
performed in E. coli BL21(DE3) to evaluate the most suitable expression strategy
(inductive/constitutive expression, fine-tuning of protein titers) (Table 5). The activities of both
enzyme components (BVMO1 or BVMO2 and the recycling dehydrogenase) were assayed via
formation or depletion of NADPH in the presence of the corresponding substrate.

GDH

D-glucose

D-gluconolactone

NAD(P)H + H+

O
R

1

R

2

+ O2

NAD(P)+
BVMO

O
R

1

R
O

2

+ H2O

Figure 9: Reactions catalyzed by ketone specific monooxygenase with NADPH recycling systems.
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Table 5: Bidirectional promoters used for the co-expression of different monooxygenases (BVMOs) and an
NADPH recycling dehydrogenase.
Construct

GOI1

Promoter
GOI1

GOI2

Promoter
GOI2

1

BVMO1

PlacZ

GDH

PtacII

2

BVMO1

PtacII

GDH

PlacZ

3

BVMO1

Ptrp

GDH

PtacI

4

BVMO1

PtacI

GDH

Ptrp

5

BVMO1

ParaB

GDH

Ptrp

6

BVMO1

Ptrp

GDH

ParaB

7

BVMO1

ParaB

GDH

PtacI

8

BVMO1

PtacI

GDH

ParaB

9

BVMO1

ParaB

GDH

PT7

10

BVMO2

PlacZ

GDH

PtacII

11

BVMO2

PtacII

GDH

PlacZ

12

BVMO2

PtacI

GDH

Ptrp

13

BVMO2

ParaB

GDH

Ptrp

14

BVMO2

Ptrp

GDH

ParaB

15

BVMO2

PtacI

GDH

ParaB

16

BVMO2

ParaB

GDH

PT7

17

BVMO2

PT7

GDH

ParaB

Cultivations were carried out in baffled 1000 ml flasks covered with cotton sheets. 50 ml LB
ampicillin media were inoculated with 4-6 colonies from the transformation of the plasmids in E.
coli B BL21(DE3) Gold cells. After overnight incubation at 37 °C, the temperature was lowered to
28 °C and 300 ml of TB-Amp, supplemented with 0.1 mM IPTG and 0.1% (w/v) arabinose were
added to continue the incubation for 20 hours. Cell pellets obtained by harvest at 5000 x g for 10
minutes were re-suspended in 25 ml of sodium phosphate buffer (100 mM, pH 7) and homogenized
by ultrasonic treatment and intensive cooling. Cell free extracts (CFEs), previously cleared from
cell debris by 30 min centrifugation (60000 x g, 4°C), were analyzed by SDS-PAGE (Figure 10)
and tested for BVMO and GDH activity (Figure 11).
The activity determination of the different BVMOs following NADPH depletion was performed
accordingly: 200 µl of Tris-Cl buffer (10 mM Tris, pH 9.0) containing 5 µl/ml of 100 mM cylic
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ketone (= 0.8 mM) in 2-propanol and 250 µM NADPH was added to 20 µl CFE. Blank reactions
without cyclic ketone were used to correct for nonspecific background reactions. The A340
decrease was followed in an Omega Fluostar Platereader (BMG Labtech, Germany). The decrease
in absorption during two minutes was used for the calculation of BVMO activity.
For the determination of GDH activity 10 µl portions of 1:125 dilutions of CFE were reacted with
190 µl of 100 mM D-glucose and 4 mM NADP+ in 100 mM potassium phosphate buffer pH 8.0.
The A340 increase was followed in an Omega Fluostar Platereader (BMG Labtech, Germany).
Figure 11 gives an overview of the obtained results. All enzymatic components could be actively
expressed from the host and a clear rise in activity over the negative control was observed. Orange
bars indicate GDH activity. To facilitate the comparison of the different promoter variants the
calculated GDH activity in [µmol/min]/ml CFE was divided by 10, since a massive excess of this
activity is found. Smaller GDH activity levels would be sufficient in a balanced whole cell or in
vitro biocatalyst. On the other hand, BVMO activity needs to be enhanced. This may be achieved
either by enzyme engineering and/or optimization of the reaction conditions, and overcoming the
low substrate solubility, which appears to be a major obstacle in these kinds of reactions.

Figure 10: SDS-PAGE of CFEs of BVMO/GDH co-expression under different bidirectional promoter
combinations from E. coli B BL21(DE3) Gold cells, using TB-amp (+0.1mM IPTG, +0.1% arabinose) as
induction medium and 28 °C for expression temperature. Expression conditions should be further improved,
since significant amounts of inclusion bodies were observed in most cases for both active components (not
shown). The promoter/enzyme combinations 1 to 17 are listed in Table 5. Red arrows indicate GDH (~40 kDa)
and the BVMOs (~70 kDa).
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Figure 11: Activity pattern of two BVMOs (blue bars) and glucose dehydrogenases (for NADP+ recycling,
orange bars – [µmol/min]/ml CFE divided by factor 10) under the control of different promotors for their
expression. BVMO activity appears to be low compared to the GDH activity in all cases. The arabinose promoter
gives best activity in the case of BVMO 1 whereas PtacI and PT7 gave best activity for BVMO 2. The use of
much weaker promoter types for the expression of the dehydrogenase should be considered. It is noteworthy
that PtacII gave more than 2.5 fold higher GDH activity levels than all other promoters tested.

Human CYP/CPR co-expression in Pichia pastoris (TUG)
An episomal vector for P. pastoris library screenings of human P450s was developed. The plasmid
contains a bidirectional promoter for the co-expression of monooxygenase (CYP) and the reductase
(CPR). Episomal plasmids contain an autonomous replicating sequence (ARS) and are maintained
extra-chromosomally. They can be easily re-isolated from P. pastoris by plasmid preparation.
Another advantage is that only low amounts of circular DNA are needed for the transformation.
The disadvantages of episomal based screening systems is that selection pressure has to be
maintained to avoid the loss of the plasmid. Moreover, false positive transformants are obtained
due to genomic integration of the ARS plasmids. These transformants outperform true positives
due to additional one or more copies integrated in the genome and not due to the presence of an
improved enzyme variant. However, on the single colony level transformants in which the plasmid
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has integrated can be distinguished from episomally expressing transformants due to their glossy
phenotype and faster growth (e.g. by replica plating on selective agar plates).
The plasmid is based on the vector pBSYAE1 (BSY_DNA021, bisy e.U. (Austria)) containing the
CbARS sequence for autonomous replication. The vector bears the bidirectional DAS1/DAS2
promoter, which is induced using methanol. The DAS1/DAS2 promoter directs the expression of
CPR and CYP. A stuffer is added to the plasmid instead of a CYP sequence. The stuffer fragment
can be removed using the restriction enzymes XhoI and AscI and library fragments can be added
(Figure 12).

Figure 12 : Episomal screening vector for human P450 library screenings.

The P. pastoris episomal co-expression plasmids were used for the screening of an epPCR
CYP2C9 library. Linearized vector DNA and the epPCR fragments containing the complementary
overhangs to the vector were cloned using Gibson assembly. P. pastoris BSYBG11 was directly
transformed with 1 µl of the reaction mixture (13 ng DNA). Approximately 300 transformants were
obtained from a single transformation event. Only a small amount of DNA was used for the
transformation to avoid the generation of transformants that have assimilated more than one
plasmid (expression of several CYP variants). The transformants were picked and cultivated in 96DWPs. The screening was done with a fluorescence assay (substrate: 7-Methoxy-4trifluoromethylcoumarin (MFC)) and HPLC/MS analysis (substrate: diclofenac). A scheme of the
library construction is shown in Figure 13. The results of the screening are reported in the
corresponding deliverable ROBOX deliverable report D1.2.
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Figure 13: Scheme of the epPCR library construction.

Conclusion
Various strategies for enzyme co-expression of industrially relevant oxidative biocatalysts were
demonstrated by the ROBOX partners. Bidirectional promoters were applied for the co-expression
of the CYP153A6 monooxygenase and its redox components as well as different BVMOs and an
NADPH-recycling dehydrogenase. The variation of the promoters for the single components of
multi-component biocatalysts bore a high potential for optimization and pronounced differences in
the expression levels were observed. Bottlenecks were also thereby identified (e.g. low activity of
BVMOs, strong overexpression and inclusion body formation of CYP153A6 monooxygenase) that
are now targets for further improvement. Moreover, novel vector systems for enzyme coexpression were developed and the successful co-expression of ADH-BVMO fusion enzymes was
performed. This approach has already been adapted for ADH-NOX fusion constructs. The selfsufficient fusion enzymes can be used for a variety of oxidations and offer several advantages over
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the production of the single enzyme components, such as simplified purification work and an
increased spatial vicinity of the oxygenase and recycling enzyme. The co-expression strategies
presented here are not limited to redox enzyme systems, but can be used to optimize the production
of a wide variety of enzyme partners.
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