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Abstract For the investigation of the NADPH-dependent
Baeyer-Villiger monooxygenase MekA from Pseudomonas
veronii MEK700, the encoding gene mek4 with a C-terminal
strep-tag was cloned and expressed under the control of a
L-thamnose inducible promoter from Escherichia coli. The
mekA gene was found by analyzing the methylethylketone
(MEK) degradation pathway by Onaca et al. J Bacteriol
189:3759-3767,2007. Sequence analysis of the corresponding
protein, which catalyzes the Baeyer-Villiger oxidation of MEK
to ethyl acetate, showed two binding sites (Rossman-fold
motifs) for cofactors NAD(P)H and FAD. Although expression
of mekA resulted in large amounts of inclusion bodies
compared to soluble protein, high amounts of purified and
active MekA were obtained by affinity chromatography. The
substrate spectrum of MekA was investigated with purified
enzyme and whole cells using a variety of aliphatic, aromatic,
and cyclic ketones including four chiral substrates. The
specific activity of MekA with MEK as substrate was
determined to be 1.1 U/mg protein. Ky values were
determined for MEK and the cofactors NADPH and NADH
to be 6, 11, and 29 uM, respectively.
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Introduction

Baeyer-Villiger monooxygenases (BVMOs) belong to an
interesting enzyme family of flavin-dependent monooxygenases,
which are able to catalyze oxidations of ketones to their
corresponding esters by introducing one oxygen atom next to a
keto group (Mihovilovic et al. 2006). BVMOs are divided
into two main groups according to their coenzyme usage:
type I BVMOs use NADPH and FAD, whereas type 11
BVMOs need NADH and FMN, which is indicated by two
dinucleotide-binding sites as typical features. Both BVMO
types also differ in their subunit organization. Type | BVMOs
consist of monomers, homodimers, or homotetramers, where-
as type I BVMOs consist of two subunits in o, 3 organization
(van der Werf 2000). Most BVMOs belong to type I; only
two type II BVMOs have been purified and characterized
from strain Pseudomonas putida PpG1 (Jones et al. 1993).

A further significant BVMO-identifying sequence motif
was characterized by studying NADPH-dependent 4-
hydroxyacetophenone monooxygenase (HAPMO) from
Pseudomonas fluorescens ACB in detail (Fraaije et al.
2002). In addition to BVMOs, also mechanistically related
flavin-containing monooxygenases (FMOs) such as
p-hydroxybenzoate hydroxylase and N-hydroxylating
monooxygenases (NMOs) belong to the same enzyme
family, but both of them only contain one dinucleotide-
binding site (Fraaije et al. 2002).

Some of the BVMOs have been investigated for their
enantio- and regioselectivity, which is important for
industrial application of BVMOs in organic synthesis. An
example is the type I HAPMO, which was isolated from
P fluorescens ACB growing on 4-hydroxyacetophenone
(Higson and Focht 1990). It converts a broad range of
acetophenones by Baeyer-Villiger oxidation to the
corresponding phenyl acetates, but not cyclopentanone
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and cyclohexanone. The activity of the purified enzyme was
determined with 5.5 U/mg with 4-hydroxyacetophenone as
substrate. Enantioselectivity has been investigated with
various aromatic ketones, aldehydes, and sulfides showing
high selectivity in the asymmetric conversion of sulfides, but
only moderate selectivity in the formation of regioisomeric
lactones (Kamerbeek et al. 2001, 2003a, b and 2004).

A second HAPMO from Pseudomonas putida JD1 was
described by Tanner and Hopper (2000). This enzyme
seems to be involved in the catabolism of 4-ethylphenol.
One of the best characterized BVMOs is cyclohexanone
monooxygenase (CHMO) from Acinetobacter sp. NCIMB
9871. CHMO was screened by random mutagenesis for its
substrate acceptance, stereopreference, and catalytic mech-
anism. Wild-type CHMO and its mutants convert a broad
variety of substituted cycloketones to their corresponding
lactones with more or less significant changes in stereo-
selectivity (Mihovilovic et al. 2006). All newly identified
CHMOs from other microorganisms showed significant
sequence identity with CHMO from Acinetobacter sp.
NCIMB 9871.

Two CHMOs were discovered in cyclohexanone-induced
Brevibacterium sp. strain HCUI, and the recombinant
enzymes were purified. Both monooxygenases convert a
broad variety of substituted cyclic ketones into the
corresponding lactones (Brzostowicz et al. 2000). Enantio-
selectivity was also tested for NADPH-dependent phenyl-
acetone monooxygenase (PAMO) from Thermobifida fusca.
The enzyme is thermostable with highest activity at 70°C
and can also perform sulfide oxidations of substrates like
4-tolylsulfide and ethionamide, which provides the ability to
produce enantiomerically pure and biologically active com-
pounds (Fraaije et al. 2005). Another BVMO from Pseudo-
monas fluorescens DSM 50106 has been characterized by
Kirschner et al. (2007). The gene is part of an operon
containing in addition adhF1, an alcohol dehydrogenase, and
estF’1, a lactone specific esterase (Khalameyzer et al. 1999).
Solubility of this recombinant BVMO was improved by
coexpressing a variety of chaperones.

It could be shown that with whole cells a range of short-
chain aliphatic ketones and cyclopentanone are converted.
Geitner et al. (2007) compared BVMO from P. fluorescens
DSM 50106 with CHMO from Acinetobacter sp. NCIMB
9871, cyclopentanone monooxygenase from Comamonas
sp. NCIMB 9872 and a BVMO from Pseudomonas putida
KT2440 for their enantioselectivity in the conversion of
3-phenyl-2-ketones. Whole-cell biocatalysts with the
BVMO from P. putida KT2440 have been observed to be
(R)-selective while all other BVMOs have been found to be
(S)-selective.

Because of the low stability and solubility of some wild-
type and recombinant BVMOs biotransformations with
whole cells are often preferred. Saccharomyces cerevisiae
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and E. coli have been used to overexpress CHMO and to
produce a wide range of optically pure 8- and €-lactones
(Chen et al. 1999). Also Kirschner et al. (2007) used whole-
cell biocatalysis to determine the substrate acceptance of
recombinant P. fluorescens DSM 50106 BVMO in E. coli.

The mekA gene was found by investigating the degrada-
tion of methylketones by P. veronii MEK700, which was
isolated from a biotrickling filter cleaning waste air (Onaca
et al. 2007). It forms an operon with mekB, which has
strong esterase activity and high similarity to a homoserine
acetyltransferase. Both genes are positively regulated by the
transcriptional regulator MekR. So far, only mekB/MekB
was studied in detail. The mekB gene was functionally
expressed and MekB was purified.

The enzyme hydrolyzes a variety of aliphatic and
aromatic esters such as ethyl acetate or p-nitrophenyl
acetate, which could be products from a Baeyer-Villiger
oxidation by MekA—a protein of 549 amino acids and two
typical dinucleotide binding motifs. MekA shares 27%
amino acid sequence identity with HAPMO and 28%
identity with BVMO from P. fluorescens DSM 50106,
respectively. MekA has not yet been studied because of
accumulating inclusion bodies during heterologous expres-
sion (Onaca et al. 2007). The sequence of the MekA protein
presents the two dinucleotide-binding motifs (GXGXXG)
for its cofactors NADPH and FAD and also possesses the
highly conserved type I BVMO-identifying sequence motif
FXGXXXHXXXW(P/D), which was identified by Fraaije
et al. (2002). This motif comprises amino acids 170 to 180
(FQGQIYHTGLW) of MekA directly ahead of the second
dinucleotide-binding site. In this study, we present the
results of heterologous expression, purification, and func-
tional characterization of P. veronii MEK700 Baeyer-
Villiger monooxygenase MekA and demonstrate its use in
whole-cell biocatalysis.

Materials and methods

Enzymes, chemicals, and media High-fidelity polymerase
was obtained from Fermentas, restriction enzymes from
New England Biolabs or Roche, and NADPH and NADH
from Biomol. For SDS-PAGEs, the standard protein marker
from ROTH (Germany) was used as well as dNTPs for
polymerase chain reaction (PCR) and L-rhamnose as
inducer for gene expression. All other chemicals were
obtained from Sigma Aldrich and Fluka (Germany). For
DNA purification from PCR and agarose gels, the GE DNA
Purification Kit (General Electrics Healthcare) was used.
Plasmid DNA was isolated with the Qiagen Miniprep Kit.

For purification of recombinant MekA streptactin-
sepharose columns from IBA were used. For cultivation
of bacteria Luria Bertani (LB) medium pH 7.2 was used
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(10 g/l tryptone, 5 g/l yeast extract, 5 g/l NaCl). If
necessary, LB medium was supplemented with 100 pg/ml
ampicillin.

Amplification and cloning PCR for amplification of mek4
was done with chromosomal DNA from P veronii
MEK700 using oligonucleotides s4211 (5-AAA AAA
CAT ATG AGT GCT CAA TCT AAG C-3') and s4725
(5'-AAA AAA GGA TCC AGC CAT TTC AAA GCC
TGG-3") with sites for restriction enzymes Ndel and
BamHI, respectively. After initial denaturation for 5 min
at 94°C, the cycling program was as follows for 30 cycles:
1 min 94°C denaturation, 1 min 50°C annealing and
1:30 min 72°C elongation. A final elongation step was
performed over 10 min at 72°C. The resulting 1,668 bp
DNA fragment was digested with Ndel and BamHI and
ligated into pJOE4042 digested with the same enzymes.
The resulting plasmid with a C-terminal strep-tag fusion of
mekA was called pAM262 (see Fig. 1).

The vector pJOE4042 originally is a pJOE3075 derivative
with the cer-site of the ColEl plasmid of E. coli for
stabilizing the plasmid in Rec" strains, L-thamnose-inducible
promoter rhaP followed by lacPOZ with C-terminal strep-
tag fusion and the beta-lactamase gene bla for ampicillin
resistance (Stumpp et al. 2000). The C-terminal his-tag of
pJOE3075 was substituted by strep-tag using the restriction
endonucleases HindIll and BamHI.

Bacterial strains and culture conditions Transformation of
E. coli strains JM109 (laboratory strain, genotype: recA
supE44 endAl hsdR17 gyrA96 reld thi A(lac-proAB)
F'[traD36 proAB" lacl? lacZAM15]) and BL21 (Novagen,

6279 bps Strep-Tag

BamHI
Hindlll

Pvull

Fig. 1 Vector pAM262 for expression of recombinant mekA from P,
veronii MEK700 under control of rhaP in E. coli IM109 and E. coli
BL21. The mekA gene was introduced without stop codon using the
sites of restriction endonucleases Ndel and BamHI for cloning

genotype: F- ompT hsdSg [rgmg] gal dem) with pAM262
was done by the heat shock method as described by Chung
et al. (1989). Expression of recombinant mek4 in E. coli
IM109 pAM?262 was carried out by incubating the culture
2 h at 37°C, then adding L-rhamnose (final concentration
0.2%) and shifting the culture to 28°C for another 8 h of
cultivation. Expression of recombinant mek4 in E. coli
BL21 pAM262 was performed by incubating the culture
2 h at 37°C, then adding L-rhamnose (final concentration
0.2%) and shifting the culture to 22°C for another 16 h of
cultivation.

Gene expression analysis and activity assays Gene expres-
sion analysis was performed with cell crude extract. Cells
were harvested from cultures in aliquots of 5x10° cells and
resuspended in 500 ul Tris/HCl (0.1 M, pH 8). Cell
disruption was performed by ultrasonification (Ultrasonic
Sonicator, 2x30 s) in iced water. To separate soluble and
insoluble protein fractions, the crude extract was centrifuged
at 16,200xg for 15 min at 4°C. The supernatant was
transferred to a new tube and the pellet (insoluble fraction)
was resuspended in 500 ul Tris/HCI (0.1 M, pH 8). For
SDS-PAGE, a 12-ul protein solution was used. SDS-PAGE
was carried out on 12.5% gels. Proteins were stained with a
Coomassie R250/G250 solution.

For enzyme activity measurements, substrates were used
in defined concentrations in Tris/HCI (0.1 M, pH 9). As
standard substrate methylethylketone (MEK) was used, the
others are listed in Table 4. Substrates were used as
provided by manufacturers. The cofactor NADPH (&=
6.3 ml umol ' cm™ ') was used at a final concentration of
0.3 mM. The reaction was started by the addition of 30-ul
cell crude extract and carried out at 30°C.

The kinetics were measured at 340 nm by spectropho-
tometry. Protein content was determined by Bradford assay
using BSA as standard (Bradford 1976). Specific activity is
given in unit per milligram (U/mg) protein. One unit is
defined as the amount of enzyme that catalyzes the
oxidation of 1 wmol NADPH per minute at 30°C.

Enzyme purification Recombinant MekA was purified by
affinity chromatography via C-terminal strep-tag. First, a
column with streptactin-sepharose (IBA, filling volume
2.5 ml streptactin-sepharose of a 50% suspension) was
equilibrated by gravity flow five times with 1-ml 150 mM
NaCl in Tris/HCI1 (0.1 M, pH 8). Because of its low solubility
after expression about 2 g (wet weight, corresponding to 740
ODgqo) of induced cells were used for purification. Cell
disruption by ultrasonification was carried out in 8 ml Tris/
HCI buffer (0.1 M, pH 8). After centrifugation at 4°C in a
Sorvall SS34 rotor at 20,000 rpm for 15 min, the
supernatant with recombinant MekA was added to the
column.

@ Springer



1254

Appl Microbiol Biotechnol (2008) 77:1251-1260

After passing through of the crude extract, the column has
been washed five times with 1-ml 150 mM NacCl in Tris/HCI
(0.1 M, pH 8) to remove unattached protein. Elution was
carried out by adding six times 800 pl 2.5 mM desthiobiotin
and 150 mM NaCl in Tris/HCI (0.1 M, pH 8). Wash and
elution fractions have been collected to control purity by SDS-
PAGE. To remove desthiobiotin and other possible interfering
compounds of the eluate, the yellow fractions were ultra-
filtrated via a Centricon column (Millipore, Ultracel® YM-10)
by centrifugation for 2.5 h at 4,300xg and 4°C until a final
volume of 50-70 ul was left over the membrane. Elution
was then carried out in a final volume of 800 ul using
potassium phosphate buffer (0.1 M, pH 8).

Biocatalytic reactions and GC analysis For biocatalysis
streptactin-purified MekA and whole cells of E. coli BL21
pAM262 were used. Reactions were carried out in Tris/HCI
(0.1 M, pH 9) with different substrates in concentrations listed
in Tables 5 and 6. Purified MekA has been used in con-
centrations of 2023 pg/ml per reaction. Cells were used in
concentrations of 45 ODggo/ml. For GC analysis of biocata-
lytic reactions, the samples were intensively mixed with
500 pl ethyl acetate for extraction of substrates and products.

After a short centrifugation step (1 min, table centrifuge,
room temperature, 16,100xg) the organic phase was
transferred to a new tube and anhydrous sodium sulfate
was added to bind residual water. After another centrifuga-
tion step the ethyl acetate phase was analyzed by GC. For
chiral substrates extraction was done twice. Samples were
concentrated by a vacuum centrifuge. The optical purity of
remaining substrate (%eeg) and product (%ecep), conversion
and enantioselectivity (£ value) were determined by GC
analysis as described by Kirschner and Bornscheuer (2006)
and Geitner et al. (2007). For GC programs and measure-
ment conditions, see Tables 1 and 2.

Results

Expression of mekA in E. coli JM109 pAM262 and E. coli
BL21 pAM262 The mekA gene of P. veronii MEK700 was

isolated by Onaca et al. (2007) and expressed under control
of the E. coli L-rhamnose inducible promoter rhaPp p at
30°C using E. coli IM109 pJOES5302.3. Expression led to
nearly 100% inclusion bodies. For our study, we newly
amplified the mekA gene to fuse it C-terminally with a
strep-tag. With the new plasmid pAM262, it was possible to
purify MekA by affinity chromatography. Expression of
recombinant mekA under the L-rhamnose-inducible rhaP-
gap-promoter in E. coli IM109 pAM262 at an induction
temperature of 28 and 30°C, respectively, also led to the
accumulation of large amounts of inclusion bodies (>95%)
compared to the fraction with soluble MekA (data not shown).
Thus, specific activity of the soluble fraction of the induced
sample toward MEK was quite low, with about 0.009 U/mg
compared to 0.005 U/mg of the uninduced control sample.

The addition of FAD to the activity assay reaction mix
did not increase enzyme activity, which means that the
enzyme was either saturated with FAD, or FAD could not
bind to the already folded protein. Because of the low
formation of active MekA in E. coli IM109 pAM262, the
expression of mekA was carried out in E. coli BL21 pAM262
at an induction temperature of 22°C for 16 h. This resulted in
less inclusion bodies, formation of more soluble MekA as
shown by a sharp protein band at 60 kDa on lane 1 in Fig. 2a,
and some increase in the specific activity of the crude cell
extract to 0.012 U/mg. The typical SDS polyacrylamide gel
for mekA expression by induced and noninduced cells of
E. coli BL21 pAM262 is presented in Fig. 2a showing soluble
and insoluble cell crude extracts.

Purification of MekA Recombinant MekA could be partially
purified via streptactin-sepharose from E. coli BL21 pAM262
cells. A representative SDS polyacrylamide gel with the elution
fractions is shown in Fig. 2b. During elution, active fractions
could be identified by yellow coloration, indicating that the
cofactor FAD is bound to the enzyme as shown by Fraaije et
al. (2005) for thermostable BVMO from 7. fusca. Only
fractions E3 and E4 of MekA purification have been yellow
colored. Noncolored fractions did not show significant activity.

Because of high activity of purified MekA without any
substrate added to the reaction mixture, it was concluded
that some compound of the eluate influences the NADPH

Table 1 GC programs for measuring aliphatic and cyclic substrates and products. The Permabond-FFPA (polyethylenglycol-2-nitro-
terephtalacetat) column was used for achiral compounds in a Hewlett Packard 5890 Series I GC. Retention times for methylethylketone and
ethylacetate, respectively, could not be determined because of overlapping with the solvent peak

Substrates tRclcmion, Substrate (mln) Products tRctcmion, Product (1’1’111’1) GC program

Methylethylketone n. d. Ethylacetate n. d. 3 min, 60°C//20°C/min//200°C, 5 min
2-Hexanone 2.26 Butylacetate 2.33 3 min, 60°C//20°C/min//200°C, 5 min
Cyclopentanone 1.92 d-Valerolactone 5.15 3 min, 80°C//20°C/min//200°C, 5 min
Cyclohexanone 241 €-Caprolactone 5.88 3 min, 80°C//20°C/min//200°C, 5 min
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Table 2 GC programs for measurement of aliphatic (Cg to C,3) and aromatic ketones using a BPX5 (5% phenyl / 95% methylpolysilphenylen/

siloxan) column in a Shimadzu QP-2010 GC-MS (conditions: Tipjection

:2450Ca Tdetection = 2500C)

Substrates 1 Retention, Substrate (mm) Products 1 Retention, Product (mm) TColumn (OC)*
2-Octanone 3.69 Hexylacetate 4.02 110
3-Octanone Pentylpropanoate 110
p-Chloroacetophenone 8.65 p-Chlorophenylacetate 9.57 100
Acetophenone 3.40 Phenylacetate 3.75 100
2-Decanone 7.59 Octylacetate 7.77 140
3-Decanone 6.67 Heptylpropanoate 7.16 140
4-Decanone 6.12 Hexylbutanoate 6.68 140
2-Undecanone 5.63 Nonylacetate 5.96 155
2-Dodecanone 9.03 Decylacetate 9.22 170
2-Tridecanone 9.40 Undecylacetate 9.55 185

oxidation. So a buffer exchange purification step was carried
out with Centricon columns to remove unwanted low
molecular weight substances. Results from MekA purifica-
tions are summarized in Table 3. After the Centricon
purification step, less than 5% background activity were
left. Specific activity of purified MekA with 10 mM MEK as
substrate was determined to about 1.1 U/mg protein.

Substrate specificity A series of several aliphatic, arylaliphatic,
and cyclic ketones were tested in a photometric assay as
substrates for purified recombinant MekA in concentrations of
10 mM in Tris/HCI (0.1 M, pH 9) at 30°C. The substrates and
the corresponding specific activities compared to MEK activity
are listed in Table 4. Some of the proposed reaction products as
ethyl acetate or propyl acetate were found to be substrates for
MekB by Onaca et al. (2007). As P. veronii MEK700 does not
grow on cyclohexanone, only low activity was expected for
this and other cyclic ketones. In contrast, it was found, that
p-chloroacetophenone, cyclohexanone, and cyclopentanone
were converted into p-chlorophenyl acetate, €-caprolactone,

a b
MekA 3 = 66 kDa
E R —
- = o 43kDa
 — e
— s e 29 kDa
- -—
- B8
1 2 3 4 M

Fig. 2 a Comparison of crude cell extracts of induced (+) and noninduced
() cells of E. coli BL21 pAM262. Induction was carried out with 0.2%
L-thamnose for 16 h at 22°C. MekA protein was running in the range of
60 kDa and is indicated by an arrow. Lane description: (M) protein
standard marker (Roth, Germany); (/) soluble protein fraction of induced
sample; (2) pellet fraction of induced sample; (3) soluble protein fraction

and d-valerolactone, respectively, with comparable activity to
MEK.

The highest activity toward achiral substrates was determined
with cyclopentanone and 4-propylcyclohexanone. With linear
aliphatic substrates, we observed a decreasing activity from
MEK to 2-hexanone and further on an increasing activity from
2-hexanone to 2-undecanone. Keto groups at the second or third
C-atom did not significantly affect the activity. Arylaliphatic
ketones were oxidized as well.

Because organic solvents are known to be denaturating,
we additionally wanted to investigate if the substrates
MEK, 2-pentanone, 2-hexanone, 2-octanone, and 3-octanone
cause inactivation of MekA leading to low specific activity
and low yields in biotransformations. MEK and 2-octanone
seemed to be the only stronger inactivating or denaturating
compounds and led within 10 min to activity losses of 36
and 47%, respectively.

In addition to achiral substrates, racemic ketones were
also tested for conversion by MekA (20 pg/ml) in

66 kDa = =
- MekA
43kDa =
s
) St
29 kDa =
M E1 E2 E3 E4 ES

of noninduced control sample; (4) pellet fraction of control sample.
(b) Purification of recombinant MekA via a streptactin column from IBA,
Germany as described. The SDS-PAGE presents the elution fractions 1 to
5. Fractions 3 and 4 have been yellow colored and showed BVMO
activity with MEK as substrate
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Table 3 Protein concentrations and specific activity of MekA (for
MEK as substrate) after cell disruption by sonification and the
Centricon ultrafiltration step

Purification step Protein Amount Specific
concentration of protein activity for
(mg/ml) (mg) MEK (U/mg)

Crude extract 6.82+0.59 109.11+£9.4 0.04+0.02

Purified enzyme 1.13£0.06 0.90+0.05 1.12+0.1

after Centricon
ultrafiltration

Results were summarized from six independent MekA purifications.

concentrations of 10 mM at 30°C. Activity measurements
have been carried out only once because the racemates were
available at very low amounts. Specific activities have been
determined with 1.12 U/mg for (-hydroxyoctanone,
0.46 U/mg for (-hydroxydecanone, and 1.08 U/mg for
3-phenyl-2-butanone, respectively. With (3-hydroxydodeca-
none photometric activity measurement was not possible as
this compound led to a clouded suspension, which signifi-
cantly affected the sample extinction.

With reference to the cofactor regeneration in biocatalyses,
we also used NADH as cofactor for MEK oxidation. Here, we
could observe a decrease in specific activity of 55% compared
to the use of NADPH as cofactor.

PpH optimum and temperature stability The pH optimum of
MekA was determined with 0.01% (1.38 mM) MEK as
substrate. For measuring a broad range of pH values (pH 6
to 11), three different buffers were used overlapping
(potassium phosphate buffer [0.1 M], Tris/HCl buffer
[0.1 M], and glycine/NaOH buffer [S0 mM]). Depending
on the used buffer, MekA is active between pH 7.5 and 11,
with a strong optimum between pH 9 and 10 as shown in
Fig. 3. The maximum activity was measured with nearly
1.2 U/mg of the total protein in Tris/HCI buffer (0.1 M,
pH 9). An activity optimum around pH 9 has also been
published for CHMO and monocyclic monoterpene ketone
monooxygenase, whereas for HAPMO and PAMO pH 7.5
and 8, respectively, were found to be optimal.

Optimal temperature for MEK conversion was deter-
mined between 25 and 60°C, with 10 mM MEK as
substrate in Tris/HCI buffer (0.1 M, pH 9) and was shown
to be between 30 and 35°C. The temperature stability of
MekA was determined between 0 and 60°C, again with
10 mM MEK as substrate in Tris/HCI buffer (0.1 M, pH 9).
Hereby, 60 ng of purified MekA was incubated at a specific
temperature for 60 min. Afterward, samples were cooled
down on ice and reaction was started by adding 20 ul
(according to 22 pg of purified MekA) to the reaction
mixture. MekA was obviously not thermostable.
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As shown in Fig. 4, incubation at 30°C for 1 h already led
to loss of 84% of activity. Higher incubation temperatures
nearly inactivated the enzyme. Similar results were obtained
for monocyclic monoterpene ketone monooxygenase from
R. erythropolis by van der Werf (2000), with an optimal
reaction temperature at 36°C and fast enzyme inactivation at
40°C. For cyclopentadecanone monooxygenase CpdB from
Pseudomonas sp. strain HI-70, maximum enzyme activity
was measured at 40°C (Iwaki et al. 2006). The only
thermostable BVMO found to date was discovered by
Fraaije et al. (2005) in 7 fisca with a half-life time of
1 day at 52°C and maximum activity at 70°C.

Ky and V.. concerning substrate and cofactor Ky, values
of MekA were determined at 30°C for MEK, NADPH, and
NADH (Fig. 5). For the determination of Kymgk, a
NADPH concentration of 0.15 mM was used, whereas the
MEK concentration for the determination of Ky nappy and
Kyvinapna Was 1.38 mM. Ky values were determined with 6
(#2) uM for MEK and 11(+4) uM for NADPH, which
correlate well with the data for CHMO toward cyclohex-
anone (4 pM) and NADPH (20 uM), and for CPMO

Table 4 Specific activity of MekA with some achiral substrates

Substrate Concentration Specific Residual activity
activity (U/mg) after
(U/mg)* 10 min incubation
at 30°C°

Methylethylketone 10 mM 1.12+0.09 0.71
2-Pentanone 10 mM 0.46+£0.07 0.34
2-Hexanone 10 mM 0.26+0.07 0.22
2-Octanone 10 mM 0.45+0.04 0.24
3-Octanone 10 mM 0.42+0.06 0.54
2-Nonanone 10 mM 0.82+£0.06 —
2-Decanone 10 mM 0.89+0.08 —
3-Decanone 10 mM 0.81+£0.08 —
4-Decanone 10 mM 0.81+£0.06 —
2-Undecanone 10 mM 0.74+0.06 —
2-Dodecanone 10 mM 0.61+0.03 -
2-Tridecanone 10 mM 0.39+£0.08 —
Cyclohexanone 10 mM 1.16£0.06 —
Cyclopentanone 10 mM 0.90+£0.04 —

4-Propyl 1 mM 1.294+0.08 —

cyclohexanone
p-Chloroacetophenone 1 mM 1.08+0.15 —

Additionally, MekA inactivation by some substrates has been investi-
gated under described conditions. For bioconversions, 20 pg/ml purified
MekA were used.

?Data of activity assays were summarized from three to six
independent MekA purifications.

®Purified MekA was incubated in assay solution with 10-mM
substrate without NADPH. NADPH was added after 10 min to start
reaction. Analyses were done photometrically as kinetics.

(-) Not determined



Appl Microbiol Biotechnol (2008) 77:1251-1260

1257

1.2

*

Specific activity [U/mg]

0.2 *

0.0 T T T T T T
5 6 7 8 9 10 11 12

H
Fig. 3 pH-optimum of MekA detem?ined with three different buffers
(0.1 M potassium phosphate buffer [4p], 0.1 M Tris/HCI [[ll], 50 mM
glycine buffer [ © ]). MEK was used as substrate at a concentration of
1.38 mM (0.01%)

toward cyclopentanone (<1 uM) and NADPH (<3 uM). In
contrast to all other known BVMOs, MekA can also use
NADH as cofactor besides NADPH, resulting in 55% less
specific activity compared to the use of NADPH. Thus,
Kyinapn was determined with 29(+4) uM. This could be
caused by missing conserved amino acids, which were
found to be important for cofactor specificity of BVMOs by
Kamerbeek et al. (2004).

[=]
-
1

Specific activity [U/mg]
ﬁ
1

0.2 4 &

: | ? 2 o
0 20 40 60 80
Temperature [°C]
Fig. 4 Investigation of the temperature stability of MekA. The
enzyme was incubated at a specific temperature for 1 h and then used
for activity assay at a concentration of 20 pg/ml with MEK as
substrate

While Arg220 was identified as corresponding to
Arg339 from HAPMO, the conserved amino acids Lys439
and Arg440 from HAPMO could not be found in MekA.
Mutations at these sites led to significant changes in
cofactor specificity of HAPMO, making the enzyme able
to use NADH and other substituted dinucleotides.

Enzyme stability Long-time storage stability of purified
MekA was investigated using glycerol as additive in
different concentrations at 4°C and —20°C. Afterward,
activity was measured with MEK as substrate under the
conditions described before. Storage of MekA at 4°C led to
a fast decrease in activity with and without 10% glycerol
after 7 days. With 20 and 40% glycerol, the residual
enzyme activity could be maintained at 16 and 44%,
respectively. Storage at —20°C is possible at glycerol
concentrations of 10, 20, and 40% over a period of 3 weeks
and probably longer with only minor loss of specific
activity. Without addition of glycerol, MekA kept about
10% of its original activity when stored at —20°C. In Fig. 6,
the stability of purified MekA stored under different
conditions is shown as relative residual activity for samples
with and without 40% glycerol.

Analysis of substrates and products from purified MekA by
GC analysis Biocatalyses with purified MekA and different
achiral and racemic ketones were investigated using GC
analysis for detecting substrates and products. Reactions
were usually carried out in 1.5-ml Eppendorf tubes at 30°C
with horizontal shaking to increase oxygen insertion into
the solution. Reaction times were set to 1 h.

Activity measurements showed broad substrate accep-
tance of MekA toward aliphatic ketones from Cg to Ci3
(Table 5). MEK has not been used as substrate in
biocatalysis as GC analysis of this highly volatile com-
pound was too complicated. Highest conversions were
observed after 1 h for 2-nonanone, 2-decanone, and
2-undecanone. With these substrates, good specific activi-

4 -

S
< NADPH /
/
g O NADH /,
= 24
£ A MEK
E
= /
1 7ﬂw ’,/"”A"
/|t —
A
e o
—— e 7 T T T 1
-03 0.2 -0.1 0.1 02 03 04

S [uM]
Fig. 5 Lineweaver-Burk plot used to evaluate Ky and V.« of the
substrate MEK and the cofactors NADPH and NADH

@ Springer



1258

Appl Microbiol Biotechnol (2008) 77:1251-1260

120 -

100 ®------~"7

=23 0
=} =3
1 1
-
/

Yy
<
L

Residual activity [%]

20 -

0 4 8 12 16 20 24
Storage time [d]

Fig. 6 Stability of MekA under different storage conditions (o without
glycerol, 4°C, = without glycerol —20°C, A 40% glycerol, 4°C, * 40%
glycerol, —20°C). Activity was measured under standard conditions with
MEK as substrate

ties have been also determined photometrically. 2-Hexanone,
2-octanone, and the acetophenones were only slightly
converted, although for p-chloroacetophenone good specific
activity was determined spectrophotometrically.

Cyclopentanone and cyclohexanone were moderately
converted by MekA compared to high specific activities in
photometric measurements. The differences might be
explained by protein denaturation through some of the
substrate and products, respectively, as indicated by the
results presented in Table 4. In the photometric assay, only
the initial reaction is measured, and here a slow denatur-
ation of the enzyme has less consequences compared to the
long incubation times for GC analysis. All other results
agree with the specific activities (see Table 4). MekA also
accepts substrates with keto groups at the third or fourth
C-atom of the aliphatic chain as shown for different
decanones. Here, the conversion of 3- and 4-decanone led
to similar product yields under the same reaction conditions
like the conversion of 2-decanone.

Next, activity and enantioselectivity of MekA in the
kinetic resolution of four chiral substrates—three racemic
[3-hydroxyketones and 3-phenyl-2-butanone—were studied.
Within 1 h, 5 mM (-hydroxydecanone were converted to
nearly 87% followed by 3-hydroxyoctanone with 47% (see
Table 6). In contrast to the results of bioconversions of
achiral substrates, specific activities and conversion rates
cannot be compared. With 3-hydroxydecanone, MekA has
shown moderate activity (specific activity 0.458 U/mg),
whereas with 3-phenyl-2-butanone specific activity has been
as twice as high (specific activity 1.1 U/mg). GC analysis
confirmed that MekA showed acceptable enantioselectivity
and (R)-selectivity in the resolution of 3-hydroxydecanone,
but £ values were too low for preparative purposes in case of
the other three compounds.

@ Springer

Biocatalysis with whole cells of E. coli BL21 pAM262 For
biocatalytic reactions with whole cells of £. coli BL21 pAM262
cell concentrations of 45 ODgyo/ml of a L-rhamnose-
induced culture were used. Better solubility of the substrates
was achieved with DMSO (final concentration <1%). Different
2-ketones from C;o to C;3, some cyclic and the formerly
named chiral compounds were investigated as MekA sub-
strates. Reaction times were set to 1 h for 2-decanone,
cyclopentanone, and cyclohexanone, to 4 h for the chiral
substrates and to 2 h for the rest. For the regeneration of the
cofactor NADPH, glucose was added in all cases in a final
concentration of 20 mM as already described by Kataoka et al.
(2003) for the production of chiral alcohols.

For Baeyer-Villiger oxidations with non-growing E. coli
cells with overexpressed Acinetobacter sp. CHMO also
Walton and Stewart (2002) added glucose to avoid
requirement of exogenous cofactor. Reaction temperature
for MekA whole cell Baeyer-Villiger oxidations was set to
30°C. Reactions were carried out in 1.5-ml tubes and
analyzed by GC.

In comparison to conversions with purified MekA, it was
not surprising that more than 50% of 2-decanone (54%)
were converted to its product octyl acetate in 1 h. Longer
reaction times would probably lead to similar conversion
rates as with 2-undecanone (98.9%) or 2-dodecanone
(61.9%) as substrates. 2-tridecanone (23.9%) does not seem
to be accepted as well as shorter aliphatic ketones. As
shown with purified MekA, conversion of cyclohexanone
(21.9%) and cyclopentanone (17.5%) led to similar results
under nearly the same reaction conditions. With acetophenone
and p-chloroacetophenone, only low product formation could
be observed (14.5 and 0.7%).

In former whole-cell biocatalyses for secondary alcohol
production, we found that p-chloroacetophenone denaturates
cell protein (Menzel 2006), which might explain the low

Table 5 Results from biocatalytic reactions of purified MekA (25 pg/ml)
under described conditions with achiral substrates

Substrate Concentration freaction Reaction COnversion
(mM) (min)  (°C) (%)
2-Hexanone 10 60 30 9.4
2-Octanone 10 60 30 6.8
2-Nonanone 10 60 30 40.6
2-Decanone 10 60 30 45.0
3-Decanone 10 60 30 39.6
4-Decanone 10 60 30 334
2-Undecanone 10 60 30 46.7
2-Dodecanone 10 60 30 16.4
2-Tridecanone 10 60 30 17.6
Cyclopentanone 10 60 30 23.1
Cyclohexanone 10 60 30 23.4
Acetophenone 10 60 30 9.1
p-Chloroacetophenone 10 60 30 1.5
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Table 6 Results from biocatalytic reactions of purified MekA (25 pg/ml) under described conditions with racemic substrates

Substrate Substrate concentration Reaction TReaction Conversion Percent eeg Percent eep E value
(mM) °O (min) (%) (%) (%)
4-Hydroxy-2-octanone 5 30 60 46.6 71.8 82.4 22 (R)
4-Hydroxy-2-decanone 5 30 60 86.7 95.4 14.6 3.8 (R)
4-Hydroxy-2-dodecanone 5 30 60 34.0 27.1 52.5 4.2 (R)
3-Phenyl-2-butanone 10 30 60 27.5 16.9 44.5 3.1 (R)

Enantiomeric excess of substrates (ees) and of products (eep) were determined by GC results. Calculation of the £ value (enantioselectivity) was

carried out as described by Chen et al. (1982).

conversions. With the chiral substrates, no enantioselectivity
could be determined because substrates were nearly com-
pletely converted to their products after 4 h of reaction (data
not shown). Because of using whole cells, the formed esters
partially have been hydrolyzed to their corresponding (R)-
and (S)-alcohols as observed by GC analysis. In some
probes, DMSO was metabolized as well.

Discussion

In the present study, a BVMO involved in methylethylketone
(MEK) degradation from P. veronii was investigated. The
mekA gene has been found in the genome of P veronii
MEK700 by transposon mutagenesis in an operon together
with a gene homologous to homoserine acetyltransferases,
which encodes an enzyme with high esterase activity and
converts a variety of aliphatic and substituted aromatic esters
(Onaca et al. 2007). Expression of the recombinant mekA in
the pBR322 derivative pJOES5302.3 led to the formation of
nearly 100% inclusion bodies and was not further investi-
gated. Thus, mekA was ligated into a L-thamnose inducible
vector with a C-terminal strep-tag fusion. The expression led
to low amounts of soluble recombinant protein and large
amounts of inclusion bodies as already described by Onaca
et al. (2007) for unmodified MekA.

With the BVMO from P. fluorescens DSM 50106, the
same problem occurred and could be partially solved by
coexpressing different chaperones (Kirschner et al. 2007).
Coexpression of chaperones and foldases also increased
solubility of CHMO from Acinetobacter sp. NCIMB 9871
during heterologous expression in E. coli (Lee et al. 2004).
As already shown for recombinant expression of the hapE
gene under control of the T7 promoter in E. coli by
Kamerbeek et al. (2001), the inclusion body formation of
MekA decreased significantly at low expression temper-
atures using E. coli BL21. A combination of low temperature
and chaperones could probably minimize inclusion body
formation and lead to higher solubility of MekA.

Despite low solubility, recombinantly produced MekA
could be purified via streptactin columns. Purification of a

recombinant his-tagged MekA via Ni-NTA led to inactive
enzyme (data not shown) as already found for BVMO from
P fluorescens DSM 50106 (Kirschner et al. 2007).
Successful purification of tagged recombinant BVMOs
have only been described for PAMO from 7. fusca after
recombinant expression in E. coli with N-terminal his-tag
(Fraaije et al. 2005). Recombinant CHMO and HAPMO
have also been purified from E. coli using several
chromatography steps (Kamerbeek et al. 2004; Tanner and
Hopper 2000).

The substrate spectrum of MekA was shown to be
versatile. This BVMO can be used to catalyze Baeyer-
Villiger oxidations of a variety of aliphatic, arylaliphatic,
and cyclic chiral or achiral ketones. Substituted derivatives
such as 4-propylcyclohexanone or p-chloroacetophenone
were also converted to the corresponding esters with high
specific activity by the purified enzyme. Compared to
BVMO from P. fluorescens DSM 50106, MekA is also
reactive with longer aliphatic 2-ketones (Co—C;3), whereas
2-decanone has been the best converted aliphatic ketone in
activity assays and bioconversions. Keto groups at the third
or fourth C-atom are accepted but not as well as at the
second position. We did not find a reason why MEK and
2-nonanone are good substrates and 2-hexanone, 2- and
3-octanone are not.

Cyclic and aromatic ketones were moderate to bad
substrates, both in reactions with purified enzyme and
whole cells. With these substrates, yields may be increased
by elongated reaction time, decreased reaction temperature
because of MekA temperature instability and (enzymatic)
cofactor regeneration. Interestingly, also for PAMO,
BVMO from P. fluorescens DSM 50106 and monocyclic
monoterpene ketone monooxygenase, it has been published
that they all do not accept acetophenone as substrate,
although otherwise they have a broad substrate range
(Kamerbeek et al. 2003b; Fraaije et al. 2005; van der Werf
2000). Only BVMO from P. fluorescens DSM 50106 was
found to be very specific for short aliphatic ketones
(Kirschner et al. 2007). As chiral substrates different
4-hydroxy-2-ketones and 3-phenyl-2-butanone were used.

Here, using whole cells in all reactions, 5-mM substrates
were nearly completely converted in less than 4 h. A significant
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(R)-selectivity was observed with purified MekA, which is
opposite to the selectivity of BVMO from P. fluorescens
DSM 50106. Further improvement of the enantioselectivity
might be achieved by site-directed mutagenesis or directed
evolution as already shown for CHMO from Acinetobacter
sp. NCIMB 9871 by Mihovilovic et al. (2006).

It was interesting to observe that MekA can convert a
variety of ketones, which provide the possibility to use the
enzyme for industrial applications. Here, the stabilized
purified enzyme certainly has the advantage to avoid
unwanted side reactions and stable reaction conditions
caused by known enzyme concentrations as suitable
expression of the mekA gene strongly depends on cultiva-
tion conditions. As enzymatic Baeyer-Villiger oxidations
play an interesting role for the production of chiral
ketoesters, MekA is able to use both NADPH and NADH,
which is probably caused by missing conserved amino
acids that define the cofactor specificity of other BVMOs as
described by Kamerbeek et al. (2004). With NADH and
MEK as substrate, still 45% activity were measured
providing the possibility to use for example a formate
dehydrogenase as cofactor regenerating enzyme in biocat-
alysis with purified MekA and whole cells. Possibly, further
investigations could aim at enzyme mutagenesis to increase
activity and enantioselectivity and to improve NADH usage
making MekA more interesting for industrial applications.
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